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CHAPTER 1 

 

INTRODUCTION 

 

Mammalian Heart Development and Function 

The heart is an essential organ with an emotional connotation. The heart facilitates blood 

flow throughout the body, transporting oxygenated blood from the lungs to the body and in 

transporting deoxygenated blood from the body to the lungs. Each beat enables oxygen to fuel 

metabolism, providing the energy the body requires for functioning. The heart has been 

considered the source of life force throughout history. It is behind our every step, breath, and 

movement, beating constantly, made mostly from the same heart cells from birth to death, which 

can beat every day for over 100 years. Behind each beat is the cardiac sarcomere, a lattice 

structure containing cytoskeletal filaments and the molecular motors which pull on them1. Beating 

heart muscle cells, or cardiac myocytes, contain this beating machinery and cell-specific 

instructions on how to assemble them properly. Heart disease is the leading cause of death not 

only in the United States but globally2.  Hereditary heart disease, including dilated and 

hypertrophic cardiomyopathies, can be caused by mutations in sarcomere components, leading 

them to form aberrantly3. Heart attacks, or myocardial infarctions, can also damage the essential 

cardiac myocytes, which are not regenerative and cannot repair themselves4,5. The cardiac 

myocyte and its sarcomeres are at the center of how the heart forms and functions, and 

understanding how these cells form sarcomeres and how they divide is essential for disease 

treatment. 

Blood in the developed heart, starting with oxygenated blood from the lungs, travels 

through the pulmonary veins into the left atrium, then through the mitral valve into the left ventricle, 

which pumps the blood through the aortic valve to the aorta, where it then travels throughout the 

body within arteries. Deoxygenated blood then travels through capillaries to veins, through the 
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inferior vena cava (lower body) and superior vena cava (upper body) to the right atrium and 

through the tricuspid valve to the right ventricle, where it is pumped through the pulmonic valve 

to the pulmonary artery which transports it to the lungs (Figure 1-1C)6. 

The heart is the first organ formed during mammalian development, developing from 

mesodermal tissue7. The mesoderm is the middle layer of the developing embryo between the 

endoderm and ectoderm, and differentiates into bone, blood, and muscle6. During gastrulation, 

when cells move toward the interior of the embryo, cardiac progenitors begin to differentiate and 

the initial heart anatomy begins to form6. Cardiac progenitors arise from two distinct regions called 

“heart fields”, the first heart field and the second heart field. The first heart field are the first cells 

to differentiate, forming the initial tube-like structure called the “heart tube”. The heart tube forms 

when cardiac progenitors along the anterior lateral mesoderm are brought together. Some cardiac 

myocytes begin beating at this stage and blood flow begins through the tube, entering through 

the sinous venosus and exiting through the aortic sac (Figure 1-1A). The second heart field has 

delayed differentiation and is added at the start of cardiac looping, which occurs when the cardiac 

tube loops forward and to the right (from the perspective of the embryo), which develops overall 

embryonic left-right asymmetry and forms the four chambers of the heart (left and right atria, left 

and right ventricles)6 (Figure 1-1B-C). A series of septations and transformations described below 

then divide the heart into its adult morphology. 

The heart tube has five major components, described from the “top down” (superior to 

inferior, or proximal to distal, Figure 1-1A). The aortic sac develops into the aorta and pulmonary 

artery and contains the aortic arch. Below the aortic sac is the bulbis cordis, with three divisions. 

The proximal third of the bulbis cordis develops the muscular right ventricle, the middle third 

(conus cordis) develops the smooth outflow portions of the ventricles and the proximal aorta, and 

the distal third (the truncus arteriosis) develops into the pulmonary trunk. Below the bulbis cordis 

is the primordial ventricle, which forms the left ventricle. The primordial atrium below that forms 
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the right and left auricles and the left atrium. The most distal region of the heart tube is the sinus 

venosus, which develops the right atrium, vena cava, and coronary sinus6. 

Figure 1-1: Heart Development 
 

 



4 
 

When the heart tube loops, second heart field progenitor cells drive massive cell 

expansion and growth due to their high proliferative capacity, driven by activation of the Wnt 

pathway6. The heart tube loses its foregut connection and bulges into the coelom as it folds, with 

the bulbis cordis looping to the anatomical right and primitive ventricle looping to the anatomical 

left (Figure 1-1B). Next, ventral cushions derived from neural crest cells enlarge to the point where 

the tube is split into the left and right atrioventricular canals (Figure 1-1D). The bulbis cordis and 

primordial ventricle then elongate to form the beginning structure of the muscular interventricular 

septum, while the endocardial cushion forms the membranous portion of the intraventricular 

septum (Figure 1-1E).  

Next, along the primordial atrium wall between the sinus venosus opening and the 

pulmonary vein opening, a small growing section of membrane forms a “sticking point” in the 

tissue wall (Figure 1-1F, blue striped tissue), and as the two ventricular walls below the atria begin 

to move together, the small membrane bulge is compressed and appears to stretch downward to 

form a wall between the two atria called the “septum primum”, or first wall 6.  

Simultaneously, the endocardial cushions push “upward” toward the septum primum, 

closing the small gap between them called the osteum primum, where blood flows from the right 

atrium to the left atrium. When the osteum primum closes, blood no longer can flow between the 

atria, which is incompatible with life. However, a small but growing hole develops in the septum 

primum through apoptosis. Eventually, the hole, now called the osteum secundum, is large 

enough to allow blood flow from the right to the left. Finally, the atria expand by pulling in vessels: 

the sinus venosus on the left, and the single pulmonary vein on the right which then pulls in further 

vessels. The sinus venosus forms the septum secundum, which is a second wall along the septum 

primum. Finally, oxygenated blood pushes through the walls to form a small gap called the 

foramen ovale, which allows oxygenated blood from the placenta to move from the right atrium to 

the left atrium6. 
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The developed heart is comprised of several distinct cell types. Cardiac myocytes are the 

beating muscle cells that make up 50% of the heart muscle by cell number, with >25% made up 

of endocardial and endothelial cells which line the inside of the heart chambers and the surface 

of valves7,8. About 15% of the total cell number consists of fibroblasts, which is not a homogenous 

group but rather a population of cells derived from epicardial, endocardial, circulating, and 

hematopoietic cells7. The remainder of cells in the heart muscle are those derived from 

hematopoietic cells. Surrounding the heart muscle is a layer of mesothelial tissue named the 

epicardium9, then a pericardial cavity and two outer pericardial layers, together comprising the 

pericardium10.  

During development, cardiac myocytes are highly proliferative, dividing rapidly to form 

thick heart muscle. This hyperplastic growth ceases perinatally and cardiac myocytes exit the cell 

cycle. As such, the majority of the growth of the heart muscle postnatally is driven by an increase 

in the size of individual cardiac myocytes, called hypertrophic growth11. This switch between 

hyperplastic growth to hypertrophic growth results in very few cycling cells, which is thought to 

protect the heart from tumor growth12. However, heart muscle does not grow back (i.e., 

regenerate) after an infarction or injury 12. In addition, hypertrophic growth itself can lead to 

devastating cardiovascular disease, such as hypertrophic cardiomyopathy13. As such, several 

decades of research has concentrated on understanding the mechanisms behind cardiac 

myocyte cell division and identifying factors that can induce adult cardiac myocyte cell division. 

 

The Cardiac Myocyte Cell Cycle 

A reduction in the number of functional cardiac myocytes can result in heart failure (ref). 

During a myocardial infarction (i.e., a heart attack), an average of one billion cardiac myocytes 

are permanently lost14. The infarct zone is then cleared of dead cardiac myocytes and forms a 

fibrotic scar which cannot beat12. The rate of cardiac myocyte generation and turnover in the 
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postnatal mammalian heart is low to negligible, with the actual rate differing greatly based on 

methodology15.  

 

Cell Turnover in the Heart 

It is well-defined that cardiac myocytes are much less proliferative postnatally compared 

to during development, but the degree to which cardiac myocytes turn over in the postnatal 

mammalian heart depends on time post-partum and the species. Rodent hearts do not lose their 

proliferative capacity until 1 week post-birth, when cardiac myocytes undergo a final round of 

division without separating the daughter cells, forming large, non-proliferative binucleated cells4.  

Rodents given a myocardial infarction between birth and 1 week post-birth can almost entirely 

regenerate their heart, however, this regenerative capacity is lost after this time frame4,15. 

Although these findings are decades-old, it is still debated if there is any period after the first 

postnatal week in which mammalian cardiac myocytes are proliferative. 

The first evidence that human cardiac myocytes undergo any adult turnover was published 

in 2009. In human history, levels of C12 and C14 isotopes were relatively stable until the 1950s, 

when nuclear bomb tests elevated global atmospheric C14 levels16-18. These levels are reflected 

in levels found in the human body, providing a creative way to measure turnover of human cells. 

An individual cell’s C14 level in its DNA can mark its “date of birth”17,18. In this study, Bergmann 

et al. measured C14 levels in human left ventricle cells, fit these measurements to a model, and 

quantified a ~1% annual turnover of cardiac myocytes at 20 years old, and ~0.3% turnover at 70 

years old19. 

In order to follow up on these results and determine how much of a contribution cardiac 

myocyte division makes to the growing postnatal human heart, one lab examined healthy human 

left ventricle cells for markers of cell division. This study detected an average 3.4X increase in 

cardiac myocytes in adult humans versus infant humans, and suggested that this increase was 

due to proliferation of cardiac myocytes. This translates to a 5.8% increase in cardiac myocyte 
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number per year from infancy to age 20, moderately different than the 1% turnover detected in 

adults previously (own calculations)19,20. 

 

Binucleation 

 During the early post-natal period, cardiac myocytes undergo mitosis without cytokinesis 

which produces two nuclei in the same cell. These cells are binucleated21. It is estimated that 

rodent cardiac myocytes are 80-90% binucleated, whereas human cardiac myocytes are 25-57% 

binucleated22-24. Cardiac myocytes can also have one polyploid nucleus, frequently tetraploid in 

humans24. In this section, “binucleated” refers to two nuclei of any ploidy, whereas 

“mononucleated polyploid” will refer to cells with single nuclei with an increased ploidy count. 

Here, I will discuss hypotheses as to why and how binucleated cardiomyocytes form and discuss 

if binucleated cardiac myocytes are indeed non-proliferative. 

While many hypotheses have formed for why binucleation occurs and if it is advantageous 

for cardiac myocytes, these hypotheses remain speculative. One hypothesis states  that having 

two nuclei could increase a cell’s capacity for RNA synthesis which would be advantageous for 

very active cells like cardiac myocytes21,25. Interestingly, mammalian cardiac myocyte size scales 

with ploidy, and inducing zebrafish cardiac myocyte polyploidization increased cell size26. Another 

hypothesis suggests that polyploid cells could respond to environmental changes quickly due to 

gene expression from more than two genomes. Yet another suggests that having fewer, larger 

cells would reduce the overall number of gap junctions signals need to traverse for each heart 

contraction24.  

The beating cardiac myocyte is dense with sarcomeres-the filamentous mechanical 

structure which forms a beat. During cytokinesis, the process of separating two daughter cells, 

cardiac myocytes disassemble their sarcomeres, which re-form after division is complete27. 

Cytokinesis is driven by the formation and constriction of a ring-shaped structure under the 

plasma membrane called a contractile ring, which closes like a purse-string to separate two 
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daughter cells28. An early hypothesis for the mechanism of binucleation in cardiac myocytes was 

failed cytokinesis through remnant sarcomeres forming physical barriers29,30. Fixed images of rat 

cardiac myocytes show cytokinetic adult cells with sarcomere bridges in the contractile ring30. In 

this model, a contractile ring closing onto a remnant sarcomere structure would detect failure and 

cease contraction, forming one binucleated cell.  

An alternative, but non-mutually exclusive, hypothesis involves defective contractile ring 

assembly in postnatal myocytes (rather than incomplete cleavage by a functional contractile ring). 

While initial studies showed that cardiac myocytes do form a contractile ring during binucleation31, 

later studies showed that some proteins are not correctly localized to the formed ring27. One 

example is Anillin, which has been shown to have aberrant localization during cardiac myocyte 

cytokinesis27. Anillin is an actin-binding protein which localizes to the cleavage furrow and binds 

to recruit septins and myosin II. Interestingly, this study showed that cardiac myocytes fully 

disassembled myofibrils during binucleation27. Further studies from this lab have detected 

mislocalized RhoA and IQGAP3 during binucleation as well as asymmetric astral 

microtubules32,33.  

Binucleation and polyploidization correlate temporally with loss of regenerative capacity in 

cardiac myocytes4,24. It is thus hypothesized that binucleation could have arose evolutionarily in 

order to prevent proliferation, as large-scale cardiac myocyte adult proliferation could affect heart 

function negatively due to the loss of sarcomeres in dividing cells24. However, the role of 

binucleation in cessation of proliferation is not fully understood24,34.   

Binucleated cells are, on average, larger than mononucleated cells, and the growth in 

cardiac myocyte size requires formation of new sarcomeres, which is a component of 

hypertrophy26. Hypertrophy is both a physiological and pathological process, a fine balance that 

when disrupted can cause severe disease 13,35.  
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Hypertrophy in Development and Disease 

Hypertrophy is defined as the growth in size of individual cardiac myocytes13. The 

hypertrophy of cardiac myocytes that occurs during development and in response to stimuli such 

as exercise is commonly referred to as physiological hypertrophy. However, pathological 

hypertrophy in which the cardiac myocytes grow too large causes hypertrophic cardiomyopathy 

(HCM). HCM is defined by otherwise unexplained left ventricular hypertrophy without chamber 

dilatation (Figure 1-2)13,36. HCM can be acquired in response to pressure overload from 

hypertension or aortic stenosis, or in response to another disease or syndrome like skeletal 

muscle and metabolic disorders. However, over 50% of HCM cases not related to a syndrome, 

and are caused by genetic mutations3.  

Hypertrophy occurs when ventricular cardiac myocytes grow larger and produce more 

sarcomeres to adapt to new demands. These new sarcomeres add laterally to pre-formed 

sarcomeres, increasing cardiac myocyte width (concentric hypertrophy)3. Several mutations 

which cause HCM are found alter a cardiac myocyte’s sarcomeric contractile properties, 

producing either hypercontractile or hypocontractile cardiac myocytes. Thus, HCM is widely 

considered a disease of the sarcomere37. HCM can also be caused by mutations in adhesion 

proteins, which connect heart cells together (Table 1-1)38. The remainder of this chapter will be in 

defining the sarcomere and adhesion components that are required for cardiac myocyte 

functionality and which have been implicated in disease states. Understanding how sarcomeres 

add laterally to pre-formed sarcomeres as well as understanding how sarcomeres initially develop 

during development is instrumental in eventually understanding the cellular mechanisms of HCM. 
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Table 1-1: Mutations in Sarcomere and Adhesion Components Which Cause HCM38 
 
Gene Protein Component 
ACTC1 Alpha actin Sarcomere, thin filament 
ACTN2 Alpha actinin 2 Sarcomere, Z-line 
CAV3 Caveolin 3 Sarcomere binding partner 
FHL1 Four and a half LIM domains 1 Sarcomere binding partner 
MYH6 Alpha cardiac Myosin Sarcomere, thick filament 
MYH7 Beta cardiac Myosin Sarcomere, thick filament 
MYBPC Myosin binding protein C Sarcomere, A-band 
MYL2 Myosin light chain 2 Sarcomere, myosin regulation 
MYL3 Myosin light chain 3 Sarcomere, myosin regulation 
MYLK2 Myosin light chain kinase 2 Sarcomere, myosin regulation 
MYOM1 Myomesin 1 Sarcomere, M-line 
MYPN Myopalladin Sarcomere, Z-line and I-band 
TCAP Titin-cap/Telethonin Sarcomere, Z-line 
TNNC1 Troponin C type 1 Sarcomere, thin filament 
NNI3 Troponin I type 3 Sarcomere, thin filament 
TNNT2 Troponin T type 2 Sarcomere, thin filament 
TPM1 Tropomyosin 1 Sarcomere, thin filament 
TTN1 Titin Sarcomere, Z-line to M-line 
VCL Vinculin Cell-ECM adhesion  
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Figure 1-2: Cardiac Hypertrophy 
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The Cardiac Sarcomere 

In order to understand how the heart grows on a cellular level, one has to consider how 

sarcomeres form initially, and what interactions and environmental components are involved. The 

sarcomere is a dense and complex paracrystalline structure that produces the force behind a 

heartbeat1. The study of sarcomere formation is multifaceted and depends on how sarcomeres 

are defined, detected, and quantified in each study. Directly on either side of a Z-line is the I-band 

(“isotropic”): the region of the actin thin filament that is not interdigitated with muscle myosin. After 

the I-band is the A-band (“anisotropic), which contains an entire muscle myosin thick filament. 

Within the A-band is a “bare zone”, or H-zone, where there are no thin filaments and only the rod 

domains of the thick filament. In the H-zone, directly in the middle between the two Z-lines, is the 

M-line, with elements which crosslink the thick filaments together and retain stability. The protein 

components and physiology of a sarcomere are described below. 

 

Anatomy and Physiology of a Sarcomere 

A sarcomere is made of thick myosin filaments which pull on parallel actin filaments. The 

biological definition of a sarcomere is the contractile unit of a myofibril between two Z-lines, which 

are the crosslinking structures that anchor actin filaments into the sarcomere (Figure 1-3). Arrays 

of sarcomeres align in a myofibril, which is tightly regulated to produce a single, synchronized 

beat throughout the entire heart. When cardiac myocytes are depolarized, calcium enters the cell 

through membrane channels as well as is released from the sarcoplasmic reticulum (calcium-

induced calcium release). Calcium binds troponin C, one of three troponin isoforms which form a 

complex that regulates myosin binding sites on the actin thin filament. The troponin complex 

contains Troponin C, I, and T, the actin binding protein tropomyosin, and the F-actin pointed end 

binding protein tropomodulin. During rest, muscle contraction Is inhibited by the 

tropomyosin/troponin complex interaction1. Calcium binding induces a conformational change in 

the troponin complex, displacing inhibitory tropomyosin from actin/myosin binding sites, allowing 
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myosin to bind the thin filament forming cross bridges. Myosin slides along actin filaments (ATP-

dependent force) and transmits force (a “beat”). Upon re-binding of ATP, myosin releases actin, 

the troponin/tropomyosin complex rebinds and re-forms, and calcium is either extruded from the 

cell or re-enters the sarcoplasmic reticulum39.  

At the Z-line, a-actinin-2 holds the structure of the beating sarcomere, balancing the forces 

exerted on actin by the thick filament. Actinins are members of the spectrin superfamily of 

proteins, which also includes spectrin, dystrophin, and utrophin40. The spectrin superfamily is 

defined by spectrin protein domain repeats and the ability to bind actin41. There are four 

mammalian genes of actinin: ACTN1, 2, 3, and 4, producing a-actinin-1/-2/-3/-4, respectively. A-

actinin-2 is the muscle-specific isoform which localizes at the Z-disk. Actinin2 also serves as a 

hub for several other proteins to bind and stabilize the Z-disk40. 
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Figure 1-3: The Cardiac Sarcomere 
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The I-band of the sarcomere contains thin filaments and titin, which regulates sarcomeric 

tension. In a sarcomere, there are two types of tension: passive and active. Active tension is 

generated by thick and thin filament force generation42. Passive tension and stiffness in the heart 

is largely defined by titin and the extracellular matrix (ECM, collagen in this case). The ECM 

provides an elastic force through collagen’s high tensile strength, whereas titin provides an 

entropic force43.  Titin, also known as connectin, is a massive protein, with a molecular weight of 

3.4-3.9 megadaltons. The human titin gene (TTN) has 363 exons44. One titin molecule spans half 

of the sarcomere, that is, from Z-line1. The N-terminus of titin localizes at the Z-line and the C-

terminus localizes to the M-line1. 

At the Z-line, titin has two immunoglobulin domains which interact with telethonin (also 

known as “titin-cap”) and actinin to anchor titin into the Z-line43. I-band titin contains the source of 

its extensible spring-like segment, responsible for titin’s entropic passive tension generation. I-

band titin also contains a PEVK domain, essential for titin-based viscosity, arising from 

interactions between PEVK and actin (Figure 1-4). This interaction slows actin filament sliding via 

an electrostatic effect between actin (negatively-charged) and the positively-charged PEVK 

element43. In the A-band, titin binds myosin heavy chain and MYBPC, and at the M-line, titin binds 

several M-line proteins including myomesin45. M-line titin also includes the Titin Kinase (TK) 

domain, which has a dual autoinhibitory mechanism via its regulatory C tail43.  

Parallel to actin thin filaments are muscle myosin thick filaments, which pull on actin 

through transient interactions which produce force. Myosin heads orient on the thick filament in 

one direction, which reverses at the M-line at the center of the sarcomere1.  

Myosin has a globular head with four subdomains binding actin, ATP/ADP, the essential 

light chain (ELC), and the regulatory light chain (RLC) and a C-terminal rod domain1. There are 

two cardiac muscle myosin isoforms: MYH6 (cardiac alpha myosin) and MYH7 (cardiac beta 

myosin). MYH7 is expressed during development, and nearly immediately after birth, MYH6 takes 
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over as the predominant myosin with a MYH6/7 ratio of 16:1 in rodents persisting through 

adulthood46,47.  

An interesting recent study used electron cryo-tomography to investigate the protein-level 

organization within the skeletal muscle sarcomere. Typically, it has been assumed that double-

headed myosin binds the same actin filament with each head, but this study found that in ~3% of 

myosin binding cases, each head bound a different actin filament48. Further, this study showed 

that myosin heads tend to bind actin subunits oriented in the direction of the thick filament it 

comprises. This provides an interesting dynamic look into myosin binding as a process regulated 

by physical barriers like actin filament orientation as well as complex signaling pathways48. 

At the center of the thick filament is the M-line (named after the German word for middle: 

“mittel”). M-line components, including myomesin and skelemin, crosslink the thick filaments into 

a hexagonal lattice structure. Further stabilizing the sarcomere is MYBPC, or myosin binding 

protein C, which form the cross-bridges found in the A-band1.  

Several sarcomeres arrange laterally to form a myofibril, which is anchored on each end 

by cell-ECM adhesions49. 
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Figure 1-4: Titin Structure and Binding Partners 
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Cell-ECM Adhesions 

 

Cell-ECM adhesions are structures by which cells sense and communicate with their 

environment and are required for cell migration and spreading. Focal adhesions are cell-ECM 

adhesions that are mechanosensitive and transmit force. In the cardiac myocyte in vivo, focal 

adhesion-like structures called costameres adhere cardiomyocytes together and to the ECM49,50. 

Costameres act as a physical adhesion to counterbalance the force produced by sarcomere 

contraction, while also acting as a signaling hub for mechanosensitive pathways and cytoskeleton 

remodeling. Here, I discuss the function and components of cardiac myocyte focal adhesions and 

how they regulate actin dynamics.  

Cell migration and spreading are complex processes requiring coordinated dynamics of 

actin retrograde flow, focal adhesion formation and retraction, and contractile force. When actin 

filaments polymerize and grow at the leading edge, they flow back into the cell body, undergoing 

retrograde flow. In order for a cell to spread in the opposite direction of actin retrograde flow, 

adhesions must act as “molecular clutches”, directly linking the actin cytoskeleton to the substrate 

through focal adhesions and providing a connection for force to transmit through51. Spreading is 

regulated by two distinct zones of actin flow. The lamellipodium is the zone near the cell boundary 

with fast actin flow. Directly interior to the lamellipodium is the lamella, with slow actin flow52. 

These zones of flow are regulated by adhesion maturation: as a nascent adhesion forms slightly 

ahead of the lamellipodium/lamella boundary, the local actin flow is slowed, producing a new 

boundary further toward the cell edge. The width of the recently reduced lamellipodium is then 

restored as the cell edge advances52.  
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Figure 1-5: Focal Adhesion Structure 
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The lamella contains a type of stress fiber called a transverse arc, which is formed by 

Arp2/3-mediated branched actin polymerization at the lamellipodium/lamella boundary53. These 

arcs can mature into ventral stress fibers, which are long actin-based structures in migrating cells. 

Arcs form ventral stress fibers by lateral fusion while undergoing centripetal flow (that is, an 

asymmetrical circular inward flow), which generate tension via connections to focal adhesions on 

both ends53,54.  

The focal adhesion can be partitioned into five layers, from ventral to dorsal: the 

extracellular layer, the intracellular integrin signaling layer, the force transduction later, the actin 

regulatory layer, and the actin stress fiber structure (Figure 1-5). The extracellular layer is 

composed of integrin receptors which bind to the ECM. Integrins are transmembrane receptors 

which are comprised of heteromeric combinations of alpha and beta subunits55.  Extracellular 

integrin binds different ECM proteins depending on its subunits, while intracellular integrin 

mediates a large interactome of ~160 proteins5655. The intracellular domain of integrin comprises 

the integrin signaling layer, which also contains focal adhesion kinase (FAK).  

FAK is a tyrosine kinase which plays dual roles, acting to increase adhesion formation 

through its scaffolding function as well as increase adhesion disassembly through its signaling 

function49,57. FAK is activated upon autophosphorylation at its Tyr397 residue, and upon 

activation, forms a complex with Src to phosphorylate paxillin57-59. Paxillin is a protein also in the 

signaling layer which recruits the components of the mechanosensitive layer: talin and vinculin60. 

Talin is a mechanosensitive protein that plays an essential role in force generation. Talin’s 

head domain localizes to focal adhesions through binding integrins intracellular tail. Talin 

stretches upon sensing force, which exposes cryptic binding sites which bind to localize and 

activate vinculin61. Vinculin is also mechanosensitive and has an actin-binding head domain and 

a tail domain, both of which are required for traction force generation. When inactive, vinculin 

forms a folded conformation in which the head and tail domains interact62. When activated, 

vinculin extends and the head/tail interaction is disrupted62. Inactive vinculin localizes lower in the 
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focal adhesion (toward the ECM) in the integrin signaling layer immediately interior to the 

membrane, binding phospho-paxillin. Once activated, vinculin redistributes higher into the focal 

adhesion in order to bind actin and engage retrograde flow, acting as the “molecular clutch”60. 

Actin filaments are crosslinked by actinins and are regulated by Zyxin and VASP at the actin 

regulatory layer. Above the actin regulatory layer is the connected stress fiber.  

 

Cardiac Sarcomere Formation 

 

Models of Sarcomere Formation 

The proposed mechanism for sarcomere formation has long been conflicting and 

competitive in the cardiovascular biology field, beginning with two main models: the template 

model and the premyofibril model. In 1984, the Sanger lab demonstrated fluorescent alpha-actinin 

incorporation into Z-lines of living chick cardiac myocytes. They identified small actinin particles 

at the cell periphery and hypothesized that these aggregates were nascent Z-lines which 

eventually increase in spacing and form mature Z-lines in myofibrils. Further, they confirmed that 

mature myofibrils are formed by the annealing of fine actin strands with nascent actinin 

aggregates laterally into wider bands with organized myofibrils (Figure 1-6A)63.  

Only three months later, the Holtzer lab identified stress fiber-like structures in cardiac 

myocytes, which appeared to be transient and contained nonmuscle proteins such as nonmuscle 

myosin and nonmuscle forms of actin. These stress fiber-like structures likely acted as a template 

for emerging myofibrils with muscle-specific proteins like alpha-actin and muscle myosin, then the 

stress fibers seem to disappear. This study did not identify a significant role for adhesions in 

sarcomere formation, only noting that vinculin-positive adhesions linked mature myofibrils to the 

membrane (Figure 1-6B)64. These findings led to the proposal of the Template model.  
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Figure 1-6: Models of Sarcomere Formation 
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Both models were presented as mutually exclusive with the major difference being the 

fate and composition of any nascent myofibril/precursor structure. The template model suggests 

stress fiber-like structures degrade upon myofibril formation, whereas the premyofibrils model 

suggests that the thin strand-like filaments (analogous to the stress fiber-like structures by eye 

but labeled separately in each paper) are retained and anneal laterally into wider myofibrils.  

Over the next two decades, the template model evolved into a model investigating the 

existence of I/Z/I bodies and their role in myofibril formation. I-Z-I bodies are small complexes 

containing actinin2 punctae surrounded by “brushes” of actin decorated with titin65,66 (Figure 1-

6C). The existence of I-Z-I bodies and their relationship with Z-bodies is contested. In 1990, 

Schultheiss et al. defined which proteins are found in templating structures versus striated 

myofibrils. Templating structures (or, “nonstriated myofibrils”) contained actinin2, actin, troponin 

I, and titin in complexes, whereas striated myofibrils contained myomesin and MYBPC. Further, 

small “ectopic patches” were found in some cells which had striated structures which were about 

half the width of mature myofibrils. These structures have been defined previously as “pseudo-

striated myofibrils” with randomly ordered myosin fibrils65,67. This study demonstrated that only 

the Z-Line area of titin localized to I-Z-I bodies, but the I-band region of titin did not. This could be 

an antibody issue or could reveal different functions of titin domains in myofibril formation. In 1992, 

the components of stress fiber-like structures in chick cardiac myocytes and the role of adhesions 

in their formation was investigated in the context of the template model51. They determined that 

the earliest steps of myofibril formation required vinculin, actin, and actinin2, and nascent 

myofibrils have oppositely oriented adhesion plaques on each end. Further, they identified that 

nonmuscle myosin does not localize to the stress fiber-like templates, directly conflicting with 

findings from the Sanger lab. One interesting finding from this study is that stress fiber-like 

structures in cardiac myocytes are not authentic stress fibers, as they do not have nonsarcomeric 

proteins and have I-Z-I complexes within. However, the sources of catalog numbers of the 

antibodies targeting nonmuscle proteins in this study were not included, casting doubt on which 
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specific myosins these antibodies were raised against (“nonmuscle actinin” and “non-sarcomeric-

MHC” were the definitions given). Interestingly, chick cardiac myocytes do not express NMIIA, so 

if their antibody was against NMIIA it would not stain anything in a chick cardiac myocyte51,68.  

In 1997, Holtzer’s lab further developed the definition of I-Z-I “brushes” as the templates 

themselves, straying from their previous hypothesis that templates disintegrate once they are 

used as templates66. In their model system of BC3H myoblasts (rhabdomyosarcoma cells), small 

scattered A-band-like structures form, seemingly independent of any nearby actin filaments or Z-

lines. These structures have 1.6 um-long muscle myosin filaments. They did not find evidence of 

premyofibrils in this cell line, but did define a boundary between nonstriated and striated myofibrils 

based on protein expression and filament organization. Striated myofibrils contained myomesin 

at the M-line, organized titin, and arrays of muscle myosin filaments, whereas nonstriated 

myofibrils contained punctate titin and less-organized muscle myosin filaments. This study also 

suggests an “end-on” assembly pathway for nonstriated templates to form myofibrils, rather than 

lateral attachment. While this might seem like a large derivation from the previous template model, 

it should be noted that these experiments were performed in an engineered cell line which does 

not properly form myofibrils compared to primary cells69.  

The Pre-myofibril model gained traction in the field as more in vitro and in vivo evidence 

was generated. In 1994, Rhee et al. identified premyofibrils, nascent myofibrils, and mature 

myofibrils in fixed chick cardiac myocytes, and characterized which proteins were found in each 

myofibril developmental stage70. Premyofibrils contained NMIIB, actinin and actin, and exhibited 

actinin2 spacing between 0.3-1.4 um. Nascent myofibrils contained actinin and actin, both muscle 

and nonmuscle (NMIIB) myosin, titin, and zeugmatin. Upon maturation, mature myofibrils lose 

NMIIB and gain MYBPC. Mature myofibrils have actinin2 spacing between 1.8-2.5 um70. In 1997, 

Dabiri et al. showed live evidence of Z-bodies forming at the spreading cell edge and growing to 

form Z-lines in a live movie of chick cardiac myocyte Z-line formation71. The Sanger lab 

investigated skeletal muscle cells as well as quail and zebrafish cardiac myocytes and found 
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similar evidence in these model systems that there are distinct premyofibril populations which 

form mature myofibrils68,72,73. Interestingly, it appears that in skeletal muscle cells (and potentially 

in cardiac myocytes), Z-bodies can add on to myofibrils laterally and in an end-on fashion. 

However, a unifying hypothesis between these models (and in C. elegans muscle) is that 

sarcomere formation begins at the membrane, whether through a template structure, actinin2 

aggregates, premyofibrils, or some combination of the three74.  

Around this time, a third competing model was proposed by Ehler75. This model proposed 

that thin filaments and thick filaments form separately, then are interdigitated through interactions 

between titin and myomesin. These studies were performed using fixed sections of embryonic 

chick cardiac tissue, and proposed that actinin2 aggregates are not Z-bodies, but are just smaller 

striated myofibrils. This hypothesis was derived from the finding that these aggregates had ~2 um 

spacing, which is the same as Z-line spacing in a mature myofibril. However, observing these 

images in a present-day context, it appears that more actinin2 puncta are actually present in the 

image than were detected and/or quantified by the original authors (due, likely, to limitations in 

microscopy sensitivity and image processing software at the time of study), casting doubt on these 

conclusions. Of note is that this study also did not identify any evidence of premyofibrils or any 

stress fibers/stress fiber-like structures75. 

More recently, as evidence surmounts linking mutations in adhesion proteins to 

cardiomyopathies, the role of adhesions in sarcomere formation has been studied, forming a 

fourth competing model. This model implicates integrin-mediated adhesions as either precursors 

to sarcomeres or are the direct areas of sarcomere formation, alongside the possibility of 

sarcomeres assembling centripetally as cardiac myocytes “turn” on a dish76. These studies 

implicating adhesions in sarcomere formation mostly follow the interdigitating model described 

above, with a few components of the premyofibril model sprinkled throughout.  

In 2006, Quach and Rando studied mouse skeletal muscle sarcomere formation and 

determined that sarcomeres form first from a focal adhesion, dangling premyofibrils from the 
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membrane like “beads on a string” (Figure 1-6D). These premyofibrils turn to be parallel to the 

membrane by an unknown mechanism, where they are linked via integrin-based adhesions 

(costameres). Further elongation of myofibrils occur via lateral addition of premyofibrils to the 

region of opposite-facing end of the myofibril (directly contrasting to the addition to the membrane-

facing region of the myofibril). Myofibril-mediated tension signals to the integrin-based adhesions 

which cluster underneath the Z-lines of the myofibrils to provide a linkage to the membrane and 

stability, and FAK signaling is required for this crosstalk77. 

Sparrow and Schock further postulate in 2009 that protocostameres, or, nascent focal 

adhesion-like structures, are not only required for myofibril formation and linkage to the 

membrane, but actually form Z-bodies and are the site for myofibril formation (Figure 1-6E). In 

this model, protocostameres polymerize actin filaments in different directions. When two opposing 

polarity filaments come into contact, they are crosslinked by actinin2 and fuse laterally to form 

premyofibrils, connected to costameres on each side. These costameres then become Z-bodies 

when they merge together and with actinin2, which then link with other Z-bodies to form Z-lines. 

Interestingly, in this model, a nonmuscle myosin filament opens the space between actin filaments 

to first displace actinin, then is displaced by muscle myosin, providing a role for both myosin 

isoforms in myofibril formation76. 

The most recent study implicating costameres in myofibrillogenesis was published in 

2018, in which the Chen lab determined that protocostameres are the site of myofibril formation, 

but do not themselves become myofibrils (Figure 1-6F). This publication devises a model different 

from any previously proposed models, hypothesizing that integrin-mediated protocostameres act 

as the site for sarcomere assembly, with myofibrils streaming out of adhesions centripetally and 

gaining titin and muscle myosin along the way. Further, they suggest nonmuscle myosins are not 

required for sarcomere formation, while muscle myosins are required. Another method of 

assembly occurs simultaneously, named “transverse assembly”, where pre-formed myofibril 
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“pieces” are removed from the actin network at the cell membrane and transported to the lateral 

side of a developing myofibril78.  

Two competing models were published in the same year as Chopra’s protocostamere 

model, one implicating both NMII and muscle myosin in sarcomere formation, and one from our 

lab implicating NMII and formins in sarcomere formation. The former combined pieces of the 

premyofibril model using evidence from Drosophila skeletal muscle to propose that the first 

premyofibrils simultaneously form, requiring mechanical tension from NMII. In this model, muscle 

myosin is only required for large-scale organization, not local actin order79.  

Our lab published a study later that year showing myofibril assembly in human iPSC-

derived cardiac myocytes, unifying the template and premyofibril models by showing evidence for 

both during sarcomere assembly (Figure 1-6G)80. Our model proposes that the stress fiber-like 

structures near the cell membrane are muscle stress fibers (MSFs), containing actinin2 Z-bodies. 

MSFs are similar to, but distinct from nonmuscle stress fibers. MSFs containing Z-bodies undergo 

slow retrograde flow and have nonmuscle myosin isoforms which are essential to sarcomere 

formation. These nonmuscle myosins NMIIA and NMIIB form cofilaments with each other, then 

later in sarcomere formation begin forming cofilaments with muscle myosin. Muscle myosin 

eventually replaces the nonmuscle myosin in the filaments, growing to form 1.5 um-long filaments 

which stitch or concatenate together to form the A-band. Simultaneously, Z-bodies stitch together 

to form Z-lines near the center of the cell, where there is little to no retrograde flow of actin80.  
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CHAPTER 2 

 

A HIGH-THROUGHPUT METHOD FOR STUDYING CARDIAC MYOCYTE PROLIFERATION 

 

Neininger, AC., Long, JH., Baillargeon, CM., Burnette, DT. (2019). Sci. Rep. 9:15917 

 

Introduction 

Cardiac myocytes are the essential muscle cells which drive the beating of the heart. 

These cells display a balance between hyperplastic growth by cell division and hypertrophic 

growth by cell enlargement during development. However, after birth, mammalian cardiac 

myocytes exit the cell cycle and rely solely on hypertrophic growth81. As a result, cardiac myocytes 

lost due to injury cannot be replaced. There has been a concerted effort to find factors that induce 

cardiac myocytes to reenter the cell cycle and successfully undergo cell division. Identification of 

these factors would facilitate the ultimate goal of regenerating heart muscle in vivo, so the heart 

can heal from injury.  Overexpression of positive cell cycle regulators or transcription factors or 

deletion of negative cell cycle regulators in rodent models has been shown to induce proliferation 

(summarized in Figure 2-1). However, there is a limit to the amount of protein that can be 

overexpressed in a cell due to proteasome-mediated degradation of the excess protein2. 

Excitingly, a recent study has circumvented this by demonstrating a combinatorial approach 

utilizing both genetic manipulation and small molecule inhibitors which induced cell division in 

post-mitotic murine cardiac myocytes in vivo82. This treatment also improved cardiac function after 

a myocardial infarction, proving to be a promising approach to regenerate cardiac myocytes in 

vivo. Thus, identifying additional small molecules that induce cardiac myocyte proliferation could 

be beneficial for future combinatorial therapies. 

Current technologies lend themselves to high-throughput screening to identify bioactive 

small molecules. Such a screening platform needs to be robust, sensitive, and large-scale, with 
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a clear readout. There are several in vitro model systems that could be considered for such a 

screen, each with unique advantages and disadvantages. Cardiac myocytes can be isolated from 

rodents and represent mature, adult cardiac myocytes. However, these primary rodent cardiac 

myocytes can only beat in culture for a few days, making them unsuitable for long-term screens. 

Beating can be inhibited, making these cells will last longer; however, they will dedifferentiate to 

a more immature state69. In addition, the isolation protocols can be variable, resulting in cell 

populations that differ between batches and laboratories. As such, we believe human induced 

pluripotent stem cells differentiated into cardiac myocytes likely to be a robust model system. 

These cells can be maintained in culture for weeks to months and beat continuously, facilitating 

long-term screens. Although these cardiac myocytes are more transcriptionally similar to 

embryonic cardiac myocytes, this immature state maintains a slight proliferative potential that can 

be modulated by small molecules83. The long-term goal of many such studies are to test 

compounds in whole animals, such as with a high-throughput zebrafish screen or a more low-

throughput treatment in rodents given a myocardial infarction. 

A second major consideration in developing a screening platform is accessibility to 

researchers from a wide range of disciplines. This requires a straight-forward procedure with a 

simple and quantitative output. The cost of such a screen also needs to be minimized as the initial 

investment into a project is often a hurdle for laboratories entering a new field of study. Taking 

these considerations, here we report a strategy for identifying small molecule regulators of cardiac 

myocyte proliferation. We use human iPSC-derived cardiac myocytes (hiCM) and relatively low-

magnification microscopy to monitor the number of nuclei over time. This has allowed us to screen 

a library of small molecules to identify compounds that both increase and decrease proliferation. 

This procedure is straight-forward, flexible, and cost-effective.  
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 Results 

 

Identifying hiCMs as a Model System for Cardiac Myocyte Proliferation 

It has been noted that hiCMs have a slight proliferative capacity84, 85. The vast majority of 

studies have used methods such as BrdU incorporation into replicating DNA or Ki67 localization 

in the nucleus to mark cycling cells (Figure 2-1). There are two potential outcomes of DNA 

synthesis: the nucleus becoming polyploid or mitosis. Following mitosis, the cell can either go 

through cytokinesis and create two new daughter cells (i.e., hyperplastic growth) or it can become 

binucleated (i.e., hypertrophic growth)31, 25. While studying sarcomere assembly in hiCMs plated 

at sub-confluent densities80, we observed both hiCMs that appeared to go through cytokinesis 

(Figure 2-2B, S1A) and hiCMs which were binucleated (Figure 2-2C). We confirmed these two 

outcomes by localizing β-catenin to mark the boundaries of cells (Figure 2-2B-C, S1D). We first 

attempted to use a live-cell membrane marker to identify division events versus binucleation 

events, but due to the high membrane turnover in cardiac myocytes, live-cell membrane markers 

immediately become cytoplasmic in localization. While this marker defined boundaries of HeLa 

cells, the boundaries of hiCMs cannot be defined (Figure 2-S1B-C). For this reason, we turned to 

fixed-cell imaging with β-catenin. By marking the boundaries of cells, we can identify if a cell has 

one or two nuclei.  
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Figure 2-1: Factors Involved in Cardiac Myocyte Proliferation 
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Figure 2-1: 

 A brief review of factors identified in rodents or using human iPSCs as regulators of cardiac 

myocyte proliferation. Circles, squares, and triangles show the model system used, experiment, 

and proliferation detection method, respectively. Arrows show activating factors, blunt 

arrowheads show inhibitory factors, and lines show factors determined to have no effect. A 

combination of two types of arrows for the same factor shows conflicting results. Numbers denote 

the studies for each factor, which can be found in the supplementary references. 
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Interestingly, we found it was rare to detect mitotic events in hiCM plated at high densities, 

such as a monolayer. Density-dependent proliferation is well documented in other cell types86. 

Indeed, a previous study has shown that human embryonic stem cell-derived cardiac myocytes 

incorporate more BrdU when plated at “low” density (~268 cells/mm2) as opposed to “high” density 

(~3846 cells/mm2)87. Given our observations and this previous study, we sought to quantify the 

relationship between plating density and proliferation in hiCM. 

We plated hiCMs at various densities to test if there was a relationship between cell 

density and proliferation (i.e., mitotic events). In order to get a direct measurement of proliferation, 

we turned to live-cell microscopy. Every nucleus was labeled with a live-cell nuclear marker, and 

each well was imaged every 12 hours for a week, followed by quantification to determine the 

proliferative capacity of the cells. Image stitching was used to visualize the entire population of 

nuclei in each well of a 96-well plate. This resulted in the monitoring of nuclei in approximately 

492,188 hiCMs over the course of 5 independent experiments. As expected, we found an inverse 

relationship between cell density and proliferation from a range of 544 cells/mm2 to 136 cells/mm2 

(Figure 2-2D). Decreasing the density past 136 cells/mm2 did not yield corresponding increases 

in proliferation. 34 cells/mm2 was the density at which hiCMs were physically isolated from each 

other. 

We next tested whether these observed increases in proliferation were due to binucleation 

or cytokinesis. Surprisingly, the percentage of binucleated hiCMs was consistent at all densities 

(Figure 2-2E). Taken together, our data suggested that plating hiCMs at sub-confluent densities 

increases proliferation but does not influence whether a particular hiCM undergoes binucleation 

or cytokinesis. Based on these results, we next wanted to explore if hiCMs plated at sub-confluent 

densities could be used for high-content screening to identify modulators of cardiac myocyte 

proliferation. 
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Figure 2-2: Identifying iPSC-Derived Human Cardiac Myocytes as a Model for Cardiac Myocyte 
Proliferation.  
 
 

 



35 
 

Figure 2-2: 

A) Three possibilities resulting from DNA synthesis: proliferation and polyploidization (i.e., 

endoreduplication), and two possibilities resulting from mitosis: cytokinesis and binucleation. B) 

Live montage of dividing hiCM using phase contrast and widefield fluorescence microscopy, 

visualizing nuclei using a live-cell fluorescent nuclear probe. hiCM were then fixed and stained for 

β-catenin to confirm division. Arrow: cell-cell boundary. C) Live montage of binucleating hiCM 

using phase contrast and widefield fluorescence microscopy as in Figure 2-2B.  Single-headed 

arrow: metaphase. Double-headed arrow: midbody. D) Proliferative capacity of hiCMs increases 

with decreasing cell density. Percent change in nuclei count normalized to confluent hiCM so that 

confluent cells have a 0% change. N=5 experiments per data point, approximately 500,000 hiCM 

in total; mean +/- SEM over 5 independent experiments. *: p<0.05. **: p<0.01. E) Binucleation 

proportion does not change when cells are plated at various densities. Binucleation proportion 

measured post-fixation stained with β-catenin over three independent experiments. N=4678 total 

cells; mean +/- SEM. NS by One-Way ANOVA. 
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Developing a Screen to Identify Modulators of hiCM Proliferation 

We next wanted to identify a plating density that would facilitate detection of both positive 

and negative modulation of hiCM proliferation, lying in the middle of the inverse relationship 

between density and proliferation (i.e., 544 cells/mm2 to 136 cells/mm2). This density would be 

~340 cells/mm2. Due to the nature of making dilutions of cultured hiCMs, we ultimately chose 333 

cells/mm2 as our experimental density. To facilitate a high content screen, we also needed to 

scale-up the number of samples that could be imaged over time. Our experiments presented in 

Figure 2-2 were performed in individual wells of a 96-well plate, however, this can limit the number 

of molecules that can be tested at once. Thus, we moved to culturing hiCMs in 384-well plates 

(Figure 2-3A). This is cost-effective and allows for the usage of fewer cells per well, and increases 

the number of possible compounds that can be tested. Of note, cultured hiCMs are fragile and as 

such are sensitive to physical perturbation during media changes. This rules out less gentle 

methods of media transfer such as automatic liquid handling, and as such, all media exchanges 

should be done by hand. 

We chose a small molecule library of well-characterized kinase inhibitors from Vanderbilt 

University’s High Throughput Screening Core. This allows for any results of our screen to be 

immediately informative as to which signaling pathways are controlling hiCM proliferation. Small 

molecules were plated into a 384-well plate at 10 mM in DMSO using an automatic liquid handling 

system. To reduce the concentration to 10 µM, cardiac myocyte maintenance media with a 

nuclear marker was added to each well of the plate. hiCMs were previously plated into a separate 

384-well plate, then the hiCM media was replaced with the small molecule-containing media using 

a multichannel pipette (Figure 2-3B). This allowed for each nucleus in each well to be imaged, 

masked, and quantified over time (Figure 2-3C). We first tested if the nuclear marker we used 

had any effect on cardiac myocyte proliferation and found no difference in Ki67-positive nuclei in 

control or labeled cells (Figure 2-S3C). A detailed protocol is provided in the Methods. 
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Figure 2-3: Workflow: Identifying Small Molecule Regulators of Cardiac Myocyte Proliferation.  
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Figure 2-3: 

A) Cardiac myocyte plating scheme and example plate map. B) Small molecule addition 

procedure. C) Nuclei imaging and quantification scheme. For more information, see Methods 
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Quantifying The Effects of Small Molecules on Cardiac Myocyte Proliferation 

Utilizing this protocol, we quantified nuclei count per image over time, taking images every 

12 hours for six days. We normalized nuclear increase to control and repeated the screen three 

more times, resulting in four independent screens using the same small molecules. Interestingly, 

there was a wide range of changes in hiCM proliferation due to small molecule administration. 

Some small molecules increased hiCM proliferation, some stopped proliferation altogether, and 

some caused cell death. The nuclei in each well were quantified as a fold change over time (See 

equation in the Methods). We averaged the nuclear fold change over four screens (Figure 2-4A).  

The top small molecules that had the highest average increase in nuclei over time (Figure 

2-4B), the middle small molecules with no effect on nuclei count (Figure 2-4C), and the small 

molecules that led to death reproducibly in all four screens (Figure 2-4D) were identified. We 

confirmed by manually observing each well (Figures 4E-G). However, several of these 

compounds had high standard deviations across screens and did not have a reproducible effect 

on nuclei count over time, producing false positives. In order to focus on small molecules that 

reproducibly affected proliferation, we sorted the compounds that had a nuclear fold change 

greater than 1 by their standard deviation (Figure 2-4H). Interestingly, several of these hits have 

been identified previously as modulators of the cardiac myocyte cell cycle, including GSK-3β 

inhibitor BIO88,89 and a p38-inhibitor SB239063 related to previously identified SB20358090,91.  
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Figure 2-4: Effect of Small Molecules on Cardiac Myocyte Proliferation.  
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Figure 2-4:  

 A) Results of small molecule drug screen on nuclei count over a period of 72 hours, 

normalized to control, averaged over three independent screens. A value of 1 indicates an 

equivalent rate of nuclei increase to control cells, that is, there is no apparent change in death or 

proliferation compared to control. A value of 0 indicates cell death, and a value of 2 indicates a 

doubling of nuclei count over time compared to control. B) Top small molecules that, on average, 

increased nuclei count. Note that these calculations do not account for variance between screens. 

C) Middle small molecules that had no observed effect on nuclei count over time. D) Small 

molecules that led to 100% cell death reproducibly in each screen. E) Example time-lapse of 

dividing cardiac myocyte over 24h post-small molecule addition. F) Example time-lapse of cardiac 

myocytes over 24h post-small molecule addition. Note no effect on cardiac myocyte proliferation 

or death. G) Example time-lapse of cardiac myocytes undergoing cell death after small molecule 

addition. H) All small molecule compounds with a mean nuclear count increase greater than 1, 

sorted from top to bottom by smallest to largest standard error of the mean.  
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Phenotypic Analysis and Small Molecule Compound Follow-Up 

After the high-throughput screen, we manually observed each well over 7 days and 

completed a detailed phenotypic analysis. We noted time of death (quantified post-drug addition) 

for each well that had total cell death within the 7 day timeframe (Figure 2-5A). Interestingly, 

several of the small molecules led to eventual cell death, which further supports that many 

potential therapeutic molecules might be cardiotoxic. We then noted wells in which there were 

division events, “spindly” cell edges, elongated cells, particularly large cells, and cells which had 

prominent stress fibers (Figure 2-5B-G).  

Once a high-throughput screen is completed specific small molecules need to be identified 

and further pursued.  As an example of such a next step, we chose three small molecules which 

had high increase in nuclear count over the four screens, but a low variance between screens 

(Figure 2-4H), and that we found of particular interest based on the literature. These three hits 

included Acadesine, an AMPK activator, Palomid-529, an mTORC inhibitor, and SB216763, a 

GSK-3 β inhibitor (Figure 2-5H). Interestingly, activating AMPK in the heart has been shown to 

be protective against hypertrophy92. In addition, a another small molecule inhibition of GSK-3β 

using BIO and CHIR99021 has been shown to increase hiCM proliferation93, 88, 89. On average 

over the four screens, these compounds led to a 20% increase in nuclei count.  
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Figure 2-5: Phenotypic Analysis and Small Molecule Compound Follow-Up 
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Figure 2-5: 

A) Time of death (days) for each well that died within the time frame of the screen, 

averaged over the three screens. 0 represents that the cells died within the 20 minutes between 

small molecule addition and initial imaging. 1 represents that cells died before 24 hours post-

addition (i.e., between 12 hours and 24 hours). If cells did not die, they are not represented in this 

graph. Nuclei count was unreliable for cells which died, as there was debris created which 

fluoresced. Thus, time of death was manually quantified. B) Phenotypic analysis of cardiac 

myocytes over three screens given 429 small molecules. C) Example of a cluster of approximately 

7-8 healthy cardiac myocytes. Small molecule: PD318088. D) Example of a cluster of cardiac 

myocytes that are especially unhealthy, giving the cells a “spindly” appearance. Small molecule: 

AT7867. E) Example of an elongated cardiac myocyte (arrow). Note cardiac myocytes directly 

above the elongated cardiac myocyte that have normal appearances. Small molecule: WAY-600. 

F) Example of a particularly large cardiac myocyte (arrow). Small molecule: PD318088. G) 

Example of a cardiac myocyte with stress-fiber like striations on its edge (arrow). Small molecule: 

APTSTAT3-9R. H) Three small molecules identified by screen as potential regulators of hiCM 

proliferation. I) Three small molecules from Figure 2-5H tested at 0.01, 0.1, 1, and 10 µM (i.e., 10, 

100, 1000, and 10000 nM) over five independent experiments. Shown as mean. J) Binucleation 

proportion does not change when cells are treated with these small molecules at their most 

effective concentrations (Palomid-529 5 µM, SB216763 3 µM, and Acadesine 3 µM), measured 

post-fixation stained with β-catenin. N=6624 total cells over three independent experiments; mean 

+/- SEM. NS by One-Way ANOVA 
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As we performed our initial screen using small molecules at 10 µM, we next tested the 

effectiveness of these compounds at lower concentrations. We found that each compound indeed 

increased proliferation of hiCM at doses lower than the screening concentration (Figure 2-5I), and 

that this induction of proliferation does not affect the baseline balance of cytokinesis and 

binucleation (Figure 2-5J).  

 

Comparing the Number of Division Events to the Overall Number of Cycling Cells 

We next wanted to compare our method to a standard method for identifying cycling cells. 

We chose the localization of Ki67 using immunofluorescence94. We treated hiCMs with the 

identified small molecules and localized Ki67 and α actinin 2 post-fixation (Figure 2-6A). In this 

way, we can identify cycling cells and simultaneously confirm the cardiac myocyte identity of the 

hiCMs in control conditions and with the identified small molecules. We also localized Ki67 in 

hiCMs treated with a previously identified small molecule that has been shown to induce cardiac 

myocyte proliferation, a p38 inhibitor90. Each of the three identified compounds increased the 

percentage of Ki67-positive nuclei to similar or even higher levels than the previously identified 

p38 inhibitor (Figure 2-6B). However, the identification of cycling cells using Ki67 accounts for 

more cells than those which actually subsequently divide21.  

We also wanted to compare the cost of performing a screen using live-cell nuclear 

localization with the current method of fixed-cell Ki67 localization (Table 1) and found that our 

method of performing the screen was significantly more cost-effective. We also include a detailed 

protocol on how to complete both methods of screens, including step-by-step alternative 

approaches for laboratories with more limited resources with the goal to alleviate the significant 

financial investment typically required for starting research in the cardiovascular field. In 

conclusion, fixed-cell localization of cycling markers only allows for imaging one time point and 

provides an overestimate of cell division, and further, is more costly than live-cell imaging of 

nuclei.  
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Figure 2-6: Using Ki67 to Confirm Three Small Molecules Identified in Screen Increase hiCM 
Proliferation 
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Figure 2-6: 

A) Phase contrast, α actinin 2 and Ki67 in control hiCM and hiCMs treated with Palomid-

529, SB216763, Acadesine, and SB203580. B) Quantification of Ki67+ hiCMs in control and small 

molecule-treated hiCMs. *: p<0.05 
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Discussion 

The diversity of the scientific community working on a problem is instrumental to the 

innovation of any field. Previously, the study of cardiac myocytes has been limited to researchers 

with substantial funding and specialized training to initiate in vivo studies or differentiation 

protocols from iPSCs. Here we present a method that is specifically designed to be straight-

forward and accessible to a wide variety of researchers. hiCMs can be purchased, which 

bypasses the typically rate-limiting and costly step of initiating in-house hiCM-differentiation. 

Furthermore, the experiments do not require advanced microscopy. Indeed, all the experiments 

in the main figures were completed using relatively low magnification imaging with a 4x, 10x, or 

20x objective, though one objective would be sufficient. Indeed, we have provided a detailed 

protocol in the supplement that presents how our method can be modified to accommodate any 

microscope capable of performing fluorescence. Using our method, we present several datasets 

as a resource for determining small molecules that play an activating or inhibitory role in cardiac 

myocyte proliferation. Screening a limited compound library revealed many potential regulators 

of proliferation and cell death.  

We chose to use purchased hiCMs because the initial investment is far less than in-house 

differentiation protocols. In-house hiCM differentiation protocols also do not produce pure 

populations of myocytes. These protocols can contain ~10% of nonmuscle cells78. Because the 

percentage of dividing hiCMs is so low, a small contamination of highly proliferative non-muscle 

cells, e.g., fibroblasts, could skew the results. Each batch of purchased cardiac myocytes comes 

with a certificate of purity, claiming >99%. However, even if 0.99% of the cells were highly 

proliferative, this would affect results. For this reason, we routinely localize α actinin 2 in our 

cultures. These cells are positive for α actinin 2. Of note, over the course of this study, we have 

only found 3 cells present in our cultures that do not express α actinin 2 out of the ~500,000 we 

have observed. Further, every dividing cell found in cultures stained for α actinin 2 has been α 
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actinin 2-positive (Figure 2-S1A, 2-6A). Taken together, these cultures contain cardiac myocytes 

which have the capacity to divide.  

Another factor to consider when using hiCMs for any experimental purpose is their 

‘maturity’. It has been well-documented that hiCMs do not resemble in vivo adult human cardiac 

myocytes transcriptionally or morphologically95. In addition, adult human cardiac myocytes have 

a very low potential for division84,85. Conversely, hiCMs transcriptionally resemble fetal/neonatal 

cardiac myocytes95, and obviously can divide. It is for this reason that we believe hiCMs are an 

ideal system to explore what regulates the cell cycle and cytokinesis in cardiac myocytes.  

There are several reasons we chose to count nuclei as the basis of this screening protocol, 

rather than previously utilized methods. Proliferative markers such as Ki67 and PCNA give an 

overestimate of cell proliferation, as they mark any cell that is cycling in general. This can mark 

cells undergoing endoreduplication (i.e., polyploidization), cytokinesis, and binucleation. DNA 

synthesis markers such as BrdU/EdU detects these three outcomes as well as DNA damage 

repair15. To circumvent these issues, researchers have turned to midbody markers such as Aurora 

B kinase to more directly mark cytokinesis. However, groups have recently shown preliminary 

evidence that binucleating cells can form a midbody32,96. Interestingly, we also see examples of 

binucleating cells that have a clear midbody in a typical position (Figure 2-2C, double-headed 

arrow). Thus, using midbody markers or even simply identifying mitotic figures does not 

unequivocally mark cardiac myocytes undergoing cytokinesis. Hesse & Doengi96 also propose 

using distance between nuclei after mitosis to differentiate between cytokinesis and binucleation. 

However, some hiCMs have two nuclei that are well-separated (Figure 2-S2F).  

An in vivo approach to navigating cardiac myocyte proliferation is to use the MHC promoter 

to mark only cardiac myocytes and use sophisticated tools such as mosaic analysis using double 

markers (MADM), etc., to measure CM proliferation82. However, the MHC promoter could be 

active in undifferentiated progenitor cells15 which could cloud results in mouse models. In fixed 

tissue, thin sections restrict the identification of binucleated cardiac myocytes. In thicker sections, 
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optical aberrations, limited axial resolution, and imprecise marking of cell boundaries are 

limitations. Even so, in vivo approaches limit the throughput of identifying any compounds or 

factors that affect cardiac myocyte proliferation.  

Given the ambiguity that results from other markers, we propose using live hiCMs for high-

throughput screening of regulators of hiCM proliferation by simply counting nuclei. This method 

allows for a more accurate proliferation approximation. We present this dataset as a resource for 

other cardiac researchers to follow up on any small molecule or phenomenon of interest. With a 

nearly endless variety of live-cell markers available and the ease of this protocol, it can be adapted 

to study several aspects of cardiovascular cell biology. Here we used a small molecule library as 

a proof-of-concept; however, CRISPR-based screens can be easily incorporated into this 

platform. Such a simplistic experimental platform can bridge the gap between a limited screen 

providing preliminary data and a hypothesis-driven follow-up study. hiCMs have been shown to 

be amenable to genetic and pharmacological perturbations69,80. Indeed, we have provided 

suggestions in the methods as to when genetic or pharmacological experiments can be 

incorporated.  
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Supplemental Figures 

Figure 2-S1: Dividing cardiac myocytes and screen setup 
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Figure 2-S1: 

A) Structured illumination images of dividing cardiac myocytes 1 week post-plating. B) 

HeLa cells with a live-cell membrane marker. C) Cardiac myocytes with the same live-cell 

membrane marker as S1B. Poor localization may be attributed to the nature of rapid turnover of 

the plasma membrane in muscle cells67 D) Representative widefield image of a binucleated hiCM 

and a mononucleated hiCM, clearly separated by β-catenin-positive cell-cell adhesions. E) 

Signaling pathways implicated in screen results. References refer to supplemental references in 

this chapter F) Representative examples of binucleated cells with well-separated nuclei. White 

arrows: well-separated nuclei. Magenta arrow: binucleated cell with close nuclei. G) Plate maps 

used in this manuscript. H) Layout of cell culture hood during small molecule addition 
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Figure 2-S2: Extended Phenotypic Examples of hiCMs Treated with Small Molecules 
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Figure 2-S3: 

A) Example of a cardiac myocyte which appears more flat (arrow) than a normal cardiac 

myocyte (below the flat cardiac myocyte). Small molecule: BYL719. B) Example of a cardiac 

myocyte with protrusions. Small molecule: AZD1480. C) Example of a cluster of cardiac myocytes 

that appear to have several vesicles throughout the cell, giving the cells a “holey” appearance. 

Small molecule: LY2603618. D) Montage of a stationary cardiac myocyte. Small molecule: 

Apatinib. E) Montage of motile cardiac myocytes. Small molecule: AS-252424 

  



55 
 

 Figure 2-S3: Follow Up of Small Molecules Identified in Screen 
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Figure 2-S3: 

A) Phase contrast and BrdU localization in hiCMs given 5 µM of each small molecule 

identified in the screen and BrdU (Palomid-529, SB216763, and Acadesine) or DMSO control. 

Cells were treated with the small molecule for 48 hours before BrdU and small molecule treatment 

for 20 hours. B) Quantification of percentage of BrdU-positive nuclei. N = 2443 cells. C) Phase 

contrast and pH3 localization in hiCMs given 5 µM of each small molecule identified in the screen 

and BrdU (Palomid-529, SB216763, and Acadesine) or DMSO control. Cells were in the presence 

of small molecules for three days. D) Quantification of percentage of pH3-positive nuclei. N = 

1882 cells. E) Phase contrast and Ki67 localization in control hiCMs and hiCMs treated with 

nuclight 1:4000 for 48 hours. F) Quantification of percentage of Ki67-positive nuclei. N = 657 cells 

over 2 independent experiments.  
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Materials and Methods 

 

Cell Culture and Chemicals 

iPSC-derived cardiac myocytes (hiCM, CMC-100-012-000.5, Cellular Dynamics, Madison, 

WI) were cultured in polystyrene 96-well plates (3599, Corning, Corning, NY) or 384-well plates 

(781182, Greiner, Kremsmünster, Austria or 164688, ThermoFisher, Waltham, MA) coated with 

gelatin (ES-006-B, Sigma, St. Louis, MO) in growth medium (M1003, Cellular Dynamics, Madison, 

WI) as per manufacturer’s instructions. Cells were cultured at 37°C and 5% CO2. For re-plating 

hiCMs onto glass substrates (Figure 2-S1A-D), cells were washed 2x with 100 µL 1x PBS with no 

Ca2+/Mg2+ (PBS*, 70011-044, Gibco, Grand Island, NY). PBS* was completely removed from 

hiCMs and 40 µL 0.1% Trypsin-EDTA with no phenol red (15400-054, Gibco, Grand Island, NY) 

was added to hCMs and placed at 37°C for 2 minutes. Following incubation, the culture well was 

washed 3x with trypsin inside well, rotated 180 degrees, and washed another 3x. Trypsinization 

was then quenched by adding 160 µL of culture media and total cell mixture was placed into a 

1.5 mL Eppendorf tube. Cells were centrifuged at 1000xg for 3 minutes, and the supernatant was 

aspirated. Cells were then re-suspended in 200 µL of culture media and plated on 35 mm dishes 

with 10 mm glass bottom (D35-10-1.5-N; CellVis, Sunnydale, CA) pre-coated with 10 µg/mL 

fibronectin (#354008, Corning, Corning, NY) for 1 hr at 37°C. Reagent reservoirs were purchased 

from VWR (89094-682, Radnor, PA). 

Mouse anti-β-catenin (1:200, 610153) was purchased from BD Biosciences (San Jose, 

CA). Mouse anti-α-actinin-2 (1:200, A7811, clone EA-53) and mouse anti-α-tubulin (1:200, B512, 

Clone DM1α) were purchased from Sigma (St. Louis, MO). Rabbit anti-NMIIA (1:1000, 909801 

Clone Poly19098) was purchased from BioLegends (San Diego, CA). Rabbit anti-NMIIB (1:200, 

8524S), rabbit anti-Ki67 (1:200, 9129), mouse anti-BrdU (1:200, 5292S), and rabbit anti-pH3 

(1:200, 9701S) were purchased from Cell Signaling Technologies (Danvers, MA).  
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Alexa Fluor 488-goat anti-mouse (A11029), Alexa Fluor 488-goat anti-rabbit (A11034), 

Alexa Fluor 568-goat-anti-rabbit (A11011), and Alexa Fluor 568-goat anti-mouse (A11004) 

antibodies were purchased from Life Technologies (Grand Island, NY).  

BrdU (ab142567, abcam, Cambridge, UK) was reconstituted to 10 mM in water, then to 

10 µM in cardiac myocyte maintenance medium and filtered through a 0.22 µm syringe filter. Cells 

were incubated with 5 µM of each follow-up compound and BrdU for 20 hours, then fixed and 

permeabilized as below (see “Fixation and immunostaining”). Then, to hydrolyze DNA, cells were 

incubated with 1 M HCl for an hour at room temperature, then neutralized with 0.1 M sodium 

borate buffer (pH 8.5) for 20 minutes at room temperature. Next, cells were washed with PBS and 

immunostaining continued as usual (see below).   

 

Small Molecule Kinase Inhibitor Library Preparation and Screen 

Briefly, a small molecule kinase inhibitor library was acquired from the High Throughput 

Screening Core at Vanderbilt University, which was originally purchased from Selleck Chemicals 

(L1200, Houston, TX). 50 nL of each compound was placed in wells of a 384-well plate using an 

Echo 555 Liquid Handler (Labcyte Inc., San Jose, CA) at 10 mM in DMSO (276855, Sigma, St. 

Louis), and were subsequently resuspended in 50 µL of cardiac myocyte maintenance media to 

a final concentration of 10 µM. Four days post-thaw, the cell media was replaced with media 

containing the compounds of interest and 1:4000 NucLight Rapid Red Reagent (4717, Essen 

Biosciences, Ann Arbor, MI). This step was repeated again three days later. All control wells 

contained an equal volume of DMSO: 50 nL. An in-depth protocol can be found below.  

 

Fixation and Immunostaining 

Cells were fixed with 4% paraformaldehyde (PFA, 15710, Electron Microscopy Sciences, 

Hatfield, PA) in PBS (46-013-CM, Corning, Corning, NY) at room temperature for 20 min and then 

extracted for 5 min with 1% Triton X-100 (BP151100, Fisher Scientific, Suwanee, GA) and 4% 
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PFA in PBS as previously described69. For immunofluorescence experiments, cells were blocked 

in 5% bovine serum albumin (BSA, 30075-100.0, RPI, Mount Prospect, IL or A3059, Sigma, St. 

Louis, MO) in PBS, followed by antibody incubations. VectaShield with DAPI (H-1200, Vector 

Laboratories Inc., Burlingame, CA) was used for mounting. 

 

Structured Illumination Microscopy 

SIM imaging and processing (Figure 2-S1A) was performed on a GE Healthcare 

DeltaVision OMX equipped with a 60x 1.42 NA oil objective and sCMOS camera. 

Fluorescence and live-cell microscopy 

Some wide-field fluorescence images (Figures S1B-D) were acquired on a Nikon Eclipse 

Ti equipped with a Nikon 20x 0.4 NA air objective and a Nikon DS-Qi2 CMOS camera. All other 

images were acquired on an Incucyte (4647, Essen Biosciences, Ann Arbor, MI) at 4x, 10x, or 

20x, at 37°C and 5% CO2. 

 

Data Quantification 

For nuclei count over time (Figures 2D, 4A-D, H, 5I), nuclei were counted using the 

IncuCyte analysis interface. Briefly, nuclei were thresholded using rolling ball background 

subtraction for each time point. Data were normalized to controls, normalizing control wells to a 1 

fold-change or a 0% nuclear count increase. All values shown are mean +/- SEM over three 

experiments. Binucleation was manually quantified (Figures 2E, 5J, S1F) using an antibody for β-

catenin and a nuclear marker (NucLight, 4717, Essen Biosciences, Ann Arbor, MI). Cells on the 

edge of a field of view that had a portion cut off were not included. Ki67-positive percentage was 

calculated as percentage of nuclei which were positive for Ki67 localization. 
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Statistics 

P-values were calculated using One-Way ANOVAs with the exception of Figure 2-S3F. In 

Figure 2-2D, 2E, 5J, repeated measures One-Way ANOVAs were performed. For Figure 2-5J, a 

one-way ANOVA without repeated measures was performed.  A Dunnett’s post-hoc test was 

performed if the ANOVA p-value was less than 0.05.  In Figure 2-S3F, a two-tailed paired 

student’s t-test was performed.  

 

Detailed Protocol 

We used a relatively small library of 429 small molecules for this proof-of-concept 

manuscript. In total, we used 445 wells of a 384 well plate (Figure 2-S1G). This included the library 

with 16 accompanying DMSO controls. As such, we needed 1.5 million human iPSC-derived 

cardiac myocytes (hiCM) to plate at a density of ~333 hiCM/mm2, that is, 3333 hiCM/well; 

accounting for pipette variance. This density was determined by calculating the middle density 

between the densities at which the hiCMs proliferate the least and the most (Figure 2-1D).  

 

General Notes 

Follow manufacturer’s instructions and/or a differentiation protocol68 to obtain 1.5 million 

cardiac myocytes. We used a variation on Cellular Dynamics plating protocol for a 500 µL tube 

containing approximately 3 million cells. We thawed the hiCMs into wells of a 384-well plate. This 

plate was used directly for the experiments as we noticed that re-plating hiCMs caused loss of 

hiCMs due to cell death. We allowed at least one row of empty wells on the sides of the plate. 

This minimizes contamination and evaporation, which is an important concern when media is not 

being changed daily.  

There are two main companies that provide quality differentiated hiCMs that we have 

used. We chose Cellular Dynamics because that is what we had frozen in our liquid nitrogen 

storage at the start of this project. Cellular Dynamics hiCMs are frozen at 30 days of differentiation. 
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We have also used hiCMs from Ncardia to study sarcomere assembly and found them to be 

similar to those from Cellular Dynamics70. However, we have not hiCM for cell from Ncardia for 

proliferation studies as of yet. 

It is important to optimize which plate to use based on the type of image information your 

experiment requires (e.g., fluorescence and/or phase contrast). For example, Greiner 384-well 

plates (781182) a have larger font size on the plates, allowing for easy addition of small molecules, 

and work well for fluorescent imaging as they have no detectable auto-fluorescence (Figure 2-

2C). However, these plates produce an optical aberration that creates linear patterns, and often 

have small scratches (Figure 2-2C). On the other hand, some plates (e.g., Thermo Fisher 384-

well plates- 164688) do not produce such patterns and have less. However, these plates are 

labeled with a smaller font that is difficult to read from afar when the plates are in a laminar flow 

hood behind glass. 96-well plates or even fewer/bigger wells may be used as well. This increases 

sample size at the expense of cost and overall throughput. 

To determine how much plating medium to add, see cell viability calculation of the batch 

of hiCM purchased. Each 50,000 cells will require a total of 100 µL of medium. For example, a 

batch with 3 million viable cells will produce 60 x 50,000 cells, so 60 x 100 µL = 6 mL is required 

in total. After the 1.5 mL (500 µL cells + 1 mL plating medium used to wash cryovial), 4.5 mL 

remains.  

Be careful not to touch the bottom of the wells while changing media, and minimize time 

the cells are without media. These cells are fragile, so all media changes in this protocol are done 

by hand rather than with a liquid handling system. A makeshift waste container for large quantities 

of pipette tips can be made out of a tip box lid. If two multichannel pipettes are not available, add 

new media immediately after removing old media, row-by-row. 

If transducing a stably-expressing nuclear marker (or transducing or transfecting any other 

construct), it is possible to do so on day 4. For example, if using Cell Light Nucleus (C10602, 

Invitrogen, Carlsbad, CA). 
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For our purposes, we obtained two 384-well plates with plate maps as in Figure 2-S1G 

from the Vanderbilt University High Throughput Screening Core, with 50 nL of each small 

molecule from the SelleckChem Kinase Inhibitor Library per well at 10 mM. The plates were 

sealed and stored for ~6 hours in a desiccator until use. In this way, it is simple to add media to 

each well of the ‘small molecule plate’, then transfer media from the small molecule plate to the 

cell plate, 12 wells at a time using a multichannel pipette. We recommend having the small 

molecules of interest in a separate plate matching the planned map of the cell plate in order to 

simplify small molecule addition and minimize contamination. See plate maps in Figure 2-S1G or 

troubleshooting for more information 

We used an automatic microscope that can image up to 6 plates at a time. However, any 

microscope with an automatic stage and multipoint capabilities could be used. This would limit 

the number of samples imaged at a time as most microscopes can only image one plate at a time. 

Alternatively, if live-cell imaging is not available, fixed time points at various hours or days post-

small molecule addition and imaging of nuclei with a marker such as DAPI will also facilitate nuclei 

count. 

 We recognize this uses a large quantity of antibody, which can be costly. To circumvent 

this issue, we recommend fixing all wells and keeping the plates in a 4°C fridge until the wells are 

quantified and any hits are identified. Then, only the relevant wells can be stained to conserve 

antibody. 15 µL is also the minimum requirement for these steps: most 384-well plate wells can 

hold up to 100 µL of liquid. 

If using a 96-well plate, double the calculations, i.e. wash with 50-100 µL PBS or BSA and 

add at least 30 µL of antibody per well. 
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Thawing Cardiac Myocytes: Day 1  

 Thaw plating medium at room temperature overnight and thaw maintenance medium at 

4°C overnight. 

 2 hours before thaw, add 25 µL 0.1% sterile gelatin (ES-006-B, Sigma, St. Louis, MO) to 

each well of a 384-well plate in a cell culture hood and incubate at 37°C for 2 hours. We 

use our cell culture incubator for all steps requiring 37oC, unless otherwise noted. 

 Immediately before the thaw, aspirate gelatin from all 445 wells in a culture hood and 

return to 37°C. 

 Remove a vial of cells from the vapor phase of liquid nitrogen storage using a large pair 

of forceps and warm the tube in a 37°C water bath for 3 minutes. Take care to maintain 

sterility by not submerging the cap of the tube, and hold the tube stationary- NO 

SWIRLING. The large pair of forceps may be used to hold to tube in the water bath, or a 

floating tube rack can also be used as long as the cap remains above water. 

 Remove the cryovial from the water bath, spray it with 70% ethanol, and place it into the 

culture hood. 

 In the cell culture hood, use a 1 mL pipette to slowly remove cells from the cryovial over 

two seconds and them to a sterile 50 mL conical centrifuge tube (89039-656, VWR 

International, Suwanee, GA or 82050-348, Greiner, Kremsmünster, Austria) by slowly 

expelling them over 4 seconds. 

 Gently rinse empty cryovial with 1 mL plating medium to recover remaining cells. To do 

so, tilt the pipette tip so that the media runs down the inner sides of the tube, rotating the 

pipette tip to rinse the circumference of the tube. Transfer the 1 mL of plating medium with 

the recovered cells from the cryovial to the 50 mL conical tube drop-wise over 90 seconds 

while gently swirling the conical tube. Slow addition of medium in this step is critical to 

minimizing osmotic shock: add approximately one drop per ~3 seconds.  
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 Slowly add 4.5 mL of plating medium to the 50 mL conical tube. Add each remaining 1 mL 

of medium drop-wise over 30 seconds per mL. Gently swirl the tube while adding medium.  

 Close the cap on the 50 mL conical tube and invert gently 2 times. Do not shake or vortex 

the cell suspension. 

 Transfer 3 mL of the cell suspension to a new sterile 50 mL conical tube. The remainder 

of the cell suspension may be used for other purposes such as second screen or other 

experiments. 

 Add 19.5 mL of plating medium to the 3 mL of cell suspension, cap the tube, and invert 

gently 2 times. 

 Pour the entire contents of tube (~22.5 mL) into a sterile reagent reservoir. 

 Retrieve the two 384-well plates from incubator and transfer to the culture hood. 

 Use the multichannel pipette set to 50 µL to add cells from the reservoir into the wells of 

the 384-well plates, using the plate map of choice.  

 Put the plates into the incubator for at least 5 hours (Note: we have gone up to 7 hours). 

This allows time for the cells to recover and adhere to the plate so that they are not washed 

away during the media change. 

 During the incubation in Step 15, warm 22.5 mL of maintenance medium to 37°C in a bead 

bath, water both or incubator. 

 5-7 hours post-thaw, retrieve the plates from incubator and put them in the cell culture 

hood. 

 Pour the warm maintenance medium into new sterile reagent reservoir in the cell culture 

hood. 

 With two multichannel pipettes set to 50 µL each, simultaneously remove 50 µL of plating 

medium from the wells with one hand and add 50 µL of maintenance media from reservoir 

to the cells with the other hand. 
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 Put the cells back in the incubator for 2 days. 

 

Maintaining Cardiac Myocytes: Day 3 

 Two days post-plating, change the media as in step 19. Warm 22.5 mL of media. Remove 

50 µL from each well and add 50 µL simultaneously from reagent reservoir, being careful 

not to touch or disrupt cells. 

 

Small Molecule Addition: Day 5 

 Warm 22.5 mL of maintenance medium to 37°C in bead bath, water bath or incubator. 

 Add the nuclear marker to maintenance medium at desired concentration. We used 

NucLight Rapid Red at a 1:4000 dilution (i.e., 5.6 µL NucLight to 22.5 mL medium). 

 Pour ~1/2 of the contents of the conical tube containing media into a sterile reagent 

reservoir in hood, then close the conical and return it to the bead bath or equivalent to 

maintain temperature and sterility. (Small molecule addition can take several minutes 

depending on the researcher’s pipetting speed, and medium that cools down will be 

dangerous to the cells) 

 Remove cell plate 1 from the incubator and remove seal from small molecule plate 1 in 

the hood.  

 Pipette the small molecules in this order (see troubleshooting for addition details on the 

handling procedure):  

a. Add 50 µL of media to the small molecule plate using a multichannel 

pipettor and gently mix by pipetting up and down (this dilutes the small 

molecules to 10 µM). 

b. Remove 50 µL of media from the corresponding wells of the cell plate using 

a second multichannel pipette. 
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c. Transfer 50 µL media from the small molecule plate to the corresponding 

wells of the cell plate using first multichannel pipette. Discard both sets of 

pipette tips.  

 Repeat Step 26 for plate 2, adding warm media to the reagent reservoir when needed. 

Take care to avoid cross-contamination by replacing tips at every step. For 445 wells, this 

protocol will use ~9 pipette tip boxes per drug addition day.  

 Place the cell plates on the microscope of choice and start imaging. 

 

Small Molecule Addition (Day 8) 

 Warm 22.5 mL of the maintenance medium to 37°C in a bead bath or equivalent. 

 Obtain the new plate of small molecules as previously. 

 Similarly add media to the small molecule plate, remove media from the cell plate, and 

transfer media from the small molecule plate to the cell plate as previously (Steps 22-28). 

 Place cell plates back on the microscope. 

 

Quantify (Day 11) 

 Remove cells from automatic imager 6 days post-small molecule addition 1. 

 Quantitative assessment of cardiac myocyte proliferation. We used the Incucyte automatic 

analysis interface to do so, but thresholding nuclei in FIJI/ImageJ will also provide a mask 

to quantify nuclei count over time.  

 

Fix and Stain Cells (Optional- Day 11) 

 Prepare 4% Paraformaldehyde (PFA) in PBS in a chemical fume hood. Prepare 25 µL per 

well. 
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a. Sample calculation for 445 wells: Prepare 12 mL of 4% PFA by adding 3 mL 

16% PFA to 9 mL 1X PBS.  

 Gently aspirate media from each well of the cell plate and add 25 µL 4% PFA immediately 

afterwards. For this step and following steps, minimize amount of time cells are dry. 

 Wait 20 minutes. 

 Aspirate each well and wash by adding 25 µL PBS. 

 Repeat wash step (Step 38) twice more. 

 Prepare 4% PFA, 1% Triton X-100 permeabilization solution in a chemical fume hood, 25 

µL per well. 

a. Sample calculation for 445 wells: Prepare ~12 mL of permeabilization solution 

by adding 3 mL 16% PFA and 120 µL Triton X-100 to 9 mL 1X PBS. 

 Aspirate PBS from each well of the cell plate and add 25 µL of the permeabilization 

solution to each well immediately afterwards. 

 Wait 5 minutes. 

 Wash the wells 3X each with 1X PBS as in Steps 38-39. 

 Prepare 5% BSA blocking solution in 1X PBS (25 µL per well). 

a. Sample calculation: Add 2.5 grams BSA powder in a 50 mL conical tube, fill 

the tube to 50 mL with 1X PBS and vortex until the powder is dissolved. 

 Aspirate the PBS from each well of the cell plate and add 25 µL 5% BSA in PBS to each 

well immediately afterwards. 

 Wait 20 minutes. 

 Prepare primary antibodies to the desired dilution. 

a. Sample calculation for 445 wells, staining for β-catenin (610153, BD 

Biosciences, San Jose, CA) and a rabbit antibody of choice, both at 1:200: Add 

34 µL antibody to 6.8 mL 5% BSA.  
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 Aspirate the BSA from each well of the cell plate and add 15 µL of primary antibody to each 

well. 

 Wait 1 hour 45 minutes. 

 Prepare the secondary antibodies to the desired dilution. 

a. Sample calculation for 445 wells, using 488-goat-anti-rabbit and 568-goat-anti-

mouse at 1:100: Add 68 µL of each secondary antibody to one tube containing 

6.8 mL 5% BSA. 

 Centrifuge secondary tube at 10,000xg for 2 min to pellet aggregates. 

 Meanwhile, wash each well with 5% BSA as in Steps 38-39. 

 Aspirate the BSA out of each well and add 15 µL of secondary to each well immediately 

after. 

 Wait 1 hour. 

 Wash each well with 1X PBS as in Steps 38-39. 

 Keep 25 µL of PBS remaining in each well. 

 Put plates on the microscope and image immediately to minimize exposure to 37°C. 

 

Detailed Procedure for Small Molecule Addition 

 Add 50 µL of maintenance media from a sterile reagent reservoir to the small molecule 

plate with right hand, using a multichannel pipette. 

 Pipette the media in the small molecule plate up and down gently with the right hand to 

mix the media with the small molecule. Do not discard the right hand pipette tips yet. 

 With left hand, remove 50 µL of media from the corresponding wells of the cell plate. Do 

not touch the bottom or scrape the cells. 

 Discard the left hand pipette tips with the media into waste container 1. 

 With right hand, pull up 50 µL of media from the small molecule plate wells from Step 1. 
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 With right hand, add the 50 µL from the small molecule plate to the wells of the cell plate 

that had media removed in Step 3. 

 Discard the right hand pipette tips into waste container 2. 

 Repeat Steps 1-7 for the entire plates 

 

Timing 

 

I. Total with purchased myocytes: 11 days 

 Steps 1-20 (Day 1): 1 day (~6 hours) 

 Step 21 (Day 3): 1 day (~1 hour) 

 Steps 22-28 (Day 5): 1 day (~2 hours) 

 Steps 29-32 (Day 8): 1 day (~2 hours) 

 Steps 33-34 (Day 11+): 1 day (~2 hours) 

 Steps 35-57 (Day 11+): 1 day (~5 hours) 

 

II. Total with in-house differentiated myocytes: 42 days 

 Skip steps 1-21 

 Maintenance of hiPSCs (Days 1-7): 1 week68 

 Differentiation of hiPSCs (Days 8-21): 2 weeks68 

 Re-plating and growing hiCMs for maturation (Days 22-35): 2 weeks68 

 Steps 22-28 (Day 36): 1 day (~2 hours) 

 Steps 29-32 (Day 39): 1 day (~2 hours) 

 Steps 33-34 (Day 42+): 1 day (~2 hours) 

 Steps 35-57 (Day 42+): 1 day (~5 hours) 
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CHAPTER 3 

 

THE HIPPO PATHWAY REGULATES DENSITY-DEPENDENT PROLIFERATION IN iPSC-

DERIVED CARDIAC MYOCYTES 

 

Neininger, AC., Dai, X., Liu, Q., & Burnette, DT.  

 

Introduction 

Cardiac myocytes (CMs) are the cells of the heart that generate contractile force. The 

mechanisms controlling CM proliferation are critical during both heart development and 

disease97,98. While adult CMs are non-mitotic, CMs in the developing heart proliferate to drive 

hyperplastic growth81,99,100. The Hippo pathway has been shown to regulate proliferation during 

development101,102. The Hippo pathway is a kinase cascade that, when active, negatively 

regulates the transcriptional coactivators YAP and TAZ. In the absence of inhibition, YAP and 

TAZ translocate to the nucleus to activate the transcription of pro-proliferative genes103-105. In 

addition, the Hippo pathway regulates contact-dependent cell proliferation in epithelial cells, 

cancer cells, and pluripotent stem cells106-109. In these studies, low density cells with fewer cell-

cell contacts have increased YAP nuclear localization, while high density cells have more inactive 

YAP in the cytosol110,111. This evidence supports the notion that cell proliferation is not entirely 

regulated by paracrine mechanisms (e.g., by growth factors) and that proliferation is in part 

regulated spatially by density-dependent mechanisms112. We asked if the Hippo pathway is 

involved in non-paracrine mechanisms such as contact inhibition in the heart.  

The Hippo pathway is required for cardiac development in mice113,114. Cardiac-specific 

knockout of YAP is lethal in mice and leads to thin ventricular walls and several other structural 

abnormalities102. A YAP mutant that blocks the interaction between YAP and its co-transcription 

factor TEAD also led to less proliferation in the developing mouse heart113. In addition, during the 
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first post-natal week, the mouse heart retains the ability to fully regenerate after an infarction. YAP 

conditional knockout mice lose the ability to regenerate102. Interestingly, constitutively active YAP 

can induce CM proliferation in the adult mouse heart, as can a mouse with a conditional knockout 

of Salv1, an upstream Hippo pathway component101. Taken together, these studies solidify the 

Hippo pathway as a key signaling cascade for CM proliferation. 

We sought a model system to explore the role of the Hippo pathway in cell density-

dependent regulation of CM proliferation. It is difficult to study contact inhibition in vivo, where 

tight control of cell density is not possible. For example, acute mechanical perturbations followed 

by long-term live cell imaging are currently beyond available technologies. Therefore, we turned 

to in vitro models. It has previously been shown that plating low density human embryonic stem 

cell-derived CMs induces them to enter the cell cycle87. This was shown using flow cytometry to 

measure the expression of three cell cycle markers: BrdU, YAP, and cyclin D1. Furthermore, our 

previous work showed that human iPSC-derived CMs (hiCMs) are more proliferative when plated 

sparsely than when in a monolayer based on cell counting using high-content microscopy115. 

Whether the Hippo pathway regulates the apparent difference in CM-proliferation capacity in 

dense and sparse populations remains to be elucidated. This led us to probe whether the Hippo 

pathway is involved in regulating the proliferative capacity of CMs in various densities or if YAP 

is activated in these sparse populations by another mechanism. We have chosen hiCMs as our 

model system to study this phenomenon, as they are transcriptionally immature—similar to fetal 

or neonatal CMs in vivo—and have a slight basal proliferative capacity85,95. Here, we show that 

reducing hiCM-density by either a scratch assay or by sparse plating increases nuclear YAP and 

CM-proliferation, and that this proliferative capacity can be further enhanced by combinatorial 

pharmacological perturbation of the Hippo pathway.  
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Results 

 

Reducing hiCM Density in a Scratch Assay Increases Proliferative Capacity 

We first investigated whether a reduction in hiCM-density resulted in increased 

proliferation and/or any changes in Hippo pathway signaling. The hiCMs we used were purchased 

pre-differentiated and we confirmed the company’s claim of a lack of fibroblast contamination 

(See Materials and Methods, Figure 3-S1B) and slight proliferative capacity (Figure 3-S1D)115. 

The lack of non-muscle cell types is key for interpretation of the data sets measuring proliferation. 

In addition, hiCMs can be cultured as a dense monolayer in which every cell has the potential to 

be experiencing contact inhibition. 

One well-established method to relieve contact inhibition in culture is to scratch a confluent 

monolayer of cells116. Therefore, we used a micropipette tip to scratch a confluent monolayer of 

hiCMs (Figure 3-1A-B). We hypothesized that, as in epithelial cells, YAP would translocate to the 

nucleus of hiCMs near the scratch, as these hiCMs should have reduced contact inhibition 

compared to those far from the scratch. To test this, we localized YAP using immunofluorescence 

48 hours post-scratch. We noticed that hiCMs near the edge of the scratch appeared to have 

primarily nuclear YAP (Figure 3-1C). A proxy for YAP activity is to measure the nuclear 

accumulation of YAP117. Therefore, we acquired higher magnification images to measure the ratio 

of nuclear YAP to total YAP. We used β-catenin to mark adherens junctions between myocytes 

in order to delineate separate cells, and measured nuclear YAP and total YAP using fluorescence 

localization. We found that hiCMs near the scratch had a higher nuclear YAP to total YAP ratio 

than either hiCMs farther from the scratch on the same plate or hiCMs in an unscratched 

monolayer (Figure 3-1C-D). Interestingly, this appeared to be an exponentially decaying 

relationship, where the nuclear YAP to total YAP ratio decreased rapidly as a function of distance 

from the scratch.  
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Figure 3-1: Reducing hiCM density by a scratch assay increases proliferative capacity  
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Figure 3-1: 

A) Wire guide for scratching a monolayer of hiCMs, using a lid of a 96-well plate and a 

Dremel tool to drill through the plastic lid. Wire guides are composed of a bottom layer of flattened 

21-gauge wire glued to the lid and a top layer of cylindrical wire to guide the pipette tip. B) 4X 

whole-well phase-contrast image of hiCMs in a well of a 96-well plate, 48 hours post-scratch. C) 

YAP immunolocalization near the scratch (box 1) and far from the scratched (box 2) using 20X 

widefield microscopy. D) Quantification of Nuclear YAP divided by total YAP (n= 79 cells from 5 

independent experiments). Unscratched control (n= 29 cells from 3 independent experiments). E) 

Ki67 and β-catenin in a scratched plate 48 hours post-scratch using 20X. F) Spatial distribution 

of Ki67-positive hiCMs in a scratched well or in an unscratched control well 48 hours post-scratch. 

***p<0.0001, chi-square = 80.434 with a two by five contingency table comparing distributions of 

Ki67 in different regions within 2 mm of the scratch or center of the midline of the well. G) Fucci 

cell cycle probe transduced into a monolayer of hiCMs and scratched or not scratched.  
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We next wanted to know if the increase in nuclear YAP correlated with an increase in 

hiCMs entering the cell cycle. One standard way to identify cycling cells is to localize Ki67 using 

immunofluorescence, as Ki67 is localized in the nuclei of cycling cells118,119. We found that in a 

monolayer of hiCMs, Ki67-positive cells were evenly distributed across the well and were found 

in actinin2-positive cells (Figure 3-1E-F, Figure 3-S1E). In contrast, for the scratched cells, there 

was a skewed distribution, in which more Ki67-positive nuclei were near the scratch (Figure 3-

1E-F). We further used the Fucci probe as evidence that cells near a scratch are cycling (Figure 

3-1G). Taken together, these data indicate that the relief of contact inhibition by a scratch assay 

increases the amount of YAP in the nuclei of hiCMs and promotes their entry into the cell cycle. 

However, it is worth noting that a scratch assay is inherently asymmetric as only hiCMs near a 

scratch respond, limiting measurements of responses on a population level. This further suggests 

that increase in cell proliferation is not entirely a paracrine mechanism. If a scratch induced 

cardiac myocyte proliferation in a nonautonomous fashion, all cells would undergo a similar 

increase in proliferation. While we cannot make the conclusion that in this system, the increase 

in nuclear YAP/total YAP ratio is directly causative of the increase in Ki67-positive nuclei near the 

scratch, we can conclude that the increase in proliferative capacity seen in a scratched monolayer 

of cardiac myocytes is at least in part cell autonomous. 

 

Reducing hiCM Density by Sparse Plating Increases Proliferative Capacity 

We next wanted to identify an assay that could model a uniform reduction in contact 

inhibition across an entire population of hiCMs. A previous study used flow cytometry and Western 

blotting to show that embryonic stem cell-derived cardiac myocytes begin cycling when they are 

sparsely plated87. Thus, we plated hiCMs as a monolayer or plated them sparsely. Not 

surprisingly, a monolayer of hiCMs (~1088 hiCMs/mm2) have a low nuclear YAP/total YAP ratio 

(Figure 3-2A-B). On the other hand, when cells are plated at an 8-fold dilution (~136 hiCMs/mm2), 

the nuclear YAP/total YAP ratio increases almost 2-fold (Figure 3-2A-B).  
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This increase in nuclear YAP in sparsely-plated hiCMs suggested an increase in 

proliferative capacity. To test this, we asked if sparse plating caused entry into the cell cycle using 

Ki67 localization. We localized Ki67 in dense or sparse hiCMs and found an increase in Ki67-

positive nuclei, indicating a near doubling in cycling hiCMs (Figure 3-2C-D). We similarly used the 

Fucci probe system and found that the majority of dense hiCMs were not cycling, whereas sparse 

hiCMs had increased cycling cells (Figure 3-2E). To directly test if sparse-plating induced 

proliferation in hiCMs, we counted the number of hiCMs over time. We found that while dense 

control hiCMs essentially remained the same over 48 hours, there was a ~5% increase in the 

number of sparsely-plated hiCMs (Figure 3-2F). Taken together, our data indicates that sparse 

plating induces hiCMs to enter the cell cycle and also divide. This led us to explore the underlying 

cause of sparsely-plated hiCMs to enter the cell cycle.  

It has been postulated that CM division is preceded by dedifferentiation into a more 

immature phenotype120,121. Thus, we employed RNASeq analysis to examine whether the 

proliferating sparsely-plated hiCMs were as mature as hiCMs in a monolayer. We found CM-

maturity genes (Uosaki et al., 2015, Table 1) were modestly downregulated in sparse hiCMs 

(Figure 3-2G). However, expression of CM-identity genes α-actinin 2 and troponinT did not 

change (Figure 3-2G, Table 3). Thus, sparsely-plated hiCMs are less mature than densely-plated 

hiCMs, but they remain CMs. 
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Table 3-1: YAP Target Genes 

Gene 

Sparse 
(Dense) 

FC p-value 

XMU 
(Dense) 

FC p-value 

S1P 
(Dense) 

FC p-value 

XMU 
(Sparse) 

FC p-value 

S1P 
(Sparse) 

FC p-value 

CTGF 9.01 2.89E-13 25.81 2.79E-22 17.62 8.25E-24 2.93 0.000134 1.97 0.007319 

GADD45G 3.73 0.002072 6.56 0.000193 10.85 0.000115 1.79 0.605755 3.00 0.038005 

CYR61 3.66 5.95E-05 10.82 1.04E-13 6.92 6.18E-14 3.01 0.000925 1.91 0.020171 

GADD45B 3.26 9.59E-07 5.54 1.41E-08 4.45 0.001261 1.74 0.126936 1.39 0.36164 

GLI2 1.53 0.393604 3.82 6.2E-22 2.24 0.185947 2.54 0.004467 1.47 0.316052 

CDKN2B 2.54 0.175283 2.99 0.000286 2.57 0.384279 1.22 0.792722 1.01 0.983649 

MYC 2.11 0.065524 3.30 9.61E-08 3.98 7.42E-08 1.60 0.275537 1.90 0.012205 

VIM 1.85 0.026872 1.39 0.000517 1.68 0.038557 0.77 0.478305 0.92 0.7466 

TEAD4 1.87 0.015487 1.63 9.48E-06 1.68 0.023656 0.89 0.778883 0.91 0.679315 

GPATCH4 2.18 0.038921 0.78 0.115272 2.01 0.357642 0.37 0.002401 0.93 0.87144 

TXN 1.69 0.183088 1.36 0.039324 1.96 0.299241 0.82 0.697661 1.18 0.672179 

CAV1 0.63 0.143092 0.33 4.8E-18 0.62 0.135195 0.53 0.004174 1.00 0.99217 

CAT 0.81 0.520764 0.84 0.245518 0.73 0.551213 1.06 0.871611 0.90 0.656182 

TEAD1 1.08 0.904655 1.70 3.93E-06 1.31 0.694522 1.61 0.246832 1.21 0.571363 

AXL 0.71 0.199238 0.62 0.000225 0.70 0.260978 0.88 0.69564 0.99 0.962445 

CCND1 1.21 0.480377 0.99 0.95182 1.15 0.630965 0.83 0.467474 0.96 0.791495 

ERBB4 0.82 0.630638 0.95 0.814267 1.01 0.995008 1.18 0.703516 1.22 0.533846 

WSB2 0.91 0.780978 0.81 0.033037 0.82 0.757739 0.90 0.726643 0.90 0.696159 

LMNB2 1.12 0.807049 0.97 0.900838 1.08 0.886014 0.89 0.761298 0.97 0.88176 

TNFAIP3 0.74 0.686538 0.35 0.000508 0.50 0.405358 0.48 0.239423 0.68 0.417583 

GATA6 0.67 0.057851 0.65 1.49E-07 0.68 0.083787 0.98 0.965776 1.02 0.936819 

PLK2 0.72 0.112915 0.41 2.48E-06 0.64 0.002456 0.58 0.142406 0.90 0.570129 

           

YAP 1.00 0.998472 0.83 0.025910 0.97 0.959423 0.84 0.681629 0.97 0.999937 

TAZ 1.36 0.720522 0.50 0.002689 0.55 0.126824 0.37 0.111599 0.41 0.999937 

MST1 0.86 0.802404 0.95 0.870735 0.68 0.528100 1.12 0.804197 0.80 0.999937 

MST2 1.19 0.640836 0.95 0.870735 1.02 0.977948 1.06 0.904359 0.86 0.999937 

LATS1 0.74 0.544618 1.17 0.283387 0.95 0.947461 1.62 0.241345 1.29 0.999937 

LATS2 1.00 0.999502 1.97 1.01E-12 1.14 0.893674 2.01 0.010439 1.14 0.999937 
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Table 3-2: Cardiac myocyte maturity genes 
 

Gene 

Sparse 
(Dense) 

FC p-value 

XMU 
(Dense) 

FC p-value 

S1P 
(Dense) 

FC p-value 

XMU 
(Sparse) 

FC p-value 

S1P 
(Sparse) 

FC p-value 

KLF15 0.37 0.001345 0.62 0.015381 0.40 0.081736 1.69 0.216003 1.08 0.852327 

PPARA 0.50 0.033375 0.69 0.000397 0.51 0.059213 1.42 0.404501 1.04 0.913521 

RB1 0.66 0.377255 1.07 0.637022 0.80 0.801415 1.65 0.23275 1.21 0.62234 

RXRA 0.67 0.183603 0.75 0.008464 0.66 0.090851 1.15 0.740298 1.00 0.995685 

PPARGC1A 0.69 0.237739 0.46 2.62E-09 0.75 0.403987 0.69 0.305008 1.10 0.703669 

NUPR1 0.67 0.718043 0.03 0.00025 1.33 0.902237 0.05 0.065356 2.04 0.421311 

PPARD 0.72 0.091847 0.88 0.254178 0.65 0.407204 1.25 0.360958 0.90 0.70345 

STAT5B 0.96 0.925941 1.30 0.005076 0.88 0.835451 1.38 0.238056 0.92 0.749992 

TP53 1.04 0.919216 0.74 0.007432 1.17 0.620798 0.73 0.178197 1.13 0.501919 

SMARCA4 1.38 0.318031 1.07 0.563766 1.37 0.427076 0.79 0.484057 1.01 0.984053 

PPARGC1B 0.57 0.118278 0.24 3.94E-19 0.70 0.255304 0.43 0.02966 1.24 0.451305 

SIRT1 0.64 0.391808 1.17 0.300566 0.70 0.460866 1.85 0.167862 1.10 0.785253 

BRCA1 0.70 0.444602 0.39 5.06E-07 0.68 0.240951 0.57 0.255112 0.97 0.929278 

ISL1 0.70 0.72808 0.39 0.047124 1.27 0.832355 0.57 0.575785 1.85 0.226337 

EZH2 0.95 0.925928 0.90 0.608155 0.99 0.989079 0.97 0.957506 1.04 0.872184 

KLF2 1.07 0.943608 2.03 0.307754 1.36 0.80982 1.93 0.374266 1.31 0.606284 

TCF7L2 1.11 0.804331 0.82 0.208738 1.40 0.432616 0.75 0.257579 1.28 0.274109 

IRF3 1.22 0.675849 1.29 0.038872 1.26 0.749532 1.08 0.891222 1.05 0.881247 

EPAS1 0.33 1.33E-06 0.34 1.38E-16 0.23 0.015726 1.04 0.945471 0.69 0.436981 

STAT6 0.55 0.006801 0.19 2.02E-30 0.37 0.000199 0.35 2.87E-05 0.68 0.125648 

HMGA1 0.71 0.242416 0.72 0.000562 0.74 0.087149 1.04 0.929241 1.05 0.807651 

CREBBP 0.76 0.429739 0.98 0.906761 0.94 0.893223 1.32 0.408709 1.24 0.3625 

RORA 0.77 0.632319 1.10 0.719185 0.81 0.681446 1.44 0.432174 1.05 0.881326 

TBX5 0.81 0.516316 0.73 0.015109 0.88 0.818683 0.91 0.753349 1.09 0.682947 

HIF1A 0.91 0.827102 0.73 0.000624 0.88 0.888031 0.82 0.57784 0.98 0.944643 

ESRRA 0.97 0.964559 0.64 0.001142 0.66 0.201523 0.67 0.165544 0.69 0.080643 

GATA4 0.97 0.924665 1.54 8.22E-09 1.08 0.894736 1.62 0.002196 1.12 0.607182 

MEF2C 1.07 0.85549 1.26 0.043804 1.51 0.008506 1.20 0.525246 1.42 0.054329 

MYOCD 1.22 0.587856 0.84 0.148871 1.24 0.38708 0.70 0.236397 1.02 0.931564 

SREBF1 0.34 0.00046 0.32 1.42E-11 0.40 0.00197 0.96 0.945008 1.18 0.522472 

NR2C2 0.54 0.352976 0.94 0.749191 0.62 0.730363 1.77 0.374012 1.14 0.829856 

EP300 0.70 0.467532 1.15 0.234023 0.85 0.847678 1.66 0.220495 1.21 0.612428 

FOXO3 0.75 0.349721 0.86 0.130914 0.78 0.216367 1.17 0.641334 1.05 0.805169 

CEBPB 0.94 0.922627 0.88 0.386107 1.17 0.797417 0.96 0.952266 1.27 0.462195 

AHR 0.93 0.932517 1.35 0.172625 1.00 0.998442 1.46 0.403747 1.07 0.848077 

ESRRA 0.97 0.964559 0.64 0.001142 0.66 0.201523 0.67 0.165544 0.69 0.080643 

TFAM 0.98 0.972321 0.93 0.638489 1.12 0.815031 0.96 0.925733 1.15 0.524921 

TCF3 1.07 0.870547 1.03 0.829302 0.99 0.976384 0.98 0.966962 0.93 0.718576 
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NR4A3 1.11 0.880451 4.19 0.042536 2.08 0.097711 3.84 0.020697 1.89 0.035762 

NFATC2 0.24 8.81E-07 0.31 4.36E-14 0.45 0.01823 1.33 0.590606 1.85 0.066561 

TOB1 0.69 0.202871 0.71 0.006508 0.64 0.047766 1.05 0.921464 0.93 0.750685 

CTCF 0.77 0.330234 0.91 0.388474 0.73 0.337073 1.20 0.520739 0.95 0.79525 

HDAC1 0.93 0.868417 1.14 0.307232 0.80 0.595919 1.25 0.423766 0.86 0.476421 

E2F6 0.98 0.964822 1.04 0.850897 0.98 0.95372 1.08 0.834633 1.00 0.980775 

GMNN 1.01 0.983859 0.77 0.075827 1.04 0.948911 0.78 0.420264 1.04 0.882408 

USF1 1.19 0.652289 1.01 0.9356 1.18 0.807159 0.87 0.699954 1.01 0.985944 

STAT5A 1.44 0.745261 0.72 0.622383 0.71 0.869697 0.51 0.548587 0.49 0.406925 

ATF3 1.39 0.496897 6.55 0.001271 4.69 3.45E-13 4.80 0.001356 3.44 3.16E-05 
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Table 3-3: Cardiac Myocyte Identity Genes 
 

Gene 

Sparse 
(Dense) 

FC p-value 

XMU 
(Dense) 

FC p-value 

S1P 
(Dense) 

FC p-value 

XMU 
(Sparse) 

FC p-value 

S1P 
(Sparse) 

FC p-value 

ACTN2 0.88 0.59668 0.91 0.278626 0.86 0.683813 1.05 0.874083 0.98 0.913769 

TNNT2 1.46 0.250773 1.05 0.770643 1.37 0.735052 0.74 0.400782 0.96 0.915476 
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Figure 3-2: Reducing hiCM Density by Sparse Plating Increases Proliferative Capacity 
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Figure 3-2: 

A) YAP and β-catenin in dense and sparse hiCMs using 20X widefield fluorescence 

microscopy. B) Quantification of nuclear/total YAP ratio. Significance determined by paired two-

tailed Student’s t test. (N = 23 dense cells and 27 sparse cells from 3 independent experiments) 

C) Ki67 and β-catenin immunolocalization in dense and sparse hiCMs using 20X widefield 

fluorescence microscopy. D) Percent of Ki67-positive nuclei in dense (N= 8046 hiCMs from 4 

experiments) and sparse (N= 1716 cells from 3 experiments) hiCMs. Significance determined by 

an unpaired two-tailed Student’s t test E) Fucci cell cycle probe transduced into dense or sparse 

hiCMs. Arrows shows S-M phase. F) Proliferation of dense or sparse hiCMs quantified by 

counting nuclei fold change over 48 hours (N= 281250 cells from 5 independent experiments). 

Significance determined by unpaired two-tailed Student’s t test. G) RNASeq Volcano plot of genes 

significantly changed in sparse versus dense hiCMs. (N=300000 hiCMs per treatment from 3 

independent experiments). A negative fold change represents a downregulation in sparse hiCMs. 

A positive fold change represents an upregulation in sparse hiCMs. Gene names of determined 

YAP target genes (including CTGF and CYR61), cardiac myocyte identity genes (TNNT2 and 

ACTN2), and cardiac myocyte maturity genes (including GATA4 and FOXOD) can be found in 

Tables 1-3. 
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We next wanted to test if the increase in nuclear YAP ratio in sparsely-plated hiCMs was 

correlated with higher YAP target gene expression. Thus, we curated a list of YAP target genes 

from the published literature122-124. We then compared the expression of these genes between 

densely-plated and sparsely-plated hiCMs. 32% of YAP target genes had upregulated expression 

in sparsely-plated hiCMs compared to dense, while 68% did not change, and 0% had decreased 

expression. In conclusion, plating hiCMs sparsely increases YAP nuclear localization, YAP target 

gene expression, and ultimately, hiCM proliferation compared to densely-plated hiCMs.  

 

Pharmacological Perturbation of the Hippo Pathway Affects Cardiac Myocyte Proliferation 

A loss of contact inhibition not only increased hiCM proliferation but also the nuclear 

YAP/total YAP ratio, consistent with the hypothesis that the Hippo pathway is involved in density-

dependent hiCM proliferation. We next asked if small molecule inhibition of the Hippo pathway 

would further increase the proliferative potential of hiCMs plated at a low density. We turned to 

an MST1/2 inhibitor, XMU-MP-1, and a bioactive lipid that activates YAP, sphingosine-1-

phosphate (S1P)85,125,126 (Figure 3-3A).  Both of these compounds have been shown to upregulate 

YAP target genes in human embryonic stem cells, mouse liver cells and human hepatoma 

cells122,125. Furthermore, S1P increases Ki67 in densely plated hiCMs but not cell count when 

combined with lysophosphatidic acid85.  

We used RNASeq analysis to test if XMU-MP-1 or S1P upregulate YAP/TAZ target genes 

in hiCMs, and found that YAP/TAZ target genes were indeed significantly upregulated beyond 

that of sparse-plating alone (Figure 3-3B, Table 1. This increase in YAP target gene expression 

suggests that the compound-treated hiCMs are less mature than untreated sparsely-plated 

hiCMs. We found that S1P treatment did not lower the expression of maturity genes compared to 

untreated hiCMs, whereas 4.2% of maturity genes were expressed lower after XMU-MP-1 

treatment (Figure 3-3C, Table 2). We then confirmed that the hiCMs were still expressing CM 

specific markers (Figure 3-3B, Table 1). Taken together, our data indicates that XMU-MP-1 or 
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S1P treatment causes an upregulation of YAP/TAZ target genes with minor effects on maturity of 

hiCMs.  

Despite an upregulation in YAP/TAZ target genes, we found that neither XMU-MP-1 nor 

S1P alone increased proliferation by hiCM count (Figure 3-3D). The result that XMU-MP-1 or S1P 

failed to induce proliferation was not surprising, as previous studies have postulated that 

combinations of multiple genetic or pharmacological factors are required to induce cardiac 

myocyte proliferation both in vitro and in vivo82,94. Therefore, we performed a combinatorial screen 

to determine if combining XMU-MP-1 and S1P induced proliferation of hiCMs. We started by 

testing which combination of concentrations was most effective to induce hiCMs to reenter the 

cell cycle using BrdU incorporation (Figure 3-4A). We found that adding 0.1 µM of each compound 

to hiCMs significantly increased the percent of BrdU-positive hiCMs when sparsely-plated (Figure 

3-4B). We then found that this combination significantly increased hiCM-proliferation by counting 

nuclei over time (Figure 3-4C). We found that using 0.1 µM of both XMU-MP-1 and S1P also 

decreased phospho-YAP, which indicated a reduction in the inactivation of YAP (Figure 3-4D-F).  
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Figure 3-3: Individual Pharmacological Perturbation of the Hippo Pathway Increases YAP Target 
Genes but Does Not Affect Proliferation 
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Figure 3-3: 

A) Schematic of the Hippo pathway. B) RNASeq data of YAP target genes in sparse cells 

with treatment of 1 µM XMU-MP-1 or 1 µM S1P. A negative fold change represents a 

downregulation in treated cells, whereas a positive fold change represents an upregulation in 

treated cells. N=300000 cells per treatment, over 3 independent experiments and RNA 

preparations. Right: cardiac myocyte-specific genes do not change upon small molecule 

treatment. *: p < 0.05, **: p < 0.01, ***, p < 0.001. All p-values and gene names are available in 

Tables 1-3. Differentially expressed genes were determined using the criteria of fold change >= 

2 and FDR <= 0.05. C) RNASeq data of CM-maturity genes as in B. D) Quantification of 

proliferation of control, XMU-MP-1-, and S1P-treated cells by measuring the percent change in 

nuclei over 48 hours post-treatment. Significance determined by one-way ANOVA with a 

Dunnett’s post-hoc test corrected for multiple testing.  
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Figure 3-4: Combination of XMU-MP-1 and S1P Increases Cardiac Myocyte Proliferation 
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Figure 3-4: 

A) Heat map showing percentage of BrdU-positive nuclei in a preliminary screen of 

combinatorial treatment of hiCMs with XMU-MP-1 and S1P. N = 8393 cells from 5 independent 

experiments. B) BrdU+ datapoints from black outlined diagonal center boxes from heat map. N = 

2229 cells from 5 independent experiments. C) Proliferation of control hiCMs or 0.1 µM XMU-MP-

1 and 0.1 µM S1P-treated cells measured by counting nuclei over 48 hours. N = 17318 DMSO-

treated cells and 16234 XS-treated cells from 4 independent experiments. Significance 

determined by two-tailed paired Student’s t-test. D) Western blot of hiCMs treated with various 

concentrations of both XMU-MP-1 and S1P. pYAP: phosphorylated YAP (See Figure S1C-D for 

the entire blot). E) pYAP amount in hiCMs measured by western blot normalized to tubulin (N= 3 

independent experiments). F) The compounds XMU-MP-1, S1P, and Verteporfin do not affect the 

percentage of beating hiCMs at the doses given (1 µM for XMU-MP-1 and S1P, 0.1 µM for XMU-

MP-1 and S1P combined, and 10 nM Verteporfin. In last row, 0.1 µM of XMU-MP-1 and S1P were 

combined with 10 nM Verteporfin). G) The compounds XMU-MP-1 and S1P do not affect the 

percentage of binucleated and mononucleated hiCMs at the same doses as Figure 4F. H) 

Schematic of YAP’s downstream transcriptional regulation and interaction with TEAD. I) 

Verteporfin dose response to detect which concentration of Verteporfin inhibited hiCM 

proliferation, but did not lead to massive cell death. J) Proliferation of control hiCMs compared to 

0.01 µM Verteporfin, or 0.01 µM Verteporfin, 0.1 µM S1P, and 0.1 µM XMU-MP-1-treated hiCMs. 

N = 1257 cells from 4 independent experiments. K) Proliferation of control hiCMs compared to 

0.01 µM Verteporfin, or 0.01 µM Verteporfin and 0.1 µM S1P, and 0.1 µM XMU-MP-1-treated 

hiCMs. Significance determined by one-way ANOVA with a Dunnett’s post-hoc test correcting for 

multiple testing for panels B, E, F, G, and J. 
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It is important to confirm that these proliferative hiCMs are functionally beating upon 

treatment of XMU-MP-1 and S1P. Therefore, we measured the percentage of beating hiCMs upon 

sparse plating and treatment of XMU-MP-1, S1P, or both, and found no significant difference 

(Figure 3-4G). Further, it is important to consider that both cytokinetic cell division and 

binucleation are potential outcomes of increasing overall proliferation of cells. We measured the 

percentage of binucleated hiCMs upon sparse plating and treatment of XMU-MP-1, S1P, or both, 

and found no significant difference (Figure 3-4H). In this case, it is presumed that proliferation 

appears to be induced overall, but the balance between the potential outcomes of cell division 

and binucleation are not changed, and both outcomes are occurring. These results agree with 

past research inducing hiCMs to divide, showing both binucleation and cell division as 

outcomes115. 

Finally, to further confirm that XMU-MP-1 and S1P were acting through the Hippo 

pathway, we turned to Verteporfin, which inhibits the interaction of YAP with transcription factor 

TEAD127 (Figure 3-4I). For this experiment we chose 0.01 µM of Verteporfin, which is the highest 

concentration that did not result in the death of hiCMs (Figure 3-4J). We found that Verteporfin 

masked the effect of the combination of XMU-MP-1 and S1P combination on proliferation (Figure 

3-4K) without affecting the percentage of beating hiCMs (Figure 3-4G). This result further 

suggests that the increase in proliferation of hiCMs with XMU-MP-1 combined with S1P is through 

the Hippo pathway. 

 

Discussion 

Taken together, we show that the density at which hiCMs are plated affects proliferative 

capacity, and that this proliferative capacity is regulated at least in part by the Hippo pathway. 

Further, we modulate the proliferative capacity by scratching a monolayer of cells to induce cells 

at the scratch periphery to divide, and induce division of sparsely-plated hiCMs by dual inhibition 

of the Hippo pathway. These experiments were completed using hiCMs, a model system of 
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developmentally immature cells that both divide and binucleate, providing an ideal model for 

studying cardiac myocyte division. This is an alternative approach to using isolated primary 

cardiac myocytes from adult rats or mice, which are unsuitable to the experiments we use here. 

While primary cardiac myocytes are powerful tools, creating dense monolayer is technically 

challenging. In addition, primary cardiac myocytes only last a few days in culture and are more 

representative of modeling cell death69. Therefore, it is difficult to do contact inhibition studies and 

proliferative studies in these cell types. As we show here, hiCMs are well suited for these types 

of studies115. 

It is not surprising that XMU-MP-1 itself did not increase CM proliferation, as a recent study 

found that XMU-MP-1 in an intact heart did not increase Ki67 staining128. Based on Ki67 staining, 

recent data has also suggested that inhibiting the Hippo pathway with a single compound in 

combination with perturbation of another cell cycle pathway (i.e., the Wnt pathway) could be an 

effective approach to increasing CM proliferation94. Here, we show that it is possible to have a 

combinatorial effect on CM proliferation by only targeting the Hippo pathway. Modulation of the 

Hippo pathway at two different levels was required to get a proliferative response. This could be 

part of a new direction for combinatorial therapy, where multiple pathways are each modulated at 

multiple levels. 

There are several other pathways that drive CM proliferation. A recent study suggests the 

neuregulin receptor, ERBB2, activates YAP in an ERK-dependent manner129. The role of ERK 

signaling in cardiac myocyte proliferation and its crosstalk with the Hippo pathway would 

constitute an interesting future study. Furthermore, the signaling role that cell-cell adhesions and 

junctions themselves play in the cardiac regenerative response seems to merge on these 

pathways. Regenerating cardiac myocytes undergo junction dissolution, and it has been shown 

that displaced alpha-catenin activates YAP in epidermal cells110. Finally, increasing YAP and TAZ 

activity is likely to have benefits in the heart other than increasing cardiac myocyte proliferation. 

For example, YAP and TAZ in the epicardium was shown to induce recruitment of T-regulatory 
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cells to the infarcted myocardium. Thus, YAP and TAZ may have the ability to regulate the 

adaptive immune response and decreasing post-infarct inflammation and myocardial fibrosis130. 

Finally, our work also has implications in the context of a myocardial infarction. In the 

developed heart, a myocardial infarction results in massive CM death and the remaining CMs do 

not proliferate12.  After a myocardial infarct, there is a reduction in cell density at the infarct zone 

with an increase in cell cycling shown by Ki67 fluorescence131. However, it has been shown that 

the proliferative cells in the infarct region appear to mostly undergo polyploidization and 

endomitosis, indicating that there is a reduction in contact inhibition but there is also still a barrier 

to true cytokinetic proliferation in this region. Interestingly, YAP is primarily nuclear in the border 

zone 21 days post-cardiac apex resection, but only in Salv CKO animals132. If an ideal treatment 

for a cardiac infarction existed, it would only induce proliferation at the infarct site where cell-cell 

contact is reduced. Global induction of proliferation could induce undesired side effects (e.g. 

tumor formation). As such, targeting pathways which respond preferentially when contact 

inhibition is lost could be a useful therapeutic direction. Here, we show that targeting the Hippo 

pathway can increase proliferation in the context of a loss of contact inhibition. 
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Supplemental Figure 

Figure 3-S1: Supplemental Data and Controls 
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Figure 3-S1: 

A) Colocalization of BrdU and Ki67 in control, sparsely-plated hiCMs. Phase contrast data 

shows that Ki67 and BrdU localize to nuclei in cardiac myocytes. B) Actinin2 localization in cardiac 

myocytes at the edge of a scratch, showing that cells at the edge of the scratch have sarcomeres. 

C) Actinin2 localization in a dividing cardiac myocyte, showing that dividing cells are actinin2-

positive. D) Actinin2 and Ki67 localization in control cardiac myocytes, showing that Ki67-positive 

cells are actinin2-positive. E-F) Uncropped western blots from Figure 4. The ladder on the left of 

the blot is the SeeBlue Plus 2 standard from Invitrogen (Cat # LC5925). 
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Materials & Methods 

 

Cardiac Myocyte Culture and Chemicals 

iPSC-derived human cardiac myocytes (hiCMs, Cellular Dynamics, Madison, WI) were 

seeded as per manufacturer’s instructions in cardiac myocyte plating medium (M1001, Cellular 

Dynamics, Madison, WI) in polystyrene 96-well cell culture plates coated in 0.1% sterile gelatin 

(ES-006-B, Sigma Aldrich, St. Louis, MO). Approximately 50,000 cells were seeded for dense 

plating and 6,250 cells for sparse plating (1:8), and were subsequently cultured in cardiac myocyte 

maintenance medium (M1003, Cellular Dynamics, Madison, WI). These cells are verified by 

Cellular Dynamics (Madison, WI), and each vial of cells is tested at the company for purity by 

cTNT+ cells using flow cytometry (over 99% pure), identity using SNP genotyping, mycoplasma 

testing by PCR, sterility testing by 21 CFR 610.12, MEA functionality testing by field potential 

duration and beating rate, and viability by trypan blue exclusion. We further characterized these 

cells in Neininger et al., 2019, in which we determined that fewer than 1 in 50,000 cells were 

actinin2-negative.  

Cells were kept at 37°C and 5% CO2. For re-plating experiments, hiCMs were washed 2x 

with 100uL 1x PBS with no Ca2+/Mg2+ (PBS*, 70011-044, Gibco, Grand Island, NY). PBS* was 

completely removed from hiCMs and 40uL 0.1% Trypsin-EDTA with no phenol red (15400-054, 

Gibco, Grand Island, NY) was added to hiCMs and placed at 37°C for 2 minutes. Following 

incubation, culture dish was washed 3x with trypsin inside well, rotated 180 degrees, and washed 

another 3x. Trypsinization was then quenched by adding 120 µL of culture media and total cell 

mixture was placed into a 1.5mL Eppendorf tube. Cells were spun at 1000gs for 3 minutes, and 

supernatant was aspirated. Cells were then re-suspended in 200uL of culture media and plated 

into 2 wells, 100 µL each, on a standard polystyrene 96-well cell culture plate (3599, Corning, 

Corning, NY) previously coated with 10 ug/mL Fibronectin (#354008, Corning, Mannassas, VA) 

for 1 hour at 37°C. 
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XMU-MP-1 (S8334, Selleck Chemicals, Houston, TX) and Verteporfin (SML0534, Sigma 

Aldrich, St. Louis, MO) were reconstituted to 10 mM in DMSO. S1P (B6707, Apex Bio, Houston, 

TX) was reconstituted to 10 mM in methanol. When adding drugs to the cells, they were first 

diluted 1:10 in DMSO then to the appropriate concentration in cardiac myocyte maintenance 

medium. NucLight Rapid Red Reagent (4717, Essen BioScience, Ann Arbor, MI) was used at a 

1:4000 dilution in cell culture media. 

 

Fixation and Immunostaining 

Cells were fixed with 4% paraformaldehyde (PFA, 15710, Electron Microscopy Sciences, 

Hatfield, PA) diluted form 16% in PBS at room temperature for 20 min, then extracted for 5 min 

with 1% Triton X-100 (BP151100, Fischer Scientific, Suwanee, GA) and 4% PFA in PBS. Cells 

were washed three times in 1× PBS. After fixation, the following labeling procedures were used: 

for immunofluorescence experiments, cells were blocked in 10% bovine serum albumin (BSA) in 

PBS for 20 minutes. Primary antibodies were diluted in 10% BSA. All primary antibodies were 

used at 1:200 for 1 hour and 45 minutes at room temperature. Secondary antibodies were diluted 

in 10% BSA at 1:100 and centrifuged at 13,000 rpm for 2 min before use at room temperature for 

1 hour. 

Mouse anti-β-catenin was purchased from BD Biosciences (610153). Rabbit anti-Ki67 

(9129S) and Rabbit anti-YAP (14074T) were purchased from Cellular Signaling Technologies 

(Danvers, MA). Mouse anti-actinin-2 (a7811) was purchased from Sigma Aldrich (St. Louis, MO). 

Rabbit anti-phosphoYAP (13008S) was purchased from Cellular Signaling Technologies 

(Danvers, MA). Mouse anti-BrdU (5292S) was purchased from Cellular Signaling Technologies 

(Danvers, MA). Alexa Fluor 488-goat anti-mouse (A11029), Alexa Fluor 488-goat anti-rabbit 

(A11034), Alexa Fluor 568-goat anti-rabbit (A11011), and Alexa Fluor 568-goat anti-mouse 

(A11004) antibodies were purchased from Life Technologies (Grand Island, NY). 
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BrdU (ab142567, abcam, Cambridge, UK) was reconstituted to 10 mM in water, then to 

10 µM in cardiac myocyte maintenance medium and filtered through a 0.22 µm syringe filter. Cells 

were incubated with each compound and BrdU for 24 hours, then fixed and permeabilized as 

above. Then, to hydrolyze DNA, cells were incubated with 1 M HCl for an hour at room 

temperature, then neutralized with 0.1 M sodium borate (pH 8.5) for 20 minutes at room 

temperature. Next, cells were washed with PBS and immunostaining continued as usual.    

 

Scratch Assay 

Scratches in 10 mm dishes were done by hand with a 10 µL pipette tip. Scratches in 96-

well cell culture polystyrene plates were done using a 200 µL pipette tip and a custom plate lid 

produced by A.C.N. with a slot designed to guide the pipette tip straight across the well. Media 

was replaced with media containing NucLight Rapid Red Reagent immediately after scratching 

and every two days afterward until fixation at specified time points.  

 

Western Blotting 

Cell lysates were prepared by lysing 50,000 cardiac myocytes with CellLytic (Sigma, St. 

Louis, MO, #C2978) with 1% protease inhibitor cocktail (P8340, Sigma Aldrich, St. Louis, MO). 

Gel samples were prepared by mixing cell lysates with LDS sample buffer (Life Technologies, 

#NP0007) and Sample Reducing Buffer (Life Technologies, #NP00009) and boiled at 95°C for 5 

minutes. Samples were resolved on Bolt 4-12% gradient Bis-Tris gels (Life Technologies, 

#NW04120BOX). Protein bands were blotted onto a nylon membrane (Perkin Elmer, Boston MA, 

NBA085C001EA) with western blotting filter paper (ThermoFisher Scientific, Rockford, IL, 

#84783). Blots were blocked using 5% nonfat dairy milk (Research Products International Corp, 

Mt. Prospect, IL, #M17200) in TBST (TBS: Corning, Mannassas, VA, #46-012-CM. Tween20: 

Sigma, St. Louis, MO, #P9416). Antibody incubations were also performed in 5% NFDM in TBST. 

Blots were developed using the Immobilon Chemiluminescence Kit (Millipore, #WBKLS0500). 



103 
 

Statistics and Quantification 

Total YAP was measured in FIJI (ImageJ, NIH, Bethesda, MD) by drawing a polygonal 

ROI around a cell using a 20x IncuCyte image stained for B-catenin to mark cell boundaries, and 

measuring average fluorescence intensity. Nuclear YAP was measured in FIJI by drawing a 

Bezier ROI around a nucleus using a 20x IncuCyte image stained for YAP and measuring average 

fluorescence intensity. Fit of nuclear YAP / total YAP graph in Figure 3-1D was determined using 

the curve fitting toolbox in MatLab (MathWorks, Natick, MA).  

Nuclear fold change was determined by thresholding live-cell whole-well 4x stitches with 

NucLight Rapid Red Reagent, a live-cell nuclear marker. Thresholding was done using the 

IncuCyte software (Essen Biosciences, Ann Arbor, MI) and a TopHat Background subtraction 

using a 20 µM rolling ball. Images were acquired and nuclei counted every hour for specified time 

points. Nuclei count at the final time point was divided by nuclei count at the first time point and 

normalized to the average nuclear fold change of cells in control conditions on the same plate. 

Statistical significance of Figures 2D and 2F were determined by unpaired two-tailed Student’s t-

tests performed in Excel. Statistical significance of Figures 2B and 4C were determined by paired 

two-tailed Student’s t-tests performed in Excel. Statistical significance of Figures 3D, 4B, E, F, G, 

and J were determined by one-way ANOVA with a Dunnett’s post-hoc test correcting for multiple 

testing when applicable performed in GraphPad Prism. Each experiment was performed a 

minimum of 3 times and the mean of the independent experiments and standard error of the mean 

(SEM) are displayed. 

 

RNA Sequencing 

Cell pellets of 100,000 cells were prepared and RNA was extracted using the RNeasy Mini 

Kit (Qiagen, #74104). Stranded mRNA (polyA-selected) library preparation was completed by the 

VANTAGE core at Vanderbilt University. Sequencing was done with an Illumina NovaSeq6000 

(S4) PE150. Reads were mapped to reference genome using STAR and differential analyses 
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were performed using DESeq2. Differentially expressed genes were determined using the criteria 

of fold change >=2 and FDR <= 0.05. YAP target genes and cardiac myocyte maturity genes were 

determined from literature and are listed below. Datasets will be uploaded to a public database. 

N=3 for each condition, in that each cell treatment and RNA preparation was done three separate 

times using three separate purchased vials of cells.  
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CHAPTER 4 

 

EVIDENCE THAT BINUCLEATED CARDIAC MYOCYTES DIVIDE 

 

Introduction 

Cardiac myocytes are the beating muscle cells of the heart. After birth, it is believed that 

mammalian cardiac myocytes exit the cell cycle and no longer divide, and that further growth of 

the heart is driven primarily by hypertrophy (i.e., increase in individual cell size) instead of an 

increase in cell number. Lending credence to this notion is the apparent lack of ability of the 

mammalian heart regenerate following the death of cardiac myocytes, leading to a concerted 

effort to identify factors which promote endogenous cardiac myocyte division in vivo5.  

With regards to the general notion that cardiac myocytes do not divide after birth, the field 

may be turning a blind eye to an important subset of cardiac myocytes: those that are binucleated. 

In vivo, the majority cardiac myocytes are believed to be binucleated (as opposed to 

mononucleated) and yet, the idea that binucleated cardiac myocytes are non-proliferative is so 

well-accepted within the field that some authors make the claim without even providing citations25 

(and such claims clearly manage to pass peer review). However, it should be noted that this 

consensus opinion is based solely on correlative, qualitative data4,15, a major caveat when 

considering how broadly it could impact the field by either or both i) deterring future studies into 

binucleated myocyte division and ii) influencing aberrant conclusions based on a potentially false 

assumption. Importantly, a recent article in Cell provided a data set that we believe can be used 

to implicate binucleated cells as a source for cardiac myocyte renewal in vivo82. Here we provide 

a mathematical framework to illustrate how a genetic tool known as Mosaic analysis with double 

markers (MADM) can be used to explore if and how frequently binucleated cardiac myocytes 

divide. 
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Mohamed et al. identified four factors that, through simultaneous co-overexpression within 

the mouse heart, can induce cardiac myocyte division post-myocardial infarction: CDK2, CDK4, 

Cyclin B, and Cyclin D1, named the ‘4F’ treatment82. They also showed similar results can be 

achieved using the ‘2F2i’ treatment, in which CDK4 and Cyclin D1 are overexpressed, and TGF-

B and Wee1 are inhibited using small molecule inhibitors. They used a variety of detection 

methods to show that these treatments increased cardiac myocyte proliferation. One of the 

methods they used was Mosaic analysis with double markers (MADM). 

MADM was originally developed to track individual cells in a mouse133 (Figure 1A) and 

utilizes Cre-mediated intrachromosomal recombination rather than the typical interchromasomal 

recombination. The N-terminus of GFP and the C-terminus of RFP (or tdTomato, etc.) are on one 

chromosome separated by an intron containing a loxP site. On the homologous chromosome in 

the same site, the N-terminus of RFP and the C-terminus of GFP are similarly included, separated 

by an intron containing the same loxP site. Without recombination, no fluorescent proteins are 

made. However, if a cell is in G2 and Cre-mediated recombination occurs between loxP sites, 

one chromosome will now have both halves of GFP, and another will have both halves of RFP 

(Figure 1A). Once this G2 cell divides, there are two possible ways that the chromosomes can 

segregate: X-segregation, in which the two recombinant chromatids segregate into different 

daughter cells, and Z-segregation, in which the two recombinant chromatids segregate together 

into the same daughter cell. In the case of X-segregation, one cell will contain a functional GFP-

encoding sequence, and the other cell will contain a functional RFP-encoding sequence. Because 

the intron containing the loxP site is excluded during RNA splicing, GFP and RFP protein can be 

produced in the respective cells and be detected using fluorescence microscopy. In the case of 

Z-segregation, one cell will express both GFP and RFP and will thus appear yellow, and the other 

cell will express neither and will be colorless (Figure 1A). If a cell is in G1 and Cre-mediated 

recombination occurs, this cell will express both GFP and RFP and will also appear yellow (Figure 

1B)133.  
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Figure 4-1: MADM Overview 
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Mohamed et al. creatively used the MADM system as a marker for cytokinesis82. Any 

single-colored cell can be assumed to have undergone cell division at some point in time, as 

recombined cells that do not undergo cell division remain double-labeled (yellow). In a 

constitutively-active cTnt-Cre MADM model, control mice post-infarction showed ~14% single-

colored cells out of all labeled cells, while mice treated with 4F post-infarction showed almost 50% 

single-colored cells out of all labeled cells. Interestingly, Mohamed et al. reported in their 

supplemental data that 7% of single-colored cells were binucleated82. Here we show these cells 

are likely to be the product of the division of binucleated cells and unlikely to be the product of 

mitosis without cytokinesis, cell fusion or reversible recombination. 

 

Mechanisms for Single-Colored Binucleated Cells to Arise 

To determine the origin of these single-colored binucleated cardiac myocytes, one must 

first consider how a binucleated cell may arise. A universally accepted path is that a 

mononucleated cell undergoes mitosis without cytokinesis25. The main evidence from this 

literature was a failure to detect cleavage furrows in fixed binucleating cardiac myocytes32,33. More 

recently, live cell microscopy combined with post-fixation immuno-fluorescence has confirmed 

that little or no cleavage furrow ingression occurs during binucleation. In the case of failed 

cytokinesis, if a cell is recombined in G2 and undergoes x-segregation without cytokinesis, one 

nucleus will produce GFP and one will produce RFP, producing a yellow cell. Rather, if a cell 

undergoes z-segregation, one nucleus will produce both GFP and RFP and one will not produce 

a color, resulting in a yellow cell. Therefore, a mononucleated cell that undergoes Cre-mediated 

recombination in G2 and becomes binucleated will always be yellow. If a cell is recombined in G1 

and undergoes sequential DNA synthesis and mitosis without cytokinesis, it will similarly produce 

a yellow binucleated cell.  

Another option to consider is that two mononucleated cells fuse to produce a binucleated 

cell (Figure 2B). The amount of cardiac myocyte fusion that does or does not occur is 
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contentious134. If binucleated cells indeed do not divide, then this would be the main option for 

single-colored binucleated cells to arise, that is, for two single-colored mononucleated cells of the 

same color to be near enough to each other and fuse to produce a binucleated cell. However, this 

seems unlikely, given that the labeling frequency of cardiac myocytes using this system is ~2-5%, 

and that a fusion event of this exact type would happen to approximately 12.3% of single-colored 

cardiac myocytes, not including any fusion events of different colored cardiac myocytes to 

produce a yellow binucleated cell. Another option is that a single-colored mononucleated cell 

could fuse with a colorless cell, producing a single-colored binucleated cell. Of the options 

presented thus far, this appears to be the most likely. However, the likelihood of cardiac myocyte 

fusion in a mouse heart is low to none, and the percentage of mononucleated cells in these mouse 

strains average at around 5.5% (Table 4-1), again rendering the probability of such a fusion very 

low135.  
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Table 4-1: Percentage of mononucleated cells in mouse strains used to produce MADM mice in 
Mohamed et al. 
 
Mouse Strain(s) of origin % Mononucleated 
Igs2tm2(ACTB-tdTomato,-EGFP)Luo/J (129X1/SvJ x 129S1/Sv)F1-Kitl+ 5.59%;unknown 
Igs2tm1(ACTB-EGFP,-tdTomato)Luo/J (129X1/SvJ x 129S1/Sv)F1-Kitl+ 5.59%;unknown 
Tg(Cag-Cre/Esr1*)5AMC (C57BL/6 x CBA)F1 5.21%;8.29% 
B6.FVB(129)-A1cfTg(Myh6-Cre/Esr1*)IJMKIJ FVB/N 4.92% 
Tg(Tnnt2-Cre)5Blh (C57BL/6 x DBA/2)F2 5.21%;7.09% 
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Figure 4-2: Potential Origins of Single-Colored Binucleated Cells 
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Because Cre-mediated recombination does not eliminate the loxP site in the MADM 

system, when Cre is constitutively active like in the Tnt-Cre model, it is important to consider the 

likelihood that a recombined cell recombined again at the same frequency (Figure 2C)133,136.  For 

a single-colored, mononucleated cell, reversible recombination will not affect the phenotype. 

However, a yellow mononucleated cell may become colorless and vice versa. Interestingly, a 

yellow binucleated cell, perhaps arisen by a mononucleated cell undergoing mitosis without 

cytokinesis, could become single-colored binucleated cell. This would occur if one nucleus 

produced only one fluorescent protein, while the other produced both, and the nucleus producing 

both underwent a second recombination event to become colorless, thus rendering the 

binucleated cell one color once the second fluorescent protein was degraded. Another point to 

address is the origin of such a cardiac myocyte that has one single-color producing nucleus and 

one double-color producing nucleus. If a binucleated cell arises from mitosis without cytokinesis, 

and one of the nuclei undergoes recombination a second time, the binucleated cell will remain 

yellow (Figure S1). In order for a binucleated cell to arise that has the capability to undergo 

another round of recombination in order to produce a single-colored binucleated cell, the cell 

would have to arise from a cell fusion event (or a binucleated cell division, which we will describe 

later). One could assume that if the recombination frequency of the Tnt-Cre model is 2-5%, that 

the frequency of the same loxP sites then undergoing a second round of recombination would 

also be 2-5%, for a combined probability of 0.04-0.25%. Of this 0.04-0.25% probability, the cell in 

question would likely have to arise from a fusion event in the first place (Figure S1). This might 

not fully explain the 7% of single-colored cells that are binucleated.  

The last event that could produce a single-colored binucleated cell is binucleated cell 

division (Figure 2D). While the likelihood of a binucleated cell dividing is not known, it has been 

purported that binucleated cardiac myocytes divide with two cleavage furrows to form two 

mononucleated cells and one binucleated cell (Figure 3A)137. If a binucleated cell contains two 

nuclei that are recombined in G2 (Figure 3B), there are 16 outcomes of a cell division of this type 
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(Figure 3C). These outcomes depend on the segregation type of both nuclei and the left/right 

direction of the resultant segregation, that is, if the nucleus A chromosomes 1 and 3 segregate 

from 2 and 4, which chromosomes are included in the mononucleated cell (cell 1, in this scenario) 

and which chromosomes are included in the ‘left’ nucleus of the resultant binucleated cell (cell 2, 

in this scenario) (Figure 3C options I/V and II/V).  If this is the case, then out of each of the 16 

options, single-colored binucleated cells arise 6/16 times (3 red, 3 green) (Figure 3C options I/VI, 

I/VII, II/VI, II/VII, IV/V, and IV/VI). Interestingly, in 12/16 of these scenarios, one or two single-

colored mononucleated cell(s) also arise (Figure 3D).  If so, a proportion of single-colored 

mononucleated cells do not indeed arise strictly from mononucleated cell division. Binucleated 

cells could also form one cleavage furrow, forming two binucleated cells, or could undergo 

cytokinesis alone to produce two mononucleated cells. These outcomes were calculated and 

considered as well.  

 

“MADM Solver”: A Quantification Scheme to Predict Outcomes of MADM Experiments 

 To determine which of these possible outcomes discussed above are the most likely to 

happen, I calculated the probability of each outcome given one or two rounds of division during 

the measuring period, and three different mechanisms for binucleated cell division to occurs (with 

the fourth mechanism being that it does not occur). Each outcome has an equation associated 

with it (Supplemental Equations), with six variables. “r” denotes the recombination frequency of 

Cre. “m” denotes the percentage of starting cardiac myocytes that are mononucleated. “n” 

denotes the total number of starting cells. “d” represents the probability that a cell will undergo 

mitosis, “c” represents the probability that a mitotic cell will then undergo cytokinesis, and “b” is 

the probability that a binucleated cell will divide (0 if they do not divide). The software will also 

allow 1 or 2 rounds of division, selection of any (or all) of the types of proposed binucleated 

division, and allows for input of the endpoint values calculated in the MADM experiment. As many 

of these variables are not absolute and difficult to perfectly quantify, the software also will allow 
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for a range of values to be input, and will test each number within the range. The software then 

solves the equations from the Supplemental equations and outputs which values of each variable 

are most likely to results in the experimental output. To test the potential origin of binucleated 

single-cells, I input the values calculated from Mohamed et al., and found that when binucleated 

cell division was not allowed, even after 1 or 2 rounds of division, the differential equations model 

could not be solved, showing that there is not a possible way using these calculations for 7% of 

binucleated cells to be single-colored if binucleated cells are not dividing, even if other possibilities 

for single-colored binucleated cells to arise exist. Further, binucleated cell division after 1 round 

does not account for the high percentage of single-colored binucleated cells. I propose that in the 

24 hour time-frame of measurement in Mohamed et al., at least 2 rounds of cell division occur, 

with binucleated cell division accounting for the majority of the single-colored binucleated cells 

found.  
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Figure 4-3: Binucleated Cell Division as an Origin for Single-Colored Binucleated Cells 
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Conclusions and Future Directions 

In conclusion, results from Mohamed et al. question the paradigm that binucleated cardiac 

myocytes do not divide. While it cannot be confirmed how exactly binucleated cells divide or under 

which conditions specifically, these results and our further analysis warrant future research into 

these questions.  Binucleated cardiac myocytes were first purported to lack regenerative capacity 

in the 1970s and 1980s25,137. These original studies showed that the timeframe of binucleation 

correlated with the timeframe of the loss of proliferative capacity in mice and rats4. These studies 

are widely cited in primary literature and reviews, but until lately, studies have not shown any 

causative or direct effect of cardiac myocyte binucleation on proliferative capacity. 

If binucleated cardiac myocytes have the capacity to divide, we need to know the 

proportion of binucleated cells in vivo. The extent to which cardiac myocytes in mice are 

binucleated has been largely answered in a recent study, which measured binucleation frequency 

in 120+ mouse lines34. The found that 90-95% of cardiac myocytes are binucleated. This data is 

supported by several other rodent studies25,137. However, the proportion of binucleated cardiac 

myocytes in humans is still debated. Some studies support the model that 25% of human cardiac 

myocytes are binucleated at birth and remain at that proportion consistently19, while other studies 

report up to 60-100%138 and that the percentage of binucleated cardiac myocytes increases over 

a human lifespan120. Many other studies report that binucleated cardiac myocytes do not increase 

over time and that DNA synthesis after birth results in polyploidization26,129. However, the field is 

in agreement that binucleated cardiac myocytes are present in the human heart. 

Our calculations question the dogma that binucleated cells lack the capacity to divide. 

Aurora B localization has shown that 10% of mitotic cardiac myocytes were mononuclear and 

90% were binucleated in P15 mouse hearts139. While this seems counterintuitive, note that the 

vast majority of cardiac myocytes in mice are binucleated. Indeed, a total of 34.2% and 30.8% of 

mononuclear and binucleated cardiac myocytes were undergoing mitosis in isolated p15 control 

cardiac myocytes139. Similarly, isolated control fetal sheep cardiac myocytes had populations of 
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mononuclear cells undergoing mitosis (with or without cytokinesis) as well as binucleated cells 

undergoing division, but that the majority of Ki-67+ nuclei were in mononucleated cells140. Taken 

together, these results strongly support the hypothesis that mononuclear cardiac myocytes have 

a higher proliferative capacity than binucleated cardiac myocytes. 

If binucleated cells indeed divide, there are multiple mechanisms for how it would occur. 

Some studies have reported binucleated murine, chick, or sheep cardiac myocytes dividing, 

producing two cleavage furrows and resulting in two mononucleated cells and one binucleated 

cell139,140. A recent study also reported binucleated cardiac myocytes dividing to produce only two 

mononucleated cells120. These studies were largely in isolated cardiac myocyte cultures. Thus, 

Mohamed et al. 2018, alongside our calculations, could be among the first evidence that 

binucleated cardiac myocytes can divide in vivo82.  

Several questions remain, including 1) what is the makeup of a human heart/percentage 

of binucleated or polyploid CMs? 2) is there basal turnover in the human heart, and if so, is it of 

mononucleated cells dividing, mononucleated cells becoming binucleated, binucleated cells 

dividing, or a combination of the three? 3) how do binucleated cells divide and what are the 

resulting cells?  
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Supplemental Figures 

Figure 4-S1: Possible Outcomes of Mitosis, Cell Fusion, or Reversible Recombination 
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Figure 4-S2: Possible Outcomes of One Round of Division with No Binucleated Division 
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Figure 4-S3: Possible Outcomes of Two Rounds of Division with No Binucleated Division 
 

 

  



121 
 

Figure 4-S4: Possible Outcomes of Two Rounds of Division with Binucleated Division 
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Figure 4-S5: Software GUI 
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Supplemental Equations 

eq1 = n*m*d*r*c*d*c*2; 

eq2 = n*m*d*r*c*d*(1-c); 

eq3 = n*m*d*r*c*(1-d); 

eq4 = n*m*d*r*c*0.5*d*c*2; 

eq5 = n*m*d*r*c*0.5*d*(1-c); 

eq6 = n*m*d*r*c*0.5*(1-d); 

eq7 = n*m*d*r*(1-c)*b*0.5*bc*2; 

eq8 = n*m*d*r*(1-c)*b*0.5*bb; 

eq9 = n*m*d*r*(1-c)*b*0.5*bb*2; 

eq10 = n*m*d*r*(1-c)*b*0.5*ba*2; 

eq11 = n*m*d*r*(1-c)*b*0.5*bc; 

eq12 = n*m*d*r*(1-c)*b*0.5*bb; 

eq13 = n*m*d*r*(1-c)*b*0.5*bb; 

eq14 = n*m*d*r*(1-c)*b*0.5*ba*2; 

eq15_a = n*m*d*r*(1-c); 

eq15_b = n*m*d*r*(1-c)*(1-b); 

eq16 = n*m*(1-d)*r*d*c*2; 

eq17 = n*m*(1-d)*r*(1-d); 

eq18 = n*m*(1-d)*r*(1-d); 

eq19 = n*(1-m)*b*r*bc*2*d*c*2; 

eq20 = n*(1-m)*b*r*bc*2*d*(1-c); 

eq21 = n*(1-m)*b*r*bc*2*(1-d); 

eq22 = n*(1-m)*b*r*bb*2*0.5*d*c*2; 

eq23 = n*(1-m)*b*r*bb*2*0.5*d*(1-c); 

eq24 = n*(1-m)*b*r*bb*2*0.5*(1-d); 

eq25 = n*(1-m)*b*r*bb*2*0.25*d*c*2; 

eq26 = n*(1-m)*b*r*bb*2*0.25*d*(1-c); 

eq27 = n*(1-m)*b*r*bb*2*0.25*(1-d); 

eq28 = n*(1-m)*b*r*bb*(6/16)*b*bc*(2/3); 
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eq29 = n*(1-m)*b*r*bb*(6/16)*b*bc*(1/3)*2; 

eq30 = n*(1-m)*b*r*bb*(6/16)*b*bb*(2/3); 

eq31 = n*(1-m)*b*r*bb*(6/16)*b*bb*(2/3); 

eq32 = n*(1-m)*b*r*bb*(6/16)*b*bb*(1/3); 

eq33 = n*(1-m)*b*r*bb*(6/16)*b*bb*(1/3)*2; 

eq34 = n*(1-m)*b*r*bb*(6/16)*b*ba*2; 

eq35 = n*(1-m)*b*r*bb*(6/16)*(1-b); 

eq36 = n*(1-m)*b*r*bb*(9/16)*b*bc*(1/9)*2; 

eq37 = n*(1-m)*b*r*bb*(9/16)*b*bc*(2/9); 

eq38 = n*(1-m)*b*r*bb*(9/16)*b*bc*(4/9); 

eq39 = n*(1-m)*b*r*bb*(9/16)*b*bc*(4/9); 

eq40 = n*(1-m)*b*r*bb*(9/16)*b*bc*(2/9)*2; 

eq41 = n*(1-m)*b*r*bb*(9/16)*b*bb*(1/9); 

eq42 = n*(1-m)*b*r*bb*(9/16)*b*bb*(1/9)*2; 

eq43 = n*(1-m)*b*r*bb*(9/16)*b*bb*(2/9); 

eq44 = n*(1-m)*b*r*bb*(9/16)*b*bb*(2/9); 

eq45 = n*(1-m)*b*r*bb*(9/16)*b*bb*(4/9); 

eq46 = n*(1-m)*b*r*bb*(9/16)*b*bb*(4/9); 

eq47 = n*(1-m)*b*r*bb*(9/16)*b*bb*(4/9); 

eq48 = n*(1-m)*b*r*bb*(9/16)*b*bb*(2/9); 

eq49 = n*(1-m)*b*r*bb*(9/16)*b*bb*(2/9)*2; 

eq50 = n*(1-m)*b*r*bb*(9/16)*b*ba*2; 

eq51 = n*(1-m)*b*r*bb*(9/16)*(1-b); 

eq52 = n*(1-m)*b*r*ba*(8/16)*b*bc; 

eq53 = n*(1-m)*b*r*ba*(8/16)*b*bb; 

eq54 = n*(1-m)*b*r*ba*(8/16)*b*bb; 

eq55 = n*(1-m)*b*r*ba*(8/16)*b*ba*2; 

eq56 = n*(1-m)*b*r*ba*(8/16)*(1-b); 

eq57 = n*(1-m)*b*r*ba*(8/16)*b*bc*2; 

eq58 = n*(1-m)*b*r*ba*(8/16)*b*bb; 
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eq59 = n*(1-m)*b*r*ba*(8/16)*b*bb*2; 

eq60 = n*(1-m)*b*r*ba*(8/16)*b*ba*2; 

eq61 = n*(1-m)*b*r*ba*(8/16)*(1-b); 

eq62 = n*(1-m)*b*r*ba*(4/16)*2*b*bc*0.5; 

eq63 = n*(1-m)*b*r*ba*(4/16)*2*b*bc*0.5*2; 

eq64 = n*(1-m)*b*r*ba*(4/16)*2*b*bb*0.5; 

eq65 = n*(1-m)*b*r*ba*(4/16)*2*b*bb*0.5; 

eq66 = n*(1-m)*b*r*ba*(4/16)*2*b*bb*0.5; 

eq67 = n*(1-m)*b*r*ba*(4/16)*2*b*bb*0.5*2; 

eq68 = n*(1-m)*b*r*ba*(4/16)*2*b*ba*2; 

eq69 = n*(1-m)*b*r*ba*(4/16)*2*(1-b); 

eq70 = n*(1-m)*b*r*ba*(2/16)*b*bc*2; 

eq71 = n*(1-m)*b*r*ba*(2/16)*b*bb; 

eq72 = n*(1-m)*b*r*ba*(2/16)*b*bb*2; 

eq73 = n*(1-m)*b*r*ba*(2/16)*b*ba; 

eq74 = n*(1-m)*b*r*ba*(2/16)*(1-b); 

eq75 = n*(1-m)*b*r*ba*(2/16)*2*b*bc*2; 

eq76 = n*(1-m)*b*r*ba*(2/16)*2*b*bb; 

eq77 = n*(1-m)*b*r*ba*(2/16)*2*b*bb*2; 

eq78 = n*(1-m)*b*r*ba*(2/16)*2*b*ba*2; 

eq79 = n*(1-m)*b*r*ba*(2/16)*2*(1-b); 

eq80 = n*(1-m)*r; 

eq81 = n*(1-m)*(1-b)*r*(1-b); 

eq82 = n*(1-m)*(1-b)*r*b*ba*2; 

eq83 = n*(1-m)*(1-b)*r*b*bb; 

eq84 = n*(1-m)*(1-b)*r*b*bb; 

eq85 = n*(1-m)*(1-b)*r*b*bc; 

 

mn_sc_2_0 = eq1 + eq3; 

mn_y_2_0 = eq4 + eq6 + eq16 + eq18; 
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bn_sc_2_0 = eq2; 

 bn_y_2_0 = eq5 + eq15_a + eq17 + eq80; 

  

 mn_sc_2_a = eq1 + eq3; 

 mn_y_2_a = eq4 + eq6 + eq16 + eq18; 

 bn_sc_2_a = eq2 + eq60 + eq61 + eq78 + eq79; 

 bn_y_2_a = eq5 + eq10 + eq14 + eq15_b + eq17 + eq55 + eq56 + eq68 + eq69 + ... 

     eq73 + eq74 + eq81 + eq82; 

  

 mn_sc_2_b = eq1 + eq3 + eq9 + eq22 + eq24 + eq31 + eq33 + eq47 + eq49; 

 mn_y_2_b = eq4 + eq6 + eq12 + eq16 + eq18 + eq25 + eq27 + eq42 + eq44 + ... 

     eq46 + eq84; 

 bn_sc_2_b = eq2 + eq30 + eq32 + eq35; 

 bn_y_2_b = eq5 + eq8 + eq10 + eq13 + eq15_b + eq17 + eq26 + eq41 + eq43 + ... 

     eq45 + eq48 + eq51 + eq81 + eq83; 

  

 mn_sc_2_c = eq1 + eq3 + eq7; 

 mn_y_2_c = eq4 + eq6 + eq11 + eq16 + eq18 + eq19 + eq21 + eq85; 

 bn_sc_2_c = eq2; 

 bn_y_2_c = eq5 + eq15_b + eq17 + eq20 + eq81; 

  

 mn_sc_2_ab = eq1 + eq3 + eq9 + eq22 + eq24 + eq31 + eq33 + eq47 + eq49 + ... 

     eq59 + eq67 + eq77; 

 mn_y_2_ab = eq4 + eq6 + eq11 + eq12 + eq16 + eq18 + eq25 + eq27 + eq42 + ... 

     eq44 + eq46 + eq54 + eq65 + eq70 + eq72 + eq84; 

 bn_sc_2_ab = eq2 + eq23 + eq30 + eq32 + eq34 + eq35 + eq58 + eq60 + eq61 + ... 

     eq76 + eq78 + eq79; 

 bn_y_2_ab = eq5 + eq8 + eq10 + eq13 + eq14 + eq15_b + eq17 + eq26 + eq41 + ... 

     eq43 + eq45 + eq48 + eq50 + eq51 + eq53 + eq55 + eq56 + eq64 + eq66 + ... 

     eq68 + eq69 + eq71 + eq73 + eq74 + eq81 + eq82 + eq83; 
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mn_sc_2_ac = eq1 +eq3 + eq7 + eq57 + eq63 + eq75; 

 mn_y_2_ac = eq4 + eq6 + eq11 + eq16 + eq18 + eq19 + eq21 + eq52 + eq62 + ... 

     eq70 + eq85; 

 bn_sc_2_ac = eq2 + eq60 + eq61 + eq78 + eq79; 

 bn_y_2_ac = eq5 + eq10 + eq14 + eq15_b + eq17 + eq20 + eq55 + eq56 + ... 

     eq68 + eq69 + eq73 + eq74 + eq81 + eq82; 

  

 mn_sc_2_bc = eq1 + eq3 + eq7 + eq9 + eq22 + eq24 + eq28 + eq29 + eq31 + ... 

     eq33 + eq38 + eq40 + eq47 + eq49; 

 mn_y_2_bc = eq4 + eq6 + eq11 + eq12 + eq16 + eq18 + eq19 + eq21 + eq25 + ... 

     eq27 + eq36 + eq37 + eq39 + eq42 + eq44 + eq46 + eq84 + eq85; 

 bn_sc_2_bc = eq2 + eq23 + eq30 + eq32 + eq35; 

 bn_y_2_bc = eq5 + eq8 + eq13 + eq15_b + eq17 + eq20 + eq26 + eq41 + eq43 + ... 

     eq45 + eq48 + eq51 + eq81 + eq83; 

  

 mn_sc_2_abc = eq1 + eq3 + eq7 + eq9 + eq22 + eq24 + eq28 + eq29 + eq31 + ... 

     eq33 + eq38 + eq40 + eq47 + eq49 + eq57 + eq59 + eq63 + eq67 + ... 

     eq75 + eq77; 

 mn_y_2_abc = eq4 + eq6 + eq11 + eq12 + eq16 + eq18 + eq19 + eq21 + eq25 + ... 

     eq27 + eq36 + eq37 + eq39 + eq42 + eq44 + eq46 + eq52 + eq54 + eq62 + ... 

     eq65 + eq70 + eq72 + eq84 + eq85; 

 bn_sc_2_abc = eq2 + eq23 + eq30 + eq32 + eq34 + eq35 + eq58 + eq60 + eq61 + ... 

     eq76 + eq78 + eq79; 

 bn_y_2_abc = eq5 + eq8 + eq10 + eq13 + eq14 + eq15_b + eq17 + eq20 + eq26 + ... 

     eq41 + eq43 + eq45 + eq48 + eq50 + eq51 + eq53 + eq55 + eq56 + eq64 + ... 

     eq66 + eq68 + eq69 + eq71 + eq73 + eq74 + eq81 + eq82 + eq83; 

  

 eq86 = n*m*d*r*c; 

 eq87 = n*m*d*r*c*0.5; 
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 eq88 = n*m*d*r*(1-c); 

 eq89 = n*m*(1-d)*r; 

 eq90 = n*(1-m)*b*r*bc*2; 

 eq91 = n*(1-m)*b*r*bb*2*0.5; 

 eq92 = n*(1-m)*b*r*bb*2*0.25; 

 eq93 = n*(1-m)*b*r*bb*(6/16); 

 eq94 = n*(1-m)*b*r*bb*(9/16); 

 eq95 = n*(1-m)*b*r*ba*(8/16); 

 eq96 = n*(1-m)*b*r*ba*(8/16); 

 eq97 = n*(1-m)*b*r*ba*(4/16)*2; 

 eq98 = n*(1-m)*b*r*ba*(2/16); 

 eq99 = n*(1-m)*b*r*ba*(2/16)*2; 

 eq100_a = n*(1-m); 

 eq100_b = n*(1-m)*(1-b)*r; 

  

 mn_sc_1_0 = eq86; 

 mn_y_1_0 = eq87 + eq89; 

 bn_sc_1_0 = 0; 

 bn_y_1_0 = eq88 + eq100_a; 

  

 mn_sc_1_a = eq86; 

 mn_y_1_a = eq87 + eq89; 

 bn_sc_1_a = eq96 + eq99; 

 bn_y_1_a = eq88 + eq100_b + eq95 + eq97 + eq98; 

  

 mn_sc_1_b = eq86 + eq91; 

 mn_y_1_b = eq87 + eq89 + eq92; 

 bn_sc_1_b = eq93; 

 bn_y_1_b = eq88 + eq100_b + eq94; 
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 mn_sc_1_c = eq86; 

 mn_y_1_c = eq87 + eq89 + eq90; 

 bn_sc_1_c = 0; 

 bn_y_1_c = eq88 + eq100_b; 

  

 mn_sc_1_ab = eq86 + eq91; 

 mn_y_1_ab = eq87 + eq89 + eq92; 

 bn_sc_1_ab = eq93 + eq96 + eq99; 

 bn_y_1_ab = eq88 + eq100_b + eq94 + eq95 + eq97 + eq98; 

  

 mn_sc_1_ac = eq86; 

 mn_y_1_ac = eq87 + eq89 + eq90; 

 bn_sc_1_ac = eq96 + eq99; 

 bn_y_1_ac = eq88 + eq100_b + eq95 + eq97 + eq98; 

  

 mn_sc_1_bc = eq86 + eq91; 

 mn_y_1_bc = eq87 + eq89 + eq90 + eq92; 

 bn_sc_1_bc = eq93; 

 bn_y_1_bc = eq88 + eq100_b + eq94; 

  

 mn_sc_1_abc = eq86 + eq91; 

 mn_y_1_abc = eq87 + eq89 + eq90 + eq92; 

 bn_sc_1_abc = eq93 + eq96 + eq99; 

 bn_y_1_abc = eq88 + eq100_b + eq94 + eq95 + eq97 + eq98; 
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CHAPTER 5 

 

COUPLING TO SUBSTRATE ADHESIONS DRIVES THE MATURATION OF MUSCLE 

STRESS FIBERS INTO MYOFIBRILS WITHIN CARDIAC MYOCYTES 

 

Neininger, AC.*, Taneja, N.*, & Burnette, DT. Molecular Biology of the Cell, 2020. 

*These authors contributed equally to the work and are considered interchangeable co-first 

authors 

 

Introduction 

The heart generates contractile force through the shortening of sarcomeres, which consist 

of myosin “thick” filaments forming sliding interactions with actin “thin” filaments. Actin filaments 

of adjacent sarcomeres are cross-linked by α-actinin-2 at Z-discs, which are important sites for 

intracellular signaling and mechanical stability of cardiac myocytes59,141. The basic functional unit 

of contraction within a cardiac myocyte is the myofibril, comprised of a series of sarcomeres. In 

healthy cardiac myocytes, contractile forces generated by myofibrils are balanced by adhesive 

forces, specifically at cell-extracellular matrix (ECM) contacts (referred to as costameres), which 

transfer these forces to the ECM, and at cell-cell contacts (referred to as intercalated discs)49,142. 

Loss of this force balance can lead to detrimental phenotypes and disease states49,143. Previous 

work has shown that cell-ECM contacts comprise the majority of sites of force generation during 

early cardiac myocyte spreading, during the time window of myofibril assembly144. These sites of 

force generation are subsequently transferred to cell-cell contacts as cells start to form 

intercalated discs.  

Early studies of cultured primary chick cardiac myocytes localized adhesion proteins, such 

as vinculin, to the ends of myofibrils, and proposed that “adhesion plaques” serve as sites of 

myofibril assembly51. This idea was supported by multiple genetic studies performed in the 
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skeletal muscle of worms and fruit flies74,145,146. Knockout of proteins involved in cell-ECM 

adhesion, such as integrin or perlecan, resulted in fewer myofibrils compared to the knockout of 

myofibril components themselves. Thus, the genetic evidence suggests that cell-ECM adhesion 

is upstream of myofibril assembly76.  It has additionally been shown that inhibiting contraction of 

cultured rat primary cardiac myocytes results in a loss of adhesions147,148. Conversely, modulating 

the size of adhesions by varying substrate stiffness can modulate the contractile properties of 

cardiac myocytes149,150. This indicates that there is feedback between cardiac myocyte adhesion 

and contractile function. Despite this evidence, the mechanistic relationship between cell-ECM 

adhesion and myofibril assembly has remained unclear. This has been in part due to multiple 

conflicting models of myofibril assembly itself72.  

Of the multiple competing models of myofibril assembly that have been proposed, the 

Template (a.k.a., Pre-myofibril) model has the most experimental support. First proposed by 

Howard Holtzer in 1984, the Template model postulated that “Non-Muscle Stress Fiber-Like 

Structures (NMSFLS)” are the precursors of myofibrils64. We have recently shortened Holtzer’s 

initialism to MSFs (Muscle Stress Fibers) for brevity80. While there was substantial evidence from 

fixed cultured myocytes and tissue to support the Template/Pre-myofibril model, there was little 

dynamic data directly demonstrating the transition of MSFs to myofibrils64,70. We have recently 

utilized human iPSC-derived cardiac myocytes (hiCMs) to capture this transition80. hiCMs are 

transcriptionally similar to embryonic and neonatal cardiac myocytes, a time at which sarcomere 

assembly is occurring in vivo. We reported that freshly plated hiCMs did not have sarcomeres 

and subsequently assembled them over 4-16 hours after plating80. Live-cell imaging of either actin 

or α-actinin-2 revealed that MSFs move away from the edge and obtain sarcomeres over time.  

Studies in primary skeletal myocytes from β1 integrin-deficient mice proposed that cell-

ECM adhesion could regulate the transition of MSFs to myofibrils, rather than the formation of 

MSFs themselves151. In fixed cells, the authors observed that inactivation of β1 integrin led to a 

lack of myofibrils, but not MSFs151. A more recent study, however, claimed a new model of 
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sarcomere assembly, where cell-ECM adhesion sites serve as the site for centripetal nucleation 

of sarcomeres78. In this model, a sarcomere-containing myofibril directly grows out of an 

adhesion, without the need for a template (i.e. MSFs). The authors imaged α-actinin-2, which 

marks both focal adhesions and the Z-lines of myofibrils. Indeed, a cursory glance at the movies 

presented gives the impression that the Z-lines are streaming out of adhesions. However, closer 

frame-by-frame inspection of the data revealed that these events were pre-formed myofibrils 

coming from the dorsal surface of the cell to the ventral (in focus) surface. We have now 

experimentally demonstrated this phenomenon80. It is important to note that we were only able to 

capture these events after 24 hours post-plating, which is the time window in which Chopra et al. 

imaged their hiCMs.  

Here, we sought to investigate the role of cell-ECM adhesion in myofibril assembly within 

the context of the Template/Pre-myofibril model. By combining high resolution three-dimensional 

imaging and multiple perturbations to focal adhesion assembly, we show that (1)- Dorsal stress 

fiber-like actin-based structures couple myofibrils to focal adhesions, (2)- Focal adhesions do not 

serve as the direct site for nucleation of myofibrils or MSFs, and (3)- Stronger coupling to the ECM 

correlates with the ability of MSFs to mature into myofibrils. 

 

Results 

 

The Spatiotemporal Relationship Between Cell-ECM Adhesion and Myofibril Maturation 

We first wanted to explore how adhesions, which are present on the ventral surface of the 

cell, are connected to myofibrils on the dorsal surface of the cell. We noticed that the relative 

organization of the focal adhesions and contractile structures (i.e., MSFs and myofibrils) bore a 

striking resemblance to that of mesenchymal crawling non-muscle cells (Figure 5-1A). Indeed, we 

have previously noted that MSFs were similar in their organization to stress fibers found on the 

dorsal surface of mesenchymal cells called actin arcs80. In mesenchymal cells, actin arcs are 
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connected to focal adhesions through specialized actin filament-based structures called dorsal 

stress fibers (DSFs)53. To test if DSF-like structures exist in hiCMs, we examined the actin filament 

channel throughout the axial (Z) dimension (Figure 5-1B-C, Figure 5-S1A). We found that 

diffraction limited imaging was not able to resolve the relative axial positions of different actin 

filament structures, especially those close to the edges of hiCMs (Figure 5-S2).  For this reason, 

we imaged actin filaments with structured illumination microscopy (SIM), which provides a ~2X 

increase in axial resolution. SIM revealed that strands of actin filaments extended from the ventral 

surface of the cell up to the dorsal surface (Figure 5-1B). These strands ended in the MSFs and 

myofibrils on the dorsal surface (Figure 5-1C, Figure 5-S1B). 

We next wanted to experimentally test if DSFs were mechanically coupled to MSFs and 

myofibrils. We hypothesized that the contractile MSFs and myofibrils could be pulling on DSFs. 

Therefore, we predicted that cutting DSFs would result in MSFs/myofibrils moving away from the 

edge of the cell. To test this possibility, we cut a DSF that appeared connected to either an MSF 

(Figure 5-1D) or a myofibril (Figure 5-1E) using a high intensity focused laser. We found that 

cutting of the DSF resulted in translocation of the MSF or myofibril away from the edge (Figure 5-

1D-E). To further test mechanical coupling, we also cut a myofibril that was attached to two DSFs; 

one on either end. Upon cutting, the two halves of the myofibril retracted away from each other 

along with the DSF each half was attached to. Taken together, the localization and laser 

dissection experiments suggest that DSFs mechanically connect MSFs and myofibrils to 

adhesions. 

Given the physical connection between focal adhesions and myofibrils, we next 

investigated if there was a temporal relationship between the relative assembly of the two 

structures. We imaged actin filaments and paxillin in live hiCMs during the transition of MSFs into 

the first myofibrils. We use the term “myofibril maturation” to describe this transition. This should 

not be confused with “cardiac myocyte maturation”, which involves transcriptional and metabolic 

changes over developmental time scales152. As previously demonstrated, MSFs translocate away 
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from the edge and obtain sarcomeres over time80. The purple arrowheads in Figure 5-2A denote 

this phenomenon. The paxillin channel revealed that focal adhesions also elongate during this 

same time period (Figure 5-2A, green arrowhead). Consistent with how dorsal stress fibers form 

in mesenchymal cells53, we observed the appearance of dorsal stress fiber-like connections 

between the elongating adhesions and maturing myofibrils (Figure 5-2A, yellow arrowheads). We 

next wanted to quantify the potential relationship between adhesion growth and myofibril 

maturation over time. 
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Figure 5-1:  3D Organization of Myofibrils and Dorsal Stress Fibers 
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Figure 5-1: 

A) SIM of actin filaments (magenta) and paxillin (green) in hiCM plated for 24 hours. B) 

SIM showing the layers of actin filaments in the axial (Z) dimension from the box in (A). 

Arrowheads denote different dorsal stress fibers. C) 3D color projection of the data in (B). Lines 

denote the different dorsal stress fibers denoted in (B). D-E) Focused laser mediated cutting of 

DSF attached to an MSF (D) or a myofibril (E) in hiCM expressing Lifeact-mApple at 16 hours 

post plating. Green arrowheads denote dorsal stress fibers and blue arrowheads denote MSF or 

myofibril. Yellow line denotes cut site. Temporal color-coded overlays and image subtractions 

show the change in positioning of the MSF or myofibril following cutting of the dorsal stress fiber. 

See Figure 5-S1C for uncropped views of cells.  
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As focal adhesions mature, their area increases56. Similarly, when myofibrils mature, the 

length of their Z-lines increase71. Therefore, we used total area of focal adhesions as a proxy for 

adhesion maturity and Z-line length as a proxy for myofibril maturity. To identify focal adhesions, 

we localized the adhesion protein, paxillin (Figure 5-2B). To identify Z-lines, we localized α-actinin-

2 (Figure 5-2B). We then used a computer-assisted analysis method we developed to measure 

Z-line length and adhesion area in hundreds of cells during hiCM spreading (Figure 5-S3, 

supplemental software). We analyzed cells that were allowed to spread for 6 hours, 24 hours, and 

1 week post-plating (Figure 5-2B). We chose these time points based on our previous 

observations on the timing of myofibril maturation. At 6 hours post-plating, most hiCMs were 

characterized by immature myofibrils with punctate Z-lines (i.e., Z-bodies). By 24 hours, hiCMs 

contained myofibrils with elongated Z-lines. As suggested by our live data, we observed a strong 

positive correlation between the extent of adhesion and myofibril maturity at 6 hours, 24 hours, 

and up to 1 week post-plating (Figure 5-2C). We next wanted to further establish the relationship 

between cell-ECM adhesion and myofibril maturation by altering components of the adhesion 

machinery and measuring the effects on myofibril maturation. 
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Figure 5-2: Dynamics of Adhesions and Myofibril Maturation 
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Figure 5-2: 

A) Time montage of actin labeled with Lifeact-mEmerald and paxillin-mCherry during 

myofibril assembly. The first frame (top) and last frame (bottom) are separated by a time montage 

of the regions shown in the boxes (dotted lines). The purple arrowhead denotes an MSF becoming 

a myofibril. The green arrowhead denotes a growing adhesion. The yellow arrowhead denotes an 

extending dorsal stress fiber. B) Representative SIM images of endogenous paxillin and α-actinin-

2 in hiCMs plated from 6 hours, 24 hours, or 1 week. C) Quantification of Z-line lengths and 

adhesion area in hiCMs plated for 6 hours, 24 hours, and 1 week. Z-line measurements: 6H: n= 

58 cells, N= 4 independent experiments; 24H: n= 75 cells, N= 4 independent experiments; 1 

Week: n=81 cells, 3 independent experiments. Adhesion measurements: 6H; n= 38 cells, N= 5 

independent experiments; 24H: n= 48 cells, N= 5 independent experiments; 1 Week: n= 28 cells, 

N= 3 independent experiments 
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Decreasing Cell-ECM Adhesion Results in Attenuation of Myofibril Maturation 

We chose to start with vinculin, a component of focal adhesions that links the adhesion to 

the actin cytoskeleton62. It was predicted two decades ago by Howard Holtzer and colleagues that 

vinculin would play a role during myofibril assembly51. Furthermore, knockout of vinculin in hiCMs 

has been shown to alter the organization of Z-lines78. We depleted vinculin using a pooled siRNA 

approach and found a significant reduction in paxillin-positive area (Figure 5-3A-C). To test if 

reduction in vinculin altered myofibril maturation, we measured the length of Z-lines after 24 hours 

of spreading, since this is the time point at which most control cells contained myofibrils80. 

Knockdown of vinculin resulted in a significant reduction in Z-line length (Figure 5-3D-E). This 

reduction in Z-line length was in agreement with previously published data78.  
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Figure 5-3: Knockdown of Vinculin Results in Attenuation of Myofibril Maturation 
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Figure 5-3: 

A) Representative western blot for vinculin knockdown using siRNA. Tubulin was used as 

a loading control. Knockdown efficiency was calculated from 4 independent experiments. B) 

Paxillin localization (single optical section) in hiCMs treated with either scrambled or vinculin 

siRNA. C) Quantification of adhesion area. si-Scr: n= 54 cells, N= 6 independent experiments; si-

Vinculin: n= 30 cells, N= 4 independent experiments. D) α-actinin-2 localization (maximum Z-

projection) in hiCMs treated with either scrambled or vinculin siRNA. E) Quantification of average 

length of Z-lines. si-Scr: n= 131 cells, N= 6 independent experiments; si-Vinculin: n= 69 cells, N= 

5 independent experiments. F) Localization of titin in hiCMs treated with either scrambled or 

vinculin siRNA. G) Quantification of distance of titin localization from the cell edge. si-Scr: n= 19 

cells, N= 3 independent experiments; si-Vinculin: n= 21 cells, N= 3 independent experiments. 

Exact p-values stated in graphs. 
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We next wanted an additional measure of myofibril maturation. The incorporation of the 

large Z-disc protein titin is considered a marker for maturation of myofibrils72. We localized the N-

terminal region of titin, which should localize on either side of Z-lines (Figure 5-3F)153. In control 

cells plated for 24 hours, we found distinct organization of titin at a mean distance of 4.1 +/- 2.3 

µm from the edge (Figure 5-3G). Knockdown of vinculin resulted in severe disruption of overall 

titin organization, with the first titin structures localizing 9.5 +/- 3.8 µm from the edge (Figure 5-

3G). The effects of vinculin knockdown on adhesion area, Z-line length and titin organization were 

recapitulated using a single siRNA mediated knockdown approach (Figure 5-S4A-D).  

In non-muscle cells, vinculin is thought to act as a clutch that mechanically couples focal 

adhesions to actin stress fibers (e.g., actin arcs) to impede their rearward translocation154. As a 

result, we asked if vinculin could also be slowing the translocation of MSFs. We previously 

reported that MSFs translocate away from the edge and then slow down as they transition into 

myofibrils, which undergo little translocation80. Therefore, we quantified the rate of rearward 

movement of MSFs in control versus vinculin depleted cells. We used kymography to measure 

the rates of MSF translocation (Figure 5-4A-B). In control cells, we found MSFs underwent 

rearward translocation at comparable rates as our previous report (Figure 5-4A-B, E). Vinculin 

knockdown resulted in a significant increase in MSF translocation rates (Figure 5-4C-E). This is 

consistent with a potential role for cell-ECM adhesion in slowing the translocation of MSFs. We 

next wanted to test if reduction of adhesion size through altering other adhesion components 

could also attenuate myofibril maturation.  
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Figure 5-4: Knockdown of Vinculin Results in Faster Translocation of Muscle Stress Fibers 
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Figure 5-4: 

A) Control (scrambled siRNA-treated) cell expressing Lifeact-mApple 16 hours post-

plating. B) Kymograph generated using yellow line in (A). Yellow arrow denotes MSFs 

translocating away from the edge (dotted white line). E) Vinculin depleted cell expressing Lifeact-

mApple 16 hours post-plating. D) Kymograph generated using yellow line in (C). Yellow arrow 

denotes MSFs translocating away from the edge (dotted white line). E) Quantification of MSF 

translocation rates in control versus vinculin-depleted cells. si-Scr: n= 30 MSFs from 19 cells; si-

Vinculin: n= 22 MSFs from 14 cells; N= 3 independent experiments. Exact p-values stated in 

graphs. 
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Talin is a focal adhesion protein that directly binds β integrins through its N-terminal “head” 

domain and to vinculin through its C-terminal “tail” domain155. As a result, talin binding to vinculin 

leads to focal adhesion strengthening by linking vinculin to integrins60. It has been previously 

reported that overexpression of the head domain of talin acts in a dominant negative manner, 

resulting in attenuation of focal adhesion signaling156. We hypothesized that expression of talin 

head domain should result in reduction in focal adhesion area, similar to vinculin knockdown. 

Therefore, we measured paxillin-positive area in hiCMs expressing talin head-mEGFP (Figure 5-

5A-C). We found a marked decrease in focal adhesion area in hiCMs expressing talin head-

mEGFP versus control cells (Figure 5-5B-C, Figure 5-S5). We also found that this decrease in 

adhesion area correlated with a decrease in Z-line length, as well as an increase in the distance 

from the edge at which titin localizes (Figure 5-5D-G). The rate of MSF translocation also 

increased in hiCMs expressing talin head-mEGFP (Figure 5-5H).  
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Figure 5-5: Expression of Talin Head Domain Results in Attenuation of Myofibril Maturation 
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Figure 5-5: 

A) Representative hiCM expressing talin head-mEGFP versus non-expressing hiCM. B) 

Paxillin localization (single optical section) in hiCM overexpressing talin head-mEGFP versus a 

non-expressing hiCM. C) Quantification of adhesion area. Non-expressing: n= 21 cells; talin head-

mEGFP: n= 22 cells, N= 3 independent experiments each. D) α-actinin-2 localization (maximum 

Z-projection) in hiCM overexpressing talin head-mEGFP versus a non-expressing hiCM. E) 

Quantification of average Z-lines length . Non-expressing: n= 43 cells; talin head-mEGFP: n= 36 

cells; N= 3 independent experiments each. F) Localization of titin in hiCM overexpressing talin 

head-mEGFP versus a non-expressing hiCM. G) Quantification of distance of titin localization 

from the cell edge. Non-expressing: n= 19 cells; Talin head: n= 21 cells, N= 3 independent 

experiments each. H) Quantification of MSF translocation rates in control hiCMs versus hiCMs 

overexpressing talin head=mEGFP. Control: n= 25 MSFs from 16 cells; talin head-mEGFP: n= 

26 MSFs from 17 cells; N= 3 independent experiments. Exact p-values stated in graphs. 
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We next investigated the role of focal adhesion kinase (FAK), which is a key scaffolding 

and signaling protein at focal adhesions necessary for regulating focal adhesion growth157. A 

previous study has suggested that knocking down FAK in skeletal muscle precursors (i.e., 

myoblasts) reduced focal adhesions as well as attenuated myofibril formation77. We asked 

whether this role for FAK is conserved in cardiac myocytes. To that end, we depleted hiCMs of 

FAK using a pooled siRNA approach (Figure 5-6A) and first measured focal adhesion area. 

Consistent with previous reports77, we found a significant reduction in focal adhesion area upon 

knockdown of FAK (Figure 5-6B-C). In correlation with this reduction in adhesion, we found a 

decrease in Z-line length as well as an increase in the distance from the edge at which titin 

localized (Figure 5-6D-G). We verified these phenotypes using single siRNA mediated knockdown 

of FAK (Figure 5-S4E-H). Furthermore, depletion of FAK resulted in increased rates of MSF 

translocation (Figure 5-6H). Taken together, we used four different methods to reduce focal 

adhesions in hiCMs. Our data suggest that reducing focal adhesion area correlates with 

attenuation of myofibril maturation and an increase in rate of MSF translocation. We next wanted 

to increase adhesion area to test if it would result in increased or accelerated myofibril maturation.  
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Figure 5-6: Knockdown of FAK Results in Attenuation of Myofibril Maturation 
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Figure 5-6: 

A) Representative western blot for FAK knockdown using siRNA. Tubulin was used as a 

loading control. Knockdown efficiency was calculated from 3 independent experiments. B) Paxillin 

localization (single optical section) in hiCMs treated with either scrambled or FAK siRNA. C) 

Quantification of adhesion area in FAK depleted cells. si-FAK: n= 36 cells, N= 4 independent 

experiments. The si-Scr dataset is the same as in Fig. 3C. D) α-actinin-2 localization (maximum 

Z-projection) in hiCMs treated with either scrambled or FAK siRNA. E) Quantification of average 

length of Z-lines in FAK-depleted cells. si-FAK: n= 106 cells, N= 4 independent experiments.  The 

si-Scr dataset is the same as in Fig. 3E. F) Localization of titin in hiCMs treated with either 

scrambled or FAK siRNA. G) Quantification of distance of titin localization from the cell edge. si-

FAK: n= 12 cells, N= 3 independent experiments. The si-Scr dataset is the same as in Fig. 3F. H) 

Quantification of MSF translocation rates in FAK-depleted cells versus scrambled siRNA-treated 

hiCMs. si-FAK: n= 25 MSFs from 16 cells; N= 3 independent experiments. The si-Scr dataset is 

the same as in Fig. 4E. Exact p-values stated in graphs. 
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Increasing ECM Adhesion Results in Precocious Myofibril Maturation 

It has been shown in non-muscle cells that pharmacologically disrupting the kinase activity 

of FAK leads to inhibition of adhesion turnover without affecting adhesion assembly, resulting in 

increase in adhesion area158,159. Therefore, we used a specific small-molecule inhibitor, PF-228, 

to disrupt the kinase activity of FAK in hiCMs. The autophosphorylation of FAK at Y397 is 

classically used as a readout for FAK kinase activity158,160,161. We found that treatment of hiCMs 

with PF-228 led to a nearly complete loss of localization of pFAK from adhesions (Figure 5-7A). 

Treatment of hiCMs with PF-228 led to a small increase in focal adhesion area at 24 hours post-

plating, but this was not significant (Figure 5-S6). Furthermore, there was a significant, but small 

change in Z-line length (Figure 5-S6). We wondered whether any potential effects of FAK 

inhibition could be observed at earlier time points in plating when the first myofibrils are 

assembling. We previously showed that the first myofibrils arise 4-16 hours after plating80. 

Therefore, we chose to investigate the relationship between focal adhesions and myofibrils at 6 

hours post plating. Indeed, we found that at 6 hours post-plating, hiCMs treated with PF-228 had 

a significantly higher adhesion area (Figure 5-7B-C). Strikingly, we found that hiCMs treated with 

PF-228 also had significantly longer Z-lines, as well as closer titin localization to the edge (Figure 

5-7D-G). Furthermore, we found that PF-228-treated hiCMs had slower rates of MSF 

translocation compared to control hiCMs (Figure 5-7H). We next wanted to test if the correlation 

between an increase in adhesion area and precocious myofibril assembly was specific to FAK 

inhibition. Therefore, we wanted to increase focal adhesion size without any genetic or 

pharmacological perturbations. 
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Figure 5-7: Inhibition of FAK Kinase Activity Results in Precocious Myofibril Maturation 
 

 

  



154 
 

Figure 5-7: 

A) Localization of pFAK Y397 in control or 3 µM PF-228-treated hiCMs 24 hours post-

plating. B) Paxillin localization (single optical section) in control versus PF-228-treated hiCMs 6 

hours post-plating. C) Quantification of adhesion area in PF-228-treated cells. Control: n= 38 cells, 

N= 5 independent experiments. PF-228: n= 44 cells, N= 4 independent experiments. D) α-actinin-

2 localization (maximum Z-projection) in control versus PF-228-treated hiCMs 6 hours post-

plating. E) Quantification of average length of Z-lines in PF-228-treated hiCMs. Control: n= 58 

cells, N= 4 independent experiments; PF-228: n= 107 cells, N=4 independent experiments. F) 

Localization of titin in control versus PF-228 treated hiCMs after 6 hours of spreading. G) 

Quantification of distance of titin localization from the cell edge. Control: n= 23 cells; PF-228: n= 

23 cells; N= 3 independent experiments each. H) Quantification of MSF translocation rates in PF-

228 treated cells versus control. PF-228: n= 24 MSFs from 17 cells; N= 3 independent 

experiments. The control data set is the same is in Fig. 5H. Exact p-values stated in graphs. 
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It has been shown in non-muscle cells that increasing the concentration of the extracellular 

matrix protein, fibronectin, leads to larger focal adhesions159,162. As our standard procedure, we 

plate hiCMs on glass coverslips coated with 10 µg/mL fibronectin. As such, all the previous 

experiments presented here were performed with this coating concentration. To test if increasing 

fibronectin would increase focal adhesion area in hiCMs, we plated them on glass coverslips 

coated with 50 µg/mL fibronectin, as we have done previously using non-muscle cells159. At 6 

hours post-plating we found that hiCMs plated on 50 µg/mL fibronectin had a higher paxillin-

positive adhesion area compared to control hiCMs plated on 10 µg/mL fibronectin (Figure 5-8A-

B). This increase in adhesion area correlated with an increase in Z-line length as well as closer 

titin localization to the edge (Figure 5-8C-F). The rate of MSF translocation was also significantly 

slower compared to control hiCMs plated on 10 µg/mL fibronectin (Figure 5-8G). Of note, focal 

adhesion area and Z-line length were not significantly different for hiCMs plated on 10 or 50 µg/mL 

fibronectin at 24 hours post-plating, similar to what we observed with FAK inhibition (Figure 5-

S6). Taken together, our data suggest that increasing focal adhesion area correlated with 

precocious myofibril maturation.   
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Figure 5-8: Increasing Fibronectin Concentration Results in Precocious Myofibril Maturation 
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Figure 5-8: 

A) Paxillin localization (single optical section) in hiCMs plated on either 10 µg/mL or 50 

µg/mL fibronectin. B) Quantification of adhesion area in hiCMs plated on either 10 µg/mL or 50 

µg/mL fibronectin. 50 µg/mL: n= 47 cells, N= 5 independent experiments. The 10 µg/mL dataset 

is the same as Fig. 8C. C) α-actinin-2 localization (maximum Z-projection) in hiCMs plated on 

either 10 µg/mL or 50 µg/mL fibronectin. D) Quantification of average length of Z-lines in hiCMs 

plated on either 10 µg/mL or 50 µg/mL fibronectin. 50 µg/mL: n= 201 cells, N= 6 independent 

experiments. The 10 µg/mL dataset is the same as Fig. 8E. E) Localization of titin in hiCMs plated 

on either 10 µg/mL or 50 µg/mL fibronectin. F) Quantification of distance of titin localization from 

the cell edge. 50 µg/mL: n= 23 cells, N= 3 independent experiments. The 10 µg/mL dataset is the 

same as Fig. 8F. G) Quantification of MSF translocation rates in hiCMs plated on either 10 µg/mL 

or 50 µg/mL fibronectin. 50 µg/mL: n= 20 MSFs from 12 cells; N= 3 independent experiments. 

The 10 µg/mL dataset is the same as in Fig. 5H. Exact p-values stated in graphs. 
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DIAPH1 is Required for the Maturation of Myofibrils 

We next wanted to further investigate the mechanism controlling substrate coupling during 

myofibril maturation. As dorsal stress fibers form the connection between adhesions and 

myofibrils, we hypothesized that reducing this connection could lead to less mature myofibrils. In 

non-muscle cells, the actin filament nucleator DIAPH1 is known to be critical for focal adhesion 

growth and its depletion results in fewer and smaller focal adhesions163,164. We previously showed 

that DIAPH1 is expressed in hiCMs using RNAseq80. In that study, we also showed that another 

formin, FHOD3, is critical for the assembly of myofibrils80. However, FHOD3 only localized to 

MSFs and myofibrils but not to dorsal stress fibers80. To examine whether DIAPH1 localized to 

dorsal stress fibers, we expressed DIAPH1-mEGFP. In contrast to FHOD3, we found that DIAPH1 

localized to the actin filaments of dorsal stress fibers (Figure 5-9A). Furthermore, depletion of 

DIAPH1 using siRNA resulted in a reduction of dorsal stress fibers but not MSFs (Figure 5-9B-

C). 
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Figure 5-9: Knockdown of DIAPH1 Results in Attenuation of Myofibril Maturation 
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Figure 5-9: 

A) Total internal reflection microscopy (TIRF) image showing the ventral section of an 

hiCM spread for 24 hours. Actin filaments (phalloidin) and DIAPH1-mEmerald are shown in 

inverted gray. Note the co-localization of DIAPH1 with actin filaments associated with focal 

adhesions. B) Representative western blot for DIAPH1 knockdown using siRNA. Tubulin was 

used as a loading control. Knockdown efficiency was calculated from 3 independent experiments. 

C) 3D SIM of actin filaments in a si-DIAPH1 KD hiCM at 24 hours post plating. Note the lack of 

prominent dorsal stress fibers. D) Paxillin localization (single optical section) in hiCMs treated with 

either scrambled or DIAPH1 siRNA. E) Quantification of adhesion area in DIAPH1- depleted cells. 

si-DIAPH1: n= 33 cells, N= 4 independent experiments. The si-Scr dataset is the same as Fig. 

3C. F) α-actinin-2 localization (maximum Z-projection) in hiCMs treated with either scrambled or 

DIAPH1 siRNA. G) Quantification of average length of Z-lines in DIAPH1-depleted cells. si-

DIAPH1: n= 58 cells, N= 3 independent experiments. The si-Scr dataset is the same as Fig. 3E. 

H) Localization of titin in hiCMs treated with either scrambled or DIAPH1 siRNA. I) Quantification 

of distance of titin localization from the cell edge. si-DIAPH1: n= 23 cells, N= 3 independent 

experiments. The si-Scr dataset is the same as Fig. 3F. J) Quantification of MSF translocation 

rates in DIAPH1 depleted cells versus scrambled siRNA-treated hiCMs. si-DIAPH1: n= 25 MSFs 

from 16 cells; N= 3 independent experiments. The si-Scr dataset is the same as in Fig. 4E. Exact 

p-values stated in graphs. 
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We next examined if DIAPH1 knockdown reduced focal adhesions and myofibril 

maturation. Indeed, we found that hiCMs did have a significant reduction in focal adhesion area 

after DIAPH1 depletion using pooled siRNA (Figure 5-9D-E). Further establishing the correlation 

between focal adhesion area and myofibril maturation, we found a significant decrease in Z-line 

length (Figure 5-9F-G). There was also an increase in the distance from the edge at which titin 

localized in DIAPH1-depleted cells (Figure 5-9H-I). The phenotypes observed for focal adhesion 

area, Z-line length and titin organization were recapitulated using a single siRNA mediated 

knockdown of DIAPH1. Further supporting the hypothesis that DIAPH1 is required for substrate 

coupling in hiCMs, we found a significant increase in the rate of MSF translocation (Figure 5-9J). 

 

Discussion 

Here we present a new model of how cell-ECM adhesions regulate the maturation of 

sarcomere-containing myofibrils (Figure 5-10). We started by examining the architecture of focal 

adhesions relative to the contractile machinery in hiCMs during de novo assembly of myofibrils. 

Sarcomeres formed on the top (dorsal) surface of the cell80, while adhesions matured on the 

bottom (ventral) surface of the cell. In striking resemblance to the architecture of actin stress fibers 

in non-muscle cells, we found thin, actin-based connections spanning the axial distance between 

focal adhesions and myofibrils. We showed using laser-mediated cutting that dorsal stress fibers 

mechanically link both MSFs and myofibrils to focal adhesions. Live imaging of adhesions and 

actin filaments during myofibrillogenesis revealed that these structures arise and elongate out of 

focal adhesions as MSFs translocate away from the edge and mature into myofibrils. This results 

in the long axis of focal adhesions being parallel to the long axis of Z-lines. 

In our attempt to modulate adhesion area, our results have implicated a canonical 

adhesion pathway that is well-characterized in non-muscle cells. We started with the hypothesis 

that this canonical signaling axis would be conserved in cardiac myocytes. Previous super-

resolution studies have elaborated the nanoscale architecture of focal adhesions, revealing layers 
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of focal adhesion components165. Here we modulate each of these layers and reveal multiple 

positive correlations between the extent of adhesion and myofibril maturation. We modulated the 

integrin layer by increasing the concentration of fibronectin, the signaling layer by modulating talin 

and FAK, the force transduction layer by modulating vinculin and the actin regulatory layer by 

modulating DIAPH1. Interestingly, these data revealed that the perturbations that led to reduced 

adhesion area and decreased MSF maturation correlated with an increase in the rate of MSF 

translocation, while the perturbations that led to increased adhesion resulted in a decrease in the 

rate of MSF translocation.  
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Figure 5-10: Working Model for the Role of Substrate Adhesion in Myofibril Maturation 
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Figure 5-10: 

Increasing cell-ECM adhesion results in greater mechanical coupling of muscle stress 

fibers to the ECM through dorsal stress fibers. This is accompanied by slowing down of muscle 

stress fibers as they translocate away from the edge. Greater substrate coupling leads to the 

transition of the muscle stress fiber to a myofibril, possibly by increased mechanical forces. 

Decreasing cell-ECM adhesion leads to reduced mechanical coupling, accompanied by faster 

translocation of muscle stress fibers and an inability to mature into force-generating myofibrils.  
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The inverse relationship between the rate of MSF translocation and the extent of adhesion 

parallels observations made in migrating cells. In migrating cells, adhesions slow the movement 

of actin arcs52,166, which are the orthologs of MSFs80. Actin arcs are physically linked to focal 

adhesions through dorsal stress fibers53,167. DIAPH1 has been shown to be required for dorsal 

stress fiber assembly in non-muscle cells53. Therefore, it was not surprising that knockdown of 

DIAPH1 led to an increase in the rate of MSF translocation. Dorsal stress fibers are linked to 

adhesions through vinculin, which has been proposed to act as a “clutch” in non-muscle cells154. 

Indeed, MSF translocation was also accelerated upon vinculin depletion. Talin mechanically links 

vinculin to integrins. In non-muscle cells, overexpression of the head domain of talin disrupts the 

ability of endogenous talin to bind integrins, thus effectively losing this mechanical coupling156. In 

line with the vinculin depletion phenotype, overexpression of the head domain of talin also 

accelerated MSF translocation. 

These multiple correlations between cell-ECM adhesion and MSF translocation, as well 

as direct mechanical coupling through DSFs, strongly suggest a role for mechanical forces in the 

maturation of myofibrils. Focal adhesions are ideally suited for allowing an increase in tension 

since they can both sense and adapt to the magnitude and direction of mechanical forces55,168. 

Components such as integrins, talin and vinculin are mechano-sensitive58,61,169; that is, they 

change their structural conformation upon application of mechanical forces. Furthermore, it was 

reported that only a small proportion of talin molecules at cell-ECM attachment sites in the 

Drosophila flight muscle experience significant forces, suggesting a large pool of talin is primed 

for adapting to changes in load170. Therefore, our data support a model where adhesions could 

serve as load bearing sites and allow an increase in mechanical tension in MSFs, which wozuld 

allow their maturation into myofibrils (Figure 5-10). Indeed, in the flight muscles of Drosophila, the 

establishment of cell-ECM sites with tendons precedes the maturation of stress fibers to 

myofibrils171. 
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A bidirectional interplay between myofibrils and cell-ECM adhesion has also been 

implicated using computational modeling, where it was proposed that myofibrils and stress fibers 

form along the maximal principal stress direction172. Interestingly, cell-ECM adhesion was 

dominant over the contribution of cell shape to determine the direction of stress; “immature” iPSC 

derived cardiac myocytes with uniformly arranged smaller adhesions formed radially arranged 

myofibrils on square micropatterns, while more mature neonatal cardiac myocytes with larger 

adhesions formed linear substrate attached myofibrils172. Our data is in agreement with these 

theoretical predictions, since trypsinized hiCMs form radially arranged focal adhesions at early 

time points (6 hours, Figure 5-2B), and thus form radially arranged myofibrils. At later time points 

(beyond 24 hours), as adhesions grow larger, a symmetry breaking process occurs where these 

myofibrils linearize and become substrate attached. 

A recent study claimed to have delved into the fundamental mechanics of sarcomere 

assembly, where they propose that myofibrils stream out of “protocostameres” (i.e., focal 

adhesions) through a “centripetal” assembly mechanism78. It is important to note again that the 

authors made these claims about “de novo” sarcomere assembly during a time window when 

sarcomeres are already assembled. The apparent appearance of myofibrils perpendicular to focal 

adhesions was interesting, and different than the parallel arrangement we find during sarcomere 

assembly. This is an effect of imaging the ventral plane of the cell and capturing the pre-formed 

myofibrils falling down from the dorsal surface; a phenomenon observed routinely in non-muscle 

cells53,173. In non-muscle cells, actin arcs on the dorsal surface fuse with at least two dorsal stress 

fibers as they move to the ventral surface and convert to a ventral stress fiber with an adhesion 

at both ends53,173. The data from Chopra et al. appears to support such a mechanism of creating 

ventrally attached myofibrils, and may be a manifestation of the symmetry breaking that occurs 

at later stages of hiCM spreading78. We speculate DSFs are key structures that may relay the 

direction of principal stress from adhesions to MSFs or myofibrils. 



167 
 

Furthermore, Chopra et al. reported that knockout of β-myosin II led to a decrease in 

sarcomere content78. This led the authors to propose that a force balance between β-myosin II, 

but not other myosin II paralogs, and focal adhesions directs the centripetal assembly of 

sarcomeres. Interestingly, subsequent studies have called into question the relative roles of the 

myosin II paralogs during sarcomere formation80,174. Another lab has also generated β-myosin II 

knockout hiCMs, and sarcomere formation in these cells still occurs174. This calls into question 

the requirement for β-myosin II in sarcomere formation. Furthermore, we have recently shown 

that knockdown of “non-muscle” myosin IIs does lead to attenuation of sarcomere formation80. 

These requirements are also mirrored in Drosophila flight muscles, where non-muscle myosin II-

mediated tension, but not muscle myosin II, was required for the increased ordering in actin 

filaments79.  

It is important to note that our data suggests that centripetal assembly does, in part, 

contribute to myofibril formation. Centripetal assembly is likely to be the mechanism of nucleating 

the connections between myofibrils and focal adhesions (i.e., dorsal stress fibers). The concept 

of centripetal assembly was first proposed in 1984 in non-muscle cells, where stress fibers arise 

at the edge and elongate in a “centripetal” manner towards the middle of the cell175. Subsequent 

studies established this mode of assembly to be driving dorsal stress fiber formation, but not the 

assembly of actin arcs53. This concept of centripetal assembly was applied to myofibril formation 

as early as 1990, where vinculin “plaques” at the edge were proposed to give rise to the 

precursors of myofibrils 51. Our data argues while myofibrils do not directly arise from adhesions 

through centripetal assembly, dorsal stress fibers that link myofibrils to adhesions are likely to 

arise due to centripetal assembly. In support of this idea, disruption of β1 integrin in skeletal 

muscle in vitro led to the absence of mature myofibrils, but not MSF-like structures151.  

Cell-cell adhesion is another source of balancing forces generated by myofibrils142. 

However, cell-cell adhesion is still unknown to play a significant role in de novo myofibril assembly. 

It has been demonstrated previously that cell-ECM adhesion sites are responsible for the majority 
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of traction force generation during early cardiac myocyte spreading; as the cell continues to 

spread and makes cell-cell contacts, load-bearing sites are transferred to cell-cell contact sites 

144. As such, it is interesting to note that focal adhesion proteins such as FAK and vinculin also 

localize to intercalated discs once they form176,177. Indeed, a recent study found that vinculin 

localizes to cell-cell-adhesion sites under increased load in zebrafish hearts in vivo, driving the 

thickening of myofibrils178. Determining the mechanisms driving the localization of such proteins 

to sites of increased load should be the focus of future studies.  

Finally, we show a similar actin architecture in spreading hiCMs, namely a force 

generating contractile stress fiber (i.e., muscle stress fibers and myofibrils) connected to a load 

bearing structure (i.e., focal adhesion) via a non-contractile stress fiber (i.e. dorsal stress fiber), 

that is commonly observed in mesenchymal cells. It is interesting to note while this architecture 

is conserved, there are minor differences in the regulatory mechanisms between the formation of 

muscle stress fibers and actin arcs80. We speculate that this may allow a mesodermal progenitor 

cell to modify the same mechanical system to perform two distinct functions, cell migration in the 

case of mesenchymal lineages, and sarcomere assembly in the case of cardiac lineages. 
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Supplemental Figures 

Figure 5-S1: 3D Organization of Actin Structures Using SIM  
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Figure 5-S1: 

A) Different views of the SIM micrograph in Figure 5-1. Top left: Color-coded Z-projection 

of actin filaments as performed for Fig. 1C in Fenix et al, 2018. Total Z-depth used was 2.25 µm. 

Top right: “bottom” optical section showing the actin filaments associated with adhesions. Bottom 

left: Maximum project of Z sections excluding the bottom section. This “top” view is comprised of 

mostly dorsal actin filament structures. Bottom right: Overlay of “top” section (magenta) with 

“bottom” section (green) showing actin filament populations in myofibrils and adhesions, 

respectively. B) SIM of actin filaments in hiCM plated for 6 hours. Layers of actin filaments in the 

axial dimension are displayed using a color-coded Z-projection. Arrowheads show different dorsal 

stress fibers. B) Uncropped view showing region of interest used in Figure 5-1D and 1E. 



171 
 

Figure 5-S2: Deconvolution Widefield Microscopy of Actin Filaments in hiCMs 
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Figure 5-S2: 

A) Color-coded Z-projection of actin filaments in hiCM spread for 24 hours, acquired using 

a widefield microscope at 150X magnification and using 0.2 µm Z-steps. The image was 

deconvolved using Nikon Elements software. B) Montages of ROIs depicted by box1 and box2 in 

(A). Each montage shows individual Z-sections depicting similar layering of actin filaments as 

shown by SIM in Figure 5-1  
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Figure 5-S3: Computer-Assisted Image Analysis Pipeline  
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Figure 5-S3: 

For measurement of α-actinin-2 Z-line lengths, widefield fluorescence image stacks (gray) 

were deconvolved and segmented using Nikon Elements Software (colorized binary file). The 

long axis lengths of Z-bodies/lines were exported to MATLAB and data was filtered and processed 

to generate a mean Z-line measurement for each cell. For paxillin quantification, SIM micrographs 

were used for thresholding in FIJI. Filtering and further analysis was performed in MATLAB.  
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Figure 5-S4: Effects of Knockdown Using Single siRNAs  
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Figure 5-S4: 

A) Western blot for Vinculin knockdown using a single siRNA. Tubulin was used as a 

loading control. B) Quantification of adhesion area in Vinculin-depleted cells. si-Vinculin: n= 20 

cells, N= 3 independent experiments. The si-Scr dataset is the same as Fig. 3D. C) Quantification 

of average length of Z-lines in Vinculin-depleted cells. si-Vinculin: n= 30 cells, N= 3 independent 

experiments. The si-Scr dataset is the same as Fig. 3E. D) Quantification of distance of titin 

localization from the cell edge. si-Vinculin: n= 21 cells, N= 3 independent experiments. The siScr 

dataset is the same as Fig. 3F. E) Western blot for FAK knockdown using a single siRNA. Tubulin 

was used as a loading control. F) Quantification of adhesion area in FAK-depleted cells. si-FAK: 

n= 20 cells, N= 3 independent experiments. The si-Scr dataset is the same as Fig. 3D. G) 

Quantification of average length of Z-lines in FAK-depleted cells. si-FAK: n=31 cells, N= 3 

independent experiments. The si-Scr dataset is the same as Fig. 3E. H) Quantification of distance 

of titin localization from the cell edge. si-FAK: n= 21 cells, N= 3 independent experiments. The si-

Scr dataset is the same as Fig. 3F. I) Western blot for DIAPH1 knockdown using a single siRNA. 

Tubulin was used as a loading control. J) Quantification of adhesion area in DIAPH1-depleted 

cells. si-DIAPH1: n= 20 cells, N= 3 independent experiments. The si-Scr dataset is the same as 

Fig. 3D. K) Quantification of average length of Z-lines in DIAPH1- depleted cells. si-DIAPH1: n= 

30 cells, N= 3 independent experiments. The si-Scr dataset is the same as Fig. 3E. L) 

Quantification of distance of titin localization from the cell edge. si-DIAPH1: n= 21 cells, N= 3 

independent experiments. The si-Scr dataset is the same as Fig. 3F. 
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Figure 5-S5: Full length talin-mEGFP expression in hiCMs  
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Figure 5-S5: 

Paxllin (top left panel) and α-actinin 2 (top right panel) in hiCMs that are expressing talin-

mEGFP (bottom panels). 
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Figure 5-S6: Effects of FAK Inhibition and Increased Fibronectin Concentration on Z-Lines and 
Adhesions.  
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Figure 5-S6: 

Tukey plots of Z-line lengths and adhesion area upon FAK inhibition (A-B) and increasing 

fibronectin concentration (C-D) in hiCMs spread for 24 hours. Z-lines: Control: n= 75 cells, N= 3 

independent experiments; PF-228: n= 128 cells, N= 4 independent experiments; 50 µg/mL 

fibronectin: n= 204 cells, N= 6 independent experiments. Adhesions: Control: n= 48 cells, N= 5 

independent experiments; PF-228: n= 39 cells, N= 4 independent experiments; 50 µg/mL 

fibronectin: n= 59 cells, N= 6 independent experiments. Exact p-values stated over graphs. 
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Materials and Methods 

 

Cell Culture 

Human iPSC-derived cardiac myocytes (CMM-100-012-000.5, Cellular Dynamics, 

Madison, WI) were cultured as per manufacturer’s instructions in proprietary manufacturer 

provided cardiac myocyte maintenance medium in polystyrene 96-well cell culture plates. 

Cells were maintained at 37°C and 5% CO2. For re-plating hiCMs onto glass substrates, 

cells were washed 2 times with 100 µL 1x PBS with no Ca2+/Mg2+ (PBS*, 70011044, Gibco, Grand 

Island, NY). PBS* was completely removed from hiCMs and 40 µL 0.1% Trypsin-EDTA with no 

phenol red (15400054, Gibco, Grand Island, NY) was added to hiCMs and incubated at 37°C for 

2 minutes. Following incubation, the cells were washed 3 times with trypsin, the plate rotated 180 

degrees, and washed another 3 times. Trypsinization was then quenched by adding 160 µL of 

culture media and total cell mixture was pipetted into a 1.5 mL Eppendorf tube. Cells were 

centrifuged at 200xg for 5 minutes, and the supernatant was aspirated. The cell pellet was re-

suspended in 200 µL of culture media and plated on 35 mm dishes with a 10 mm glass bottom 

(D35-10-1.5-N; CellVis, Sunnydale, CA) pre-coated with 10 µg/mL fibronectin (354008, Corning) 

for 1 hr at 37°C.  

 

Chemicals 

FAK inhibitor PF-228 (PZ0117) was purchased from Sigma. Alexa Fluor 488-phalloidin 

(A12379), Alexa Fluor 568-phalloidin (A12380), Alexa Fluor 488-goat anti-mouse (A11029), Alexa 

Fluor 488-goat anti-rabbit (A11034), Alexa Fluor 568-goat-anti-rabbit (A11011), and Alexa Fluor 

568-goat anti-mouse (A11004) antibodies were purchased from Life Technologies (Grand Island, 

NY).  

Mouse anti-Paxillin (1:200, 610051) and mouse anti-FAK (1:500, 610088) antibodies were 

purchased from BD Biosciences. Rabbit anti-FAK pY357 (1:200, ab81298) was purchased from 
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Abcam. Mouse anti-α-actinin 2 (1:200, A7811) was purchased from Sigma Aldrich. Titin (9D10) 

antibody was purchased from the Developmental Studies Hybridoma Bank (University of Iowa). 

Primary antibody conjugation was performed using Mix-n-Stain kits (92233) purchased from 

Biotium (Fremont, CA) according to the instructions provided by the manufacturer. 

Paraformaldehyde (15710) was purchased from Electron Microscopy Sciences (Hatfield, PA). 

Triton X-100 (BP151100) was purchased from Fischer Scientific (Suwanee, GA). 

 

Fixation and immunostaining 

Cells were fixed with 4% paraformaldehyde (PFA) in PBS at room temperature for 20 min 

and then permeabilized for 5 min with 1% Triton X-100/4% PFA in PBS. For actin visualization, 

phalloidin 488 or 568 in 1× PBS (15 μl of stock phalloidin per 200 μl of PBS) was used for 2 hours 

at room temperature. For immunofluorescence experiments, cells were blocked in 10% bovine 

serum albumin (BSA) in PBS for 20 min, followed by antibody incubations.  

For visualizing titin, a live cell extraction was performed to remove cytoplasmic 

background as described previously167. Briefly, a cytoskeleton-stabilizing live-cell extraction buffer 

was made fresh containing 2 ml of stock solution (500 mM 1,4-piperazinediethanesulfonic acid, 

25 mM ethylene glycol tetra acetic acid, 25 mM MgCl2), 4 ml of 10% polyoxyethylene glycol (PEG; 

35,000 molecular weight), 4 ml H2O, and 100 μl of Triton X-100, 10 μM paclitaxel, and 10 μM 

phalloidin. Cells were treated with this extraction buffer for 1 min, followed by a 1-min wash with 

wash buffer (extraction buffer without PEG or Triton X-100). Cells were then fixed with 4% PFA 

for 20 min, followed by antibody labeling. VectaShield with DAPI (H-1200, Vector Laboratories 

Inc., Burlingame, CA) was used for mounting. 
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Protein Expression 

For protein expression in hiCMs, 200 ng plasmid and 0.4 µl ViaFect (E4981, Promega, 

Madison WI) were added to a total of 10 µl of Opti-MEM (ThermoFisher, Waltham, MA) and added 

to a single well of hiCMs in a 96 well plate. The transfection was incubated overnight (~16 hrs) 

prior to plating for imaging. 

 

Plasmids 

All plasmids used in this study are available from Addgene (Cambridge, MA). mCherry-

Alpha-Actinin2-N-18 was a gift from Michael Davidson (Addgene plasmid # 54974). mApple-

Lifeact-7 was a gift from Michael Davidson (Addgene plasmid # 54747). mEmerald-Lifeact-7 was 

a gift from Michael Davidson (Addgene plasmid # 54148). mCherry-Paxillin-22 was a gift from 

Michael Davidson (Addgene plasmid # 55114) 179. EGFP-Talin-H-18 was a gift from Michael 

Davidson (Addgene plasmid # 56448). EGFP-Talin-CW-18 was a gift from Michael Davidson 

(Addgene plasmid # 56446). 

 

Knockdown Experiments 

Knockdowns for FAK (PTK2), DIAPH1 and VCL were performed using Accell SmartPool 

siRNA (PTK2: E-003164-00-0005; DIAPH1: E-010347-00-0005; VCL: E-009288-00-0005; 

scrambled control: D-001910-10-05) purchased from GE Dharmacon. Experiments were 

performed in 96-well culture plates, using the TransIT-TKO transfection reagent using instructions 

provided by the manufacturer (MIR2154, Mirus Bio). Single siRNA-mediated knockdown 

experiments were performed using PTK2: A-003164-21-0005; DIAPH1: A-010347-14-0005; VCL: 

A-009288-13-0005; and scrambled control: D-001910-10-05 purchased from GE Dharmacon. 

Three consecutive rounds of knockdown were performed to deplete protein levels. Following 

knockdown, cells were re-plated onto glass substrates for 24 hours and fixed for 

immunofluorescence or lysed for western blotting. 
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Western Blotting 

Gel samples were prepared by mixing cell lysates with LDS sample buffer (Life 

Technologies, NP0007) and Sample Reducing Buffer (Life Technologies, NP0009) and boiled at 

95°C for 5 minutes. Samples were resolved on Bolt 4-12% gradient Bis-Tris gels (Life 

Technologies, NW04120BOX). Protein bands were blotted onto a nylon membrane (Millipore). 

Blots were blocked using 5% nonfat dry milk (Research Products International Corp, Mt. Prospect, 

IL, M17200) in TBST. Antibody incubations were also performed in 5% NFDM in TBST. Blots 

were developed using the Immobilon Chemiluminescence Kit (Millipore, WBKLS0500). 

 

Structured Illumination Microscopy 

SIM imaging and processing was performed using a GE Healthcare DeltaVision OMX 

equipped with a 60×1.42 NA Oil objective and sCMOS camera or using a Nikon N-SIM equipped 

with a 100X 1.49 NA Oil objective and EMCCD camera.  

 

Fluorescence, Live-Cell Microscopy, and Focused Laser-Mediated Cutting 

High-resolution wide-field fluorescence images (for Z-line measurement) and live 

imaging of actin filaments (to measure MSF translocation rates) were acquired on a Nikon 

Eclipse Ti equipped with a Nikon 100× Plan Apo 1.45 numerical aperture (NA) oil objective and 

a Nikon DS-Qi2 CMOS camera. Live imaging for Figure 5-2 and focused laser mediated cutting 

for Figure 5-1 was performed on a Nikon Spinning Disk confocal microscope equipped with a 

60X 1.4 NA objective and an Andor iXON Ultra EMCCD camera, provided by the Nikon Center 

of Excellence, Vanderbilt University. Cutting of dorsal stress fibers was performed using a 100 

mW UV laser (Coherent technologies) at 75% power, using a dwell time of 500 µs for a total 

period of 1 second. TIRF imaging was performed using a Nikon TiE inverted light microscope 

equipped with a 100x/1.49 NA TIRF objective, and an Andor Neo sCMOS camera. was Cells 

were maintained at 37°C with 5% CO2 using a Tokai Hit stage incubator.  
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Quantification and Statistical Analysis 

To measure Z-line length in hiCMs, Z-sections were acquired at 200 nm intervals using 

widefield imaging at 100X with 1.5 Zoom. Images were deconvolved with the Automatic 

deconvolution using Nikon Elements software. All α-actinin 2 structures were 3D thresholded 

manually in Nikon Elements using the clean algorithm 3 times. The lengths of the major axis of 

each body were exported from Elements for the calculation of Z-line length. Using a length 

minimum exclusion criterion of 0.2 µm, Z-line lengths were calculated using MATLAB 

(supplementary software).  

To measure sum adhesion area of hiCMs, one single Z-slice of a reconstructed SIM image 

where the focal adhesions were in focus was selected. Focal adhesions were thresholded and 

the sum area was measured in Fiji, using a size minimum exclusion criterion of 0.1 µm2.  

For measurement of the distance of titin to the edge (Figure 5-3F-G), we measured the 

length of a line from the edge to the first titin ring in Fiji. The researcher analyzing the data was 

blinded to treatment groups.  

For measurement of MSF translocation rates, hiCMs were transfected with Lifeact-mApple 

and allow to spread for 16 hours post plating. Two Z-sections were acquired, one at the ventral 

plane and one 0.5 µm above the ventral plane, at 2-minute intervals for a total time of 2 hours. 

Maximum Z-projections were performed on the time montages, followed by alignment of the 

image stacks using the StackReg plugin in Fiji. A 3-pixel thick line was drawn parallel to the 

direction of MSF translocation to create a kymograph, following which the rates were measured 

for MSFs. 1-3 trajectories were counted for each cell.  

Statistical significance was determined using unpaired two-tailed Student’s t-tests 

performed in MATLAB or Excel. Each experiment was performed a minimum of 3 times and each 

cell was counted as a data point and was pooled over the biological replicates. All data was 

displayed as Tukey plots, which were represented with boxes (with Q1, median, Q3 percentiles), 

whiskers (minimum and maximum values within 1.5 times interquartile range) and outliers (solid 
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circles). No outliers were removed from the analysis. For western blot graphs, error bars represent 

standard error of the means. 
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CHAPTER 6 

SARCOMERE FORMATION IN CARDIAC MYOCYTES IS ONLY PARTIALLY DEPENDENT 

ON MYOSIN II-BASED TENSION 

 

Introduction 

The sarcomere is the essential unit of contraction, making up the force behind a 

heartbeat1. Sarcomeres are structures contained within cardiac muscle cells, or cardiac 

myocytes. When heart cells grow larger, that is, when they undergo hypertrophy, new sarcomeres 

are added laterally. However, it is unknown how sarcomeres form initially and how new sarcomere 

precursors add to pre-formed sarcomeres. Several decades of studies have separated the field 

into differing models of sarcomere formation, however, these studies were almost entirely done 

with manual quantification80. Here, I present a preliminary study using both qualitative and 

quantitative techniques to probe the role of contractility in sarcomere formation using an unbiased 

automated quantification tool.   

Contractility has been shown previously to be required for sarcomere formation. Cellular 

contractility is defined by a cells ability to apply contractile forces to its environment and within the 

cell, while also sensing forces done to the cell. Frequently, and in this case, cellular contractility 

refers to the forces myosin motors apply to actin filaments. A recent study has proposed that 

nonmuscle myosins are not required for sarcomere formation, by treating cardiac myocytes with 

Blebbistatin, a potent myosin-II inhibitor, and by using CRISPR to knock out NMIIA and/or NMIIB. 

They treated cardiac myocytes with pre-formed sarcomeres with Blebbistain and showed that the 

cells lose traction force and, eventually, their sarcomeres78. However, Blebbistatin also inhibits 

muscle myosin isoforms, and NMII’s role in sarcomere formation cannot be assessed when pre-

formed sarcomeres are being studied80. Next, the authors utilized lentiviral CRISPR KO to knock 

out NMIIA, NMIIB, or both. This is a creative way to knock out proteins in cardiac myocytes, as 

they do not divide and more classical CRISPR techniques cannot be used78. They determined 
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that cells lacking NMII isoforms formed regular sarcomeres, while their images disagree. Using 

5-8 cells per treatment, the authors quantified “sarcomere content” as an output for myofibril 

formation, calculated by a software utilizing Fourier transformation of images to frequency space, 

taking the summation in the Y direction of the Fourier transformation, and fitting the summation 

to a curve with both periodic and aperiodic components, representing the organized and non-

organized structures, respectively180. However, Fourier transforms are sensitive to rotation, that 

is, the outcome of the transform changes depending on how the cell is oriented. For example, text 

is oriented in the horizontal direction (Figure 6-1A, top), producing a bright white line vertically in 

its Fourier Transform. The lines found in a Fourier Transform image represent the orientation of 

the original image, whereas the spacing and patterns of the bright lines represent the periodicity, 

patterning, and spacing of the image. If the text is rotated 45 degrees clockwise, the Fourier 

Transform fundamentally changes (Figure 6-A, bottom) 181. These input images are the same 

image, but the outputs are vastly different. I tested the software used in Chopra et al and found 

the same phenomenon: the sarcomere content output of the same cell ROI changes when it is 

rotated. In this way, this software is generally not of use unless every cardiac myocyte is plated 

on a patterned substrate and each image is oriented the same exact way. This is time consuming, 

and the output of the software itself does not have units and does not refer to an actual, real space 

calculation that researchers can see reflected in the image78. 

By eye, it appears that cells depleted of NMIIA and/or NMIIB in Chopra et al. do not have 

proper sarcomeres by visualizing actinin2, however, their calculations determine that the 

sarcomere content is not significantly affected78. However, this manuscript showed an essential 

gap in the field of cardiac biology: an automated image analysis technique that measures 

sarcomere formation in real space. 
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Figure 6-1: Fourier Transforms are Susceptible to Rotation 
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Figure 6-1: 

A) The effect of rotation on a Fourier transform181. Left: an example image of text oriented 

in the horizontal direction, either transformed clockwise 0 or 45 degrees. Middle: logarithm of the 

magnitude of the Fourier transform of left images. Right: Thresholded magnitude of the Fourier 

images. B) The effect of rotation on sarcomere content as calculated in Chopra et al78. ROI is of 

an actinin2-labeled cardiac myocyte, rotated 0, 45, 90, or 135 degrees clockwise.  
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I have developed a software that measure sarcomere formation in real space rather than 

frequency space, and calculates over 36 measurements with units that can be seen in the image, 

such as “Z-lines per cell”, “Myofibril length”, and “Z-line spacing” (Table 6-1). These calculations 

have always been done by-hand, which limits the number of experiments a single researcher or 

team can do. This software is called “sarcApp” and thresholds a-actinin-2, a marker for the Z-line, 

and uses geometry and trigonometry to calculate sarcomere maturity and organization. I then 

utilize this software to automatically quantify hundreds of cells at once to probe the role of both 

muscle and nonmuscle myosin II contractility in sarcomere formation. I determined thus far that 

while general myosin II contractility results in the reduction of sarcomere formation via actinin2 

staining, titin and myomesin (widely considered more mature sarcomere components) still form 

sarcomeric structures. Further, muscle myosin II knockdowns show that muscle myosin II is not 

required for sarcomere formation. These findings support a preliminary hypothesis that 

nonmuscle myosin II contractility is required for local actin organization during the formation and 

coalescence of Z-bodies, but not in localization and organization of titin and myomesin.  

 

Results 

 

sarcApp Development and Functionality 

 sarcApp was developed initially as a tool to quantify a-actinin-2 in cardiac myocytes to 

measure sarcomere structure in an unbiased and automatic way. In order to do so, first I use 

machine learning techniques to threshold deconvolved spinning disk images of immunolocalized 

a-actinin-2. Briefly, the software first calculates statistics and morphology information about each 

actinin2-positive structure in the cell. Each structure is initially classified as either a potential Z-

body or Z-line based on size. Then, each Z-line is paired to other Z-lines in the cell based on 

shape, orientation, and location in order to partition Z-lines that belong to the same myofibril. 

Finally, statistics are calculated on each Z-line, myofibril, and Z-body in the cell (Figure 6-2C).  
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Figure 6-2: sarcApp Appearance and Functionality 
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Figure 6-2:  

A) Graphical user interface for sarcApp, written in MATLAB programming language. Inputs 

include an actinin2 image and an optional file with threshold information. Information can be 

imported from Nikon Elements and FIJI, or can be calculated within the software. Images can be 

fixed 2D images, fixed 3D images, live beating movies, or long-term spreading movies. B) 

Representative example for sarcApp output. White line denotes the cell edge, whereas different 

colored lines represent Z-lines. Each color denotes a different myofibril, and each number 

represents the Z-line number, listed in the output spreadsheet so individual Z-lines can be tracked. 

C) An example actinin2 image, its binary, and one defined myofibril in the region of interest, 

calculated using sarcApp. Below are four examples of measurements produced by sarcApp: 

persistence length (overall myofibril length), distance of the myofibril from the edge, number of Z-

lines, and average spacing between neighboring Z-lines. 
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There are several outputs to sarcApp, listed in Table 6-1. sarcApp was initially developed 

as a graphical user interface (Figure 6-2B) which can accommodate either pre-thresholded 

images from other platforms, and can also accept raw fluorescent images to produce a threshold 

and quantify particle properties automatically. sarcApp outputs an image of the cell with color-

coded myofibrils and numbered Z-lines, along with an excel spreadsheet of each calculation 

performed and the raw data used, numbered the same way so users can analyze individual Z-

lines of interest afterwards (Figure 6-2B). 

  

Myosin II-Based Contractility is Required for Thin Filament organization  

To test sarcApp’s functionality and accuracy, I quantified a previously published dataset 

from our lab of NMIIA or NMIIB knockdown hiCMs. These data were quantified manually, which 

is a time-consuming process which can be prone to bias unless researchers are blinded. When 

quantified using sarcApp, the same conclusions were found: NMIIA and NMIIB are each required 

for sarcomere assembly (Figure 6-S1). However, these images were only stained for actinin2 and 

actin, which are only part of the overall sarcomere structure. Further, cardiac myocytes contain 

alpha and beta cardiac myosin II, which are also found in cofilaments with NMIIA and NMIIB near 

the sarcomere-forming region of the cell, further from the leading edge. In order to further 

investigate the role of myosin II-based contractility in all aspects of sarcomere formation, I plated 

cardiac myocytes on a dish and treated with Blebbistatin 1 hour post-plating and fixed them after 

6, 12, or 24 hours (Figure 6-3A). Blebbistatin inhibits nonmuscle and muscle myosin II isoforms. 

When cardiac myocytes are trypsinized and re-plated, they lose and re-form their sarcomeres 

over 24 hours, producing an ideal model system for sarcomere formation. As mentioned 

previously, waiting until 24 hours post-plating to perform perturbations measures sarcomere 

maintenance and stability rather than formation.  
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Table 6-1: Outputs of sarcApp 
 

Outputs per Cell Outputs per Myofibil Outputs per MSF 
Outputs for remaining 

unorganized 
structures 

Total number of 
myofibrils 

Total number of Z-
lines 

Total number of Z-
bodies 

Number of unorganized 
structures 

Total number of Z-
lines 

Average length of Z-
lines 

Average length of 
Z-bodies 

Average length of 
unorganized structures 

Average myofibril 
persistence length 

Average spacing 
between Z-lines 

Average spacing 
between Z-bodies 

Average spacing 
between unorganized 
structures 

Average Z-line 
length 

Distance from the cell 
edge 

Distance from the 
cell edge 

Distance from the cell 
edge 

Total number of Z-
bodies 

Angle of myofibril long 
axis 

Angle of MSF long 
axis 

 

Average MSF 
persistence length 

Persistence length Persistence Length  

Average size of all 
actinin2 puncta 
within the cell 
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Figure 6-3: Sarcomere Formation is Inhibited Upon Myosin II-Inhibition 
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Figure 6-3: 

A) Representative (Left) and most organized (Right) images of cardiac myocytes treated 

with DMSO or 50-100 µm Blebbistatin 1 hour post-plating and fixed 24 hours-post plating. B) 

Quantification of Z-lines per cell using sarcApp for cells treated with DMSO or 50-100 µm 

Blebbistatin 1 hour post-plating and fixed 6 hours post-plating. C) Quantification of Z-lines per cell 

using sarcApp for cells treated with DMSO or 50-100 µm Blebbistatin 1 hour post-plating and fixed 

12 hours post-plating. D) Quantification of Z-lines per cell using sarcApp for cells treated with 

DMSO or 50-100 µm Blebbistatin 1 hour post-plating and fixed 24 hours post-plating. 
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Figure 6-3A (left) shows a 24 hour cell in each treatment group that represents the mean 

calculated number of Z-lines per cell (quantified Figure 6-3D). DMSO-treated hiCMs reliably 

formed sarcomeres over 24 hours. The number of Z-lines per cell was significantly reduced in 

cells treated with either 50 or 100 µm Blebbistatin. Figure 6-3A (right) shows the cell in each 

treatment group that had the most Z-lines per cell over all three datasets, to show that even the 

most organized Blebbistatin-treated cells did not have the same structures as DMSO-treated 

cells. Preliminary calculations suggest no difference between DMSO-treated and Blebbistatin-

treated cells 6 hours post-plating, before most sarcomeres have begun forming (Figure 6-3B). 

The differences in DMSO- and Blebbistatin-treated cells appears to arise around 12 hours post-

plating (Figure 6-3C), however, these data are preliminary and must be repeated to confirm. 

Further, sarcApp outputs several more measurements than Z-lines per cell, some of which may 

show differences in sarcomere organization, structure, and spacing that are not detectable by eye 

in these first experiments.  As actinin2 is only one portion of a sarcomere, I also stained these 

cells with phalloidin to localize F-actin, the cytoskeletal component of the thin filament of the 

sarcomere. Indeed, organized F-actin thin filament structures are less detectable by eye in 

Blebbistatin-treated cells. Taken together, these data provide preliminary insight into the role of 

muscle myosin II contractility in formation of the thin filament structure and sarcomere borders (Z-

lines).  

 

Myosin II-Based Contractility is Not Required for Titin and Myomesin Organization 

 Titin is a springlike, massive protein that spans from the Z-line to the M-line of a 

sarcomere. Myomesin is an M-line protein required for muscle myosin crosslinking in the 

sarcomere. Titin and myomesin, along others, are widely considered markers of mature 

sarcomeres and are proposed in most sarcomere assembly models to not load onto the 

sarcomere until the thin filament is produced and organized. I wished to test the localization of 

titin and myomesin in myosin II-inhibited cardiac myocytes to investigate which components of 
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the sarcomere are affected by cellular contractility. As before, phalloidin staining of F-actin 

filaments showed a disorganized cytoskeleton in Blebbistatin-treated cells, while control cells has 

organized myofibrils (Figure 6-4). Control cells show a canonical pattern of titin and myomesin 

localization, with the titin antibody recognizing the I/Z interface region of titin and localizing directly 

to either side of the Z-line and myomesin localizing directly between Z-lines at the M-line. 

Interestingly, in 100uM Blebbistatin-treated cells, the overall ultrastructure of the sarcomere 

appeared changed, but striated arrays of titin and myomesin still existed in the same pattern 

toward the middle of the cell (Figure 6-4, insets). While sarcApp can only currently measure 

actinin2, a goal of this software is to eventually measure titin and myomesin as well, which will 

likely provide insight into these small striated structures. My current hypothesis is that myosin II-

based tension is not required for assembly of some sarcomere components, but is required for 

overall total sarcomere formation. 
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Figure 6-4: Myosin II-Based Contractility is only Partially Required for Titin and Myomesin Striation 
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Figure 6-4:  

Cardiac myocytes treated with either DMSO or 100 uM Blebbistatin 1 hour post-plating, 

then fixed and stained 24 hours post-plating and imaged on a Nikon Spinning Disk. Insets show 

regions of striation. 
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Cardiac Myosin II Isoforms are Not Required for Sarcomere Assembly 

 Because Blebbistatin inhibits both nonmuscle myosin II and cardiac myosin II, I next 

wished to test if the lack of sarcomeres in blebbistatin-treated cells was due to loss of nonmuscle 

myosin contractility, muscle myosin contractility, or both. Cardiac myocytes express both alpha 

cardiac myosin (gene name MYH6) and beta cardiac myosin (gene name MYH7), in different 

ratios depending on the developmental maturity of the cell. While Chopra et al. demonstrated that 

MYH7 was required for sarcomere formation in cardiac myocytes (but MYH6 was not), other 

studies suggest that neither myosin is required, at least in skeletal muscle. To study this, I turned 

to siRNA-mediated knockdown of either a scrambled sequence, MYH6, or MYH7, then plated the 

cells for 24 hours to examine sarcomere structure (Figure 6-5A). Preliminary experiments with 

70-90% knockdown show sarcomeres that appear similar to control sarcomeres, with no 

significant difference in Z-lines per cell (Figure 6-5B-C). There appears to be a slight increase in 

Z-lines per cell in siMYH7 cardiac myocytes, which contrasts with the findings from Chopra et al. 

that MYH7 KO cells have less sarcomere content while MYH6 KO cells have more sarcomere 

content. It will be important to follow up on these experiments and examine all outputs of sarcApp 

to identify any sarcomere components that are altered upon muscle myosin knockdown.  
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Figure 6-5: Sarcomere Formation is not Affected by Knockdown of Muscle Myosin Isoforms 
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Figure 6-5: 

A) Cardiac myocytes treated with siRNA to a scrambled sequence, MYH6 (alpha cardiac 

myocyte), or MYH7 (beta cardiac myosin), then fixed and stained 24 hours post-plating. B) 

Quantification of Z-line per cell using sarcApp of cardiac myocytes given siRNA to either a 

scrambled sequence of MYH6. C) Quantification of Z-lines per cell using sarcApp of cardiac 

myocytes given siRNA to either a scrambled sequence of MYH7. 
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Conclusions and Future Directions 

This descriptive, but quantitative, study provides a framework for automatically quantifying 

several aspects of sarcomere formation and structure in an unbiased way. There are several 

possible next steps, including mining the sarcApp output data to determine which specific 

components of the sarcomere blebbistatin treatment and/or muscle myosin knockdown. 

Introducing titin, myomesin, phalloidin, and adhesion quantification into sarcApp will provide even 

more markers to quantify. Sarcomeres are frequently quantified using one or two proteins, when 

sarcomeres are indeed dense structures with several independent components. One must 

quantify and observe as many of these components as possible in order to make the most 

accurate hypotheses about sarcomere formation and maintenance.  

These data implicate nonmuscle myosin II-based contractility in thin filament and Z-line 

formation, while muscle myosin does not appear to be required. However, cells with inhibited 

nonmuscle myosin II contractility can still form striated titin and myomesin patterns, suggesting 

the formation of A-bands. Whether muscle myosin localizes in stacks typical of the A-band in 

Blebbistatin has not been determined and is a relevant follow up study, and I hypothesize they 

do. However, it is important to consider what these findings mean in the grand scheme of 

sarcomere formation. Studies have previously proposed a model of local thin filament 

organization requiring tropomodulins and nonmuscle myosins182,183. Almenar-Queralt et al. 

propose that tropomodulin regulates actin filament length during sarcomere formation in skeletal 

muscle cells, by rearranging unorganized thin filaments into striated myofibrils, moving laterally 

until Z-line and M-line components arrange laterally182. McKenna et al. proposed a similar 

mechanism in 1986, hypothesizing that newly formed premyofibrils with Z-bodies or short Z-lines 

on actin thin filaments shift side to side until the myofibrils are aligned in a trial and error 

process183. This hypothesis of Z-bodies shifting through actin capping and rearrangement fits with 

a model I am hypothesizing, that nonmuscle myosins in muscle stress fibers crosslink actin 

filaments and provide the contractility required for such a rearrangement, along with tropomodulin 
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to cap the actin pointed end at the desired length, and some actin severing protein (I propose 

Cofilin, based on localization and its distinct relationship with vinculin)173,184. Cofilin also has been 

shown to sever filaments in noncontractile stress fibers, regulating their formation and only 

allowing properly-formed contractile stress fibers to develop further173 . Of course, this hypothesis 

requires stringent testing and experiments, which are on the horizon. 

 

Materials and Methods 

 

Cell Culture 

Human iPSC-derived cardiac myocytes (CMM-100-012-000.5, Cellular Dynamics, 

Madison, WI) were cultured as per manufacturer’s instructions in proprietary manufacturer 

provided cardiac myocyte maintenance medium in polystyrene 96-well cell culture plates. 

Cells were maintained at 37°C and 5% CO2. For re-plating hiCMs onto glass substrates, 

cells were washed 2 times with 100 µL 1x PBS with no Ca2+/Mg2+ (PBS*, 70011044, Gibco, Grand 

Island, NY). PBS* was completely removed from hiCMs and 40 µL 0.1% Trypsin-EDTA with no 

phenol red (15400054, Gibco, Grand Island, NY) was added to hiCMs and incubated at 37°C for 

2 minutes. Following incubation, the cells were washed 3 times with trypsin, the plate rotated 180 

degrees, and washed another 3 times. Trypsinization was then quenched by adding 160 µL of 

culture media and total cell mixture was pipetted into a 1.5 mL Eppendorf tube. Cells were 

centrifuged at 200xg for 5 minutes, and the supernatant was aspirated. The cell pellet was re-

suspended in 200 µL of culture media and plated on 35 mm dishes with a 10 mm glass bottom 

(D35-10-1.5-N; CellVis, Sunnydale, CA) pre-coated with 10 µg/mL fibronectin (354008, Corning) 

for 1 hr at 37°C.  
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Chemicals 

Alexa Fluor 488-phalloidin (A12379), Alexa Fluor 568-phalloidin (A12380), Alexa Fluor 

488-goat anti-mouse (A11029), Alexa Fluor 488-goat anti-rabbit (A11034), Alexa Fluor 568-goat-

anti-rabbit (A11011), and Alexa Fluor 568-goat anti-mouse (A11004) antibodies were purchased 

from Life Technologies (Grand Island, NY).  

Titin (9D10) antibody and Myomesin (MYOM) was purchased from the Developmental 

Studies Hybridoma Bank (University of Iowa). Mouse anti-α-actinin 2 (1:200, A7811) was 

purchased from Sigma Aldrich. 

Blebbistatin was purchased from Sigma (B0560) and  reconstituted to 10 mM in DMSO.  

 

Fixation and immunostaining 

Cells were fixed with 4% paraformaldehyde (PFA) in PBS at room temperature for 20 min 

and then permeabilized for 5 min with 1% Triton X-100/4% PFA in PBS as previously described 

(Burnette et al., 2014). For actin visualization, phalloidin 488 or 568 in 1× PBS (15 μl of stock 

phalloidin per 200 μl of PBS) was used for 2 hours at room temperature. For immunofluorescence 

experiments, cells were blocked in 5% bovine serum albumin (BSA) in PBS for 20 min, followed 

by antibody incubations.  

For visualizing titin and myomesin, a live cell extraction was performed to remove 

cytoplasmic background as described previously 167. Briefly, a cytoskeleton-stabilizing live-cell 

extraction buffer was made fresh containing 2 ml of stock solution (500 mM 1,4-

piperazinediethanesulfonic acid, 25 mM ethylene glycol tetra acetic acid, 25 mM MgCl2), 4 ml of 

10% polyoxyethylene glycol (PEG; 35,000 molecular weight), 4 ml H2O, and 100 μl of Triton X-

100, 10 μM paclitaxel, and 10 μM phalloidin. Cells were treated with this extraction buffer for 1 

min, followed by a 1-min wash with wash buffer (extraction buffer without PEG or Triton X-100). 

Cells were then fixed with 4% PFA for 20 min, followed by antibody labeling. VectaShield with 

DAPI (H-1200, Vector Laboratories Inc., Burlingame, CA) was used for mounting. 
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Knockdown Experiments 

Knockdowns for MYH6 and MYH7 were performed using SmartPool siRNA (MYH6: A-

012645, MYH7: A-11086) purchased from GE Dharmacon. Experiments were performed in 96-

well culture plates, using the Lipofectamine RNAiMAX reagent and instructions provided by the 

manufacturer (ThermoFisher, LMRNA015). Following knockdown, cells were re-plated onto glass 

substrates for 24 hours and fixed for immunofluorescence or lysed for western blotting. 

 

Fluorescence Microscopy 

 Imaging was performed on a Nikon Spinning Disk confocal microscope equipped with Apo 

TIRF Oil 100X 1.49 NA objective and a Photometrics Prime 95B cMOS monochrome camera, 

provided by the Nikon Center of Excellence, Vanderbilt University. Images were deconvolved 

post-acquisition using the FIJI Microvolution software plugin (Microvolution, Cupertino, CA).  
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CHAPTER 7 

 

CHAPTER SUMMARIES AND FUTURE DIRECTIONS 

 

Chapter 2 Summary  

In Chapter 2, we present a strategy for identifying small molecules that induce cardiac 

myocyte proliferation. This screening platform was designed with the purpose of being cost-

effective, straight-forward, and attainable for laboratories interested in new fields of study. As 

such, we chose to use purchased human iPSC-derived cardiac myocytes (hiCMs), which 

minimizes experiment time and cost. As a proof of concept, we screened a library of 429 kinase 

inhibitors and identified three small molecules which significantly increase cardiac myocyte 

proliferation over time.  

 

Chapter 3 Summary 

 In chapter 3, we investigated the role of the Hippo pathway in density-dependent cardiac 

myocyte proliferation. In chapter 2, we demonstrated that cardiac myocytes have a higher 

proliferative capacity when plated sparsely than when plated in a dense monolayer. I then wished 

to determine the mechanism of this contact inhibition-related phenotype, and performed a 

literature search to determine any potential pathways. Serendipitously, I went to a developmental 

biology journal club the next week on the role of the Hippo pathway in the growing heart, and I 

noticed that this pathway had all of the requirements I was looking for in a potential regulatory 

pathway for cardiac myocyte density-dependent cell division. I first wished to perform an acute 

experiment to see if the Hippo pathway was altered upon loss of contact inhibition, and performed 

a scratch assay and stained for the downstream Hippo pathway protein YAP. Interestingly, the 

cardiac myocytes near the scratch had a higher nuclear YAP to cytosolic YAP ratio, which 

represents YAP activity and generalizes to a higher proliferative capacity. Throughout the rest of 
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the manuscript, we showed that the Hippo pathway regulates density-dependent proliferation in 

a scratch assay and in population-wide studies where cells were sparsely-plated or densely-

plated. Further, we showed that the proliferative capacity induced upon sparse plating of cardiac 

myocytes can be increased by combinatorial pharmacological perturbation of the Hippo pathway.  

 

Chapter 4 Summary  

 In chapter 4, I investigated the proliferative capacity of binucleated cardiac myocytes by 

re-analyzing data from a lineage tracing experiment published previously. The initial study used 

Mosaic Analysis with Double Markers (MADM) to trace dividing cells in a mouse heart. In this 

technique, cells that have not undergone mitosis are either yellow (by expressing both green 

and red fluorescent proteins) or colorless, whereas cells that have undergone mitosis are either 

yellow, colorless, red, or green. Thus, one can conclude that the only pathway for red and green 

cells (or, single-colored cells) to arise is through cell division. Interestingly, however, these 

authors measured that 7% of identified binucleated cells were single-colored. Based on the 

genetics of the MADM model, I hypothesized that the only ways for single-colored binucleated 

cells to arise were either through a single-colored mononucleated cell becoming binucleated or 

through a binucleated cell dividing. To test this hypothesis, I identified each way a cell could 

proceed through two consecutive rounds of division and calculated the probabilities of each 

path. Given my calculations, I determined that the most likely scenario is that binucleated cells 

are able to divide at low rates. However, as this was a quantitative thought experiment, I do not 

have evidence of this happening in a cardiac myocyte. A potential follow-up study would be to 

search through rodent cardiac tissue stained for DNA to find mitotic figures. In other cell types, 

binucleated cell division is marked by a tripolar spindle structure resembling a Mercedes 

symbol. Identification of tripolar spindles in a rodent cardiac myocytes would provide further 

evidence that binucleated cardiac myocytes can divide. In order to find these symbols, I would 

likely look at postnatal day 7-9 rodent hearts, as 90% of these cardiac myocytes are binucleated 
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and there is a likelihood that there is still some regenerative capacity in the heart as it is still 

relatively immature at this stage. Finally, if binucleated cells do indeed divide, it would be 

interesting to follow up and determine if the daughter cells are functional and to identify factors 

which regulate binucleated cell division.  

 

Chapter 5 Summary  

In chapter 5, we present a model for how cell-ECM adhesions regulate myofibril formation. 

We use high resolution imaging and focal adhesion perturbations to show that substrate coupling 

(coupling the cell’s contractile forces to the ECM) is a requirement for proper myofibril formation, 

and that myofibrils do not form directly from focal adhesions, but are connected to focal adhesions 

through dorsal stress fiber-like structures. Briefly, decreased adhesion stability through either FAK 

knockdown, vinculin knockdown, diaphanous-1 knockdown, or expression of a dominant negative 

talin mutant delays myofibril formation. Further, increased adhesion stability through FAK 

inhibition or plating cardiac myocytes on higher concentrations of substrate led to precocious 

sarcomere formation up to 6 hours post-plating. These findings produced a model for a role of 

cell-ECM adhesions in myofibril formation: increased adhesion area correlated with an increased 

rate of muscle stress fiber translocation, which led to decreased rates of myofibril formation (and 

vice-versa). We do find evidence, however, for some centripetal sarcomere assembly, in which 

asymmetric cell rotation in one direction can form stress fibers along the cell edge which rotate 

radially inward as they elongate. However, this does not occur in every myocyte, and appears to 

mostly occur in myocytes with a round shape.   

 

Chapter 6 Summary  

In chapter 6, we investigated the role of myosin-generated tension in sarcomere formation 

and provided evidence that myosin II-based contractile force is only partially required for 

sarcomere formation. However, these preliminary experiments have several required future 
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directions and follow up experiments. A future experiment is to knock out MYH6 and/or MYH7 in 

iPSCs using CRISPR, before they differentiate into myocytes and lose their proliferative capacity. 

Incomplete knockdown of either myosin could explain how sarcomeres still form, especially if only 

a small amount of muscle myosin force or abundance is required to organize the A-band. A full 

knockdown could test this possibility. Further, proteins can compensate for the knockdown of a 

protein of similar sequences or function185. In this case, it will be important to quantify the protein 

and RNA expression of each muscle myosin isoform when the other is knocked down or knocked 

out. A potential mechanism for sarcomere formation in the absence of one muscle myosin isoform 

could be due to upregulation of the other.  

 

Conclusion and Future Directions 

 Taken together, this dissertation combines several techniques to probe the cardiac 

myocyte cell cycle and sarcomere formation. Several of these techniques were relatively cheap 

and low magnification, while several others were superresolution and novel techniques. However, 

each technique used was best suited for the question at hand, and shows that novel findings can 

still be published using affordable and simple quantification techniques.  

Interestingly, upon manual observation of cardiac myocytes treated with various kinase 

inhibitors, I noticed that several of the wells had similar phenotypes which could be classified into 

categories, including cell shape changes, membrane tension loss, and cytoskeleton 

rearrangement. The screening platform we produced in this study could be used to test a 

discovery library of thousands of compounds, and upon integration with sarcApp, could assist our 

laboratory in our goal of studying cell biology on a systems level. Several anti-cancer therapeutics 

can cause heart damage, and a future potential study could combine this screening platform with 

automatic sarcomere alignment calculations to identify which anti-cancer therapeutics can be 

damaging before being advanced to further study. Another possible follow-up study could be in 

obtaining a natural products library and screening cardiac myocytes to identify natural products 
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which affect sarcomere structure or functionality. Finally, this protocol can be combined with 96-

well plates with multi-electrode arrays in each well to take cardiac myocyte functionality 

measurements throughout the screening time.  

Several future directions and follow up studies could interrogate the mechanism behind 

Hippo pathway regulation of density-dependent proliferation. For example, it would be interesting 

to further study the role of combinatorial drug addition as a therapeutic for heart disease. Several 

studies have shown that single compound therapies have not yet been able to be proven as an 

effective therapy for cardiac myocyte proliferation and regeneration following a myocardial 

infarction. As such, the new direction in the field is to attempt combinatorial therapies in hope that 

some compounds will synergize and produce the large proliferative burst required for regenerative 

healing of the infarct zone. 

However, it must also be discussed whether inducing cardiac myocyte proliferation is 

sufficient to completely regenerate heart muscle tissue and restore full function. In mouse models, 

several individual components have been shown to decrease scar size post-infarction, but none 

of these have yet passed clinical trials. Other considerations include the timing of such a 

compound: the average patient will not have immediate access to a compound when a heart 

attack starts and will not have treatment for several hours post-loss of oxygen. Future studies 

should test compounds pre-infarct, peri-infarct, and post-infarct as well as test various modes of 

entry. After a myocardial infarct, fibroblasts enter the infarct zone and form a non-force-producing 

fibrotic scar within the muscular heart wall. It may be important to prevent this pathological 

remodeling while inducing cardiac myocyte proliferation and to also consider the other cell types 

and tissue layers that make up the heart that are also required for proper functioning. A multi-

pronged approach may be warranted, with a cocktail of drugs and methods angled at inducing 

cardiac myocyte proliferation, reducing scar size, and repairing other damaged structures while 

keeping the patient alive and increasing the speed of their care.  
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Further directions for our project involving substrate coupling in sarcomere formation 

would include determining the turnover of sarcomere and focal adhesion proteins given these 

adhesion perturbations to determine the role of protein turnover in sarcomere formation. Along 

these lines, it would also be advantageous to determine the mechanism of protein recruitment to 

the sites of myofibril formation, and which adhesion proteins are involved. Vinculin is poised to be 

the mechanosensitive master recruiter, as a recent study showed that vinculin localizes to 

adhesion sites upon increased load. 

My preliminary project outlined in Chapter 6 has several future directions that are partially 

described above. Here, I begin to test the hypothesis that thin and thick filaments form 

simultaneously during sarcomere formation. It appears from my preliminary data and other 

previous publications that proper thin filament formation is not required for thick filament 

formation, and that myosin II-generated forces are only required for thin filaments. This seems 

counterintuitive, as thick filaments include myosin IIs. This opens several lines of inquiry, including 

how muscle myosin II stacks are formed when myosin II contractility is inhibited. We have shown 

previously that muscle myosin II stacks are largely formed through concatenation rather than 

filament expansion. Does concatenation and/or expansion require myosin motor activity? Is there 

a master regulator of thick filament formation, or one which interdigitates thin and thick filaments? 

And how are extremely dense pre-formed filaments aligned and connected in a spreading cardiac 

myocyte? To answer these questions, I am utilizing live-cell imaging of cardiac myocytes 

developing sarcomeres with various markers and quantifying 4D dynamics of each sarcomere 

component to start to generate an atlas of sarcomeric proteins, where each component localizes 

during sarcomere formation, and if it is required for proper sarcomere formation.  

While the cell cycle and sarcomere formation do not at first seem to be linked, these are 

the two major mechanisms of heart growth through hyperplasia and hypertrophy. Further, these 

studies contribute to our laboratory’s long-term goal of studying cell biology on a systems level, 
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while also contributing to my long-term goal of developing quantitative measurements of 

microscopy images and cell biological data.  
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