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Chapter 1- Introduction 
 

The ability to interconvert mechanical and biochemical signals is the fundamental property of 

every living organism, from single cells to complex multi-cellular organisms. Cells harness 

chemical energy obtained from ATP hydrolysis to generate mechanical forces, which drive a 

rich repertoire of cellular processes, from intracellular transport, cell migration, cell division, 

and muscle contraction to tissue morphogenesis. These vastly diverse processes are all driven 

by interplay between the three primary cytoskeletal systems present in most mammalian cells- 

actin filaments, microtubules, and intermediate filaments. Intrinsically and extrinsically 

generated mechanical forces can then act as stimuli, creating biochemical signals that can 

alter cell fate and behavior. The broad discipline investigating these processes from the 

molecular to the organism scale is termed mechanotransduction (Wozniak and Chen, 2009). 

Defects in different aspects of mechanotransduction underlie hundreds of human pathologies 

such as cancer, cardiomyopathies, muscular dystrophy, blood disorders and hearing loss.  

Decades of intense investigation have revealed insights into how molecular motors generate 

force at the molecular scale. The molecular motor myosin-II is one of the earliest molecular 

motors to be characterized biochemically. Classic in vitro studies have established the 

mechanochemical cycle of myosin-II binding to actin filaments (O'Connell et al., 2007) (Figure 

1-1). This cycle powers processes such as muscle contraction and cell division. Recent 

advances in cryo-electron microscopy and tomography have revealed the atomic scale 

structures of molecular motors or assemblies (Mentes et al., 2018; Stepanek and Pigino, 

2016). This structural information combined with light microscopy-based reconstitution assays 

has revealed how motors such as dyneins generate motion (Cianfrocco et al., 2015). These 

results have furthered our understanding of intracellular transport on microtubules, 

chromosome segregation by the mitotic spindle, and ciliary motion. While large leaps have 

been made using reductionist approaches, it is well appreciated that living cells are vastly 

more complex. For instance, kinesins and dyneins can compete for microtubule track 

occupancy, activating upstream kinases can compete for myosin motors, and extracellular 

cues such as substrate stiffness provide mechanical inputs to cytoskeletal networks. 

Furthermore, extensive crosstalk exists between the actin, microtubule, and intermediate 

filament cytoskeletons. Therefore, there is a large gap in knowledge that exists between 
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understanding the biophysical properties of motors and their tracks in vitro versus their function 

and regulation in cells and tissues. 

The development of super-resolution light microscopy techniques has begun to bridge the gap 

between molecular scale information obtained in vitro, and observing the behavior of 

cytoskeletal networks in intact, living cells. Single molecule techniques such as Photo-

activated Localization Microscopy (PALM) and Stochastic Optical Reconstruction Microscopy 

(STORM) have revealed nanoscale architecture of cellular structures such as focal adhesions 

(Kanchanawong et al., 2010), adherens junctions (Bertocchi et al., 2017), and the actin cortex 

(Xia et al., 2019). These single-molecule localization techniques allow not only to observe the 

intact architecture of the cytoskeleton, but also offer insight into how these might be regulated. 

However, these techniques largely remain limited to fixed cells, and therefore lack dynamic 

information. On the other hand, techniques such as Structured Illumination Microscopy (SIM), 

which allows a doubling of the spatial resolution obtained via light microscopy to ~ 110 nm 

(Gustafsson, 2005; Schermelleh et al., 2008), have shown how myosin-II supramolecular 

assemblies called stacks assemble at the leading edge of living crawling cells (Fenix et al., 

2016). 

In conjunction with super-resolution techniques, imaging techniques that allow the 

measurement of protein dynamics within cells are also essential to studying 

mechanotransduction. Notably, Fluorescence Recovery after Photobleaching (FRAP) can be 

used to infer the turnover and/or diffusion of cytoskeletal proteins in live cells, which again 

provides an additional layer of information about the behavior of these molecules in living cells. 

Conversely, the development of photo-activable proteins allows measurement of protein 

dynamics within the context of entire structures. For instance, photoactivation of mitochondrial 

matrix proteins can be used to measure mitochondrial fusion (Rasmussen et al., 2020). In 

another example, photoactivation of the Z-disc protein alpha-actinin was used to show how 

cardiac sarcomeres assemble (Fenix et al., 2018).  

Biophysical approaches such as laser ablation, atomic force microscopy and optical tweezers 

can be used to directly measure forces or probe the material properties of living cells. Since 

the protein-protein interactions that drive the generation of cortex tension occur at the 

nanoscale, measurements such as cortex tension are useful emergent properties of these 

interactions that can be used to learn the basic principles of mechanotransduction. These 

measurements, combined with mathematical models have started to reveal the fundamental 
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principles of processes such as cell migration, morphogenesis, and muscle contraction. With 

the increase in large amounts of data as well as continued appreciation for quantitative 

approaches, cell biology has thus become an increasingly interdisciplinary field of 

investigation, combining the fields of biophysics, high-resolution microscopy, mathematical 

modeling, and biochemistry to study mechanotransduction. Therefore, we are at an exciting 

phase of cell biology, with many discoveries to be made on the function of cytoskeletal 

networks in living cells, combining quantitative microscopy and biophysical tools. 

In the following sections, we will focus on select cytoskeletal structures that generate forces 

within living cells, as well as those that relay these forces to and from the extracellular 

environment. These concepts will be specifically discussed in the context of two myosin-II 

driven cellular processes, cell division driven by non-muscle myosin-II (referred throughout as 

MII), and heart muscle contraction driven by cardiac myosin-II (referred to as β-CMII). While 

these two processes differ greatly in the specific function achieved, studying them has 

revealed some unifying principles of cell shape regulation and contractile system assembly 

that appear conserved across cell types.  
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Figure 1-1- The basic principles of mechanotransduction 

The actin cortex is a thin network of actin filaments underneath the plasma membrane responsible for 

generation of cortex tension through the action of myosin motors generating force on actin filaments 

using ATP hydrolysis. Cortex tension generated by the actin cortex is required for both maintaining and 

changing cell shape, which can feed-back on the actin cortex. Cell-cell and cell-matrix contacts link the 

actin cortex with the cortex of other cells and the extracellular matrix, respectively. These contacts form 

signaling centers that can then further drive changes in actin cortex mechanics. While initial views of 

cell mechanics proposed that cell fate drives the mechanical state of the cell, it is increasingly 

appreciated that forces generated by the actin cortex can alter cell fate by exerting forces on the 

nucleus.  
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Cell division 
 

Cell division is a fundamental property of living cells. This process allows living organisms to 

perpetuate their genetic material to future generations. From its first ornate description in the 

late 1800s by Walther Flemming, cell division has fascinated biologists for more than a 

century. In mammalian cells, cell division, or the mitotic phase of the cell cycle, can be divided 

into two processes- karyokinesis and cytokinesis. Karyokinesis involves the distribution of the 

genetic material into the daughter cells, while cytokinesis allows the daughter cells to 

physically separate from each other following karyokinesis. While extensive crosstalk occurs 

between the two processes, these processes can also be completely uncoupled from each 

other. For instance, organisms such as fruit flies undergo multiple rounds of karyokinesis prior 

to cellularization during embryogenesis. In adult mammals, cells of the megakaryocyte lineage 

undergo karyokinesis followed by programmed cytokinetic failure to generate multiple nuclei 

(Lordier et al., 2012).  

The faithful segregation of genetic material is achieved through a complex microtubule-based 

machine called the mitotic spindle. The cyclin/Cdk1 complex, also termed as mitosis promoting 

factor, is essential to coordinating key processes such as spindle assembly (Prosser and 

Pelletier, 2017) and cell rounding (Enserink and Kolodner, 2010) required for successful 

karyokinesis (Figure 1-2). Cell rounding is thought to be required for effective chromosome 

segregation in cell culture. It must be noted, however, that the precise contribution of cell 

rounding to chromosome segregation in vivo remains contentious, where interphase cells 

shape appears to control spindle orientation (Bosveld et al., 2016; Fink et al., 2011). Recent 

work has elucidated that the promiscuous Ser/Thr kinase Cdk1 is first activated by cyclin A2 

during S-phase, where it promotes an increase in focal adhesion and stress fiber formation 

through activating the formin FMNL2 (Jones et al., 2018). During G2, Cdk1 is downregulated 

by association with cyclin B1, resulting in disassembly of focal adhesion complexes and 

initiation of cell de-adhesion and rounding (Jones et al., 2018). In parallel, cyclin B1/Cdk1 also 

initiate nuclear envelope breakdown (Hinchcliffe et al., 1999). During prometaphase, 

microtubules start to form attachments with condensed chromosomes at specialized structures 

called kinetochores. Opposing forces from kinetochore microtubules bound to kinetochores of 

sister chromatids gradually align the chromosomes to the “metaphase plate”, usually at the 

central plane of the spherical cell. A complex spindle assembly checkpoint mechanism occurs 
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to ensure that the chromosomes are tightly aligned at the metaphase plate (Prosser and 

Pelletier, 2017). The destruction of cyclin B initiates exit from metaphase, resulting in the 

separation of the sister chromatids by destruction of the cohesion complex. The separation of 

the sister chromosome marks the end of Anaphase A. During Anaphase B, signals from 

spindle midzone initiate the assembly of the actin filament based contractile ring (Green et al., 

2012) (Figure 1-2). 

Signals emanating from the spindle midzone activate the small GTPase RhoA that drives both 

the activation of non-muscle myosin-II and actin polymerization (Green et al., 2012). Non-

muscle myosin-II activation is achieved by both activation of Rho-associated kinase (ROCK), 

which phosphorylates the regulatory light chain (RLC) of non-muscle myosin-II, as well as 

inactivates myosin phosphatase, resulting in synergistic RLC phosphorylation. In parallel, 

RhoA also activates the actin nucleator Dia1, which increases actin polymerization at the 

equatorial region of the cell. Work from the Wang (Fishkind and Wang, 1993) and Gerlich 

(Spira et al., 2017) labs has shown that the increase in myosin contractility precedes the 

increased ordering of actin filaments, ultimately giving the contractile apparatus a ring-like 

appearance. Ultimately, myosin-II contractility is the major driver of contractile ring ingression 

in mammalian cells. Indeed, most mammalian cells in culture are sensitive to the myosin-II 

ATPase inhibitor, blebbistatin (Straight et al., 2003). However, highly adhesive cells in culture, 

such as NRK cells, as well as the amoeba Dictyostelium can divide without a contractile ring, 

instead using the force generated by daughter cell migration for cytokinesis (Kanada et al., 

2005; Neujahr et al., 1997). This suggests that cells have evolved multiple mechanisms to 

complete this fundamental process.  

Cytokinesis is concluded when the two daughter cells physically separate, a process termed 

abscission (Green et al., 2012). Upon completion of cleavage furrow ingression, the spindle 

midzone matures into the spindle midbody. The spindle midbody acts a scaffold for the 

abscission machinery, which involves the ESCRT complex, myosin-IIB and microtubule 

associated proteins; the midbody is also an essential fate determinant and is often 

asymmetrically inherited between the two daughter cells. The completion of cytokinesis is also 

marked by the initiation of cell spreading of the two daughter cells and reassembly of stress 

fibers. 

Cytokinesis is a widely studied process in the context of mechanotransduction, since it 

involves multiple dramatic force-driven events- mitotic spindle assembly, chromosome 
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segregation, mitotic spindle orientation, cell rounding, cell abscission and contractile ring 

ingression. Among the many fascinating future directions for the field is the cross-talk between 

actin, microtubule and intermediate filament cytoskeletons to regulate cell shape and spindle 

orientation (discussed in Chapter 2); regulation of the mechanical properties of the actin cortex 

(Chapters 3 and 4); mechanisms driving contractile ring ingression and organization (Chapter 

4). 
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Figure 1-2- Cell cycle stages and cytokinesis 

A) Overview of the cell cycle and important kinases and cyclins involved in each stage. The kinase 

Cdk1 has been shown to  be a master regulator of cell adhesion during the cell cycle. During S-phase, 

association of Cdk1 with cyclin A2 results in increased Cdk1 in increased stress fiber assembly. Upon 

entry into G2, association of Cdk1 with cyclin B1 results in Cdk1 inactivation, resulting in the initiation of 

stress fiber disassembly. Activation of Cdk1 results in mitotic entry, which requires stress fiber 

disassembly. Upon mitotic exit, Cdk1 activity re-initiates the formation of focal adhesions. B) Side (XZ) 

view of a single cell undergoing cytokinesis.  

 

  



9 
 

Heart muscle contraction 
 

The heart is a remarkable model system to study mechanotransduction since the primary 

function of this organ is to generate contractile force throughout the life of the organism. 

Individual cardiac myocytes within the heart must be able to both assemble contractile 

structures during development, and remodel and maintain these structures during adult 

function in response to physiological and pathological stress. The fundamental unit of 

contraction within cardiac myocytes is the myofibril, which is composed of a series of 

sarcomeres, highly organized structures comprising “thin” actin filaments and “thick” myosin-II 

filaments (Figure 1-3). Cardiac myosin-II filaments exert contractile force on antiparallel actin 

filaments to shorten the sarcomere. Actin filaments from adjacent sarcomeres are anchored at 

Z-discs by α-actinin mediated cross-linking, ultimately transmitting contractile force to 

neighboring sarcomeres (Knoll et al., 2011; Kovacic-Milivojevic et al., 2001). These forces are 

then relayed at the cellular, tissue, and organ levels to generate heartbeat. Hundreds of other 

proteins have been shown to localize to the sarcomere, and how this complex structure is 

assembled and maintained has fascinated cell biologists for decades (Sanger et al., 2005).  

Decades of research have culminated in the understanding that myofibrils are built using a 

template comprising of mostly “non-muscle” components (Sanger et al., 2005). Specifically, 

muscle stress fibers (MSFs, also previously called “pre-myofibrils” by the Sanger lab or “non-

muscle like stress fiber” by the Holtzer lab) serve as the precursors for myofibrils (Dlugosz et 

al., 1984; Fenix et al., 2018; Rhee et al., 1994). These stress fibers then form a template to 

incorporate muscle components. This transition presents itself with multiple unanswered 

questions- what regulates this transition during differentiation in early development? How does 

an MSF increase its force generating capacity? How are these increasing contractile forces 

balanced? These questions are equally relevant in the adult. The balance between contraction 

and adhesion must be maintained into adulthood since the heart is routinely exposed to 

increased load both during physiological and pathological stress. For instance, exercise leads 

to thickening of the myocardium and increased ejection fraction (Fernandes et al., 2015). On 

the other hand, during disease states such as cardiomyopathies, increased thickening of the 

myocardium is associated with reduced ejection fraction and heart function (Braunwald, 2017). 

Indeed, most causative mutations are present in genes encoding proteins involved in either in 
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sarcomere contraction (such as α-myosin-II, β-myosin-II, and titin) or cell adhesion (such as 

vinculin, kindlin, and laminin) (Hershberger et al., 2013).  

While extensive work has been done on the organism level where these detrimental 

phenotypes have been linked to mutations in these genes, the cellular mechanisms underlying 

these changes remain less understood. On the other end of the spectrum, single molecule 

biophysical approaches have shown how proteins such as vinculin, talin and myosin-II respond 

to force, and how disease-causing mutations change these responses (Finer et al., 1994; 

Huang et al., 2017; Tapia-Rojo et al., 2020). Understanding how multiple mechano-sensory 

proteins act in concert, integrating extracellular and intracellular cues, and converting them to 

cellular responses that ultimately result in organ level responses during development and 

disease is an exciting new ground for studying basic cardiovascular cell biology.  

We will now move on to providing an overview of the contractile actomyosin structures found in 

cells, followed by description of relevant structures that mediate cell adhesion that resists 

these contractile forces. The studies that follow will hopefully impress upon the reader the 

complex regulation of contractile function. These studies, I hope, will also reveal some unifying 

principles of contractile system assembly, where similar mechanical principles are used to 

build contractile networks to perform very different functions – cell division and muscle 

contraction.  

  



11 
 

 

Figure 1-3- Myofibril organization and structure 

The functional units of contraction within cardiac myocytes are myofibrils, which are composed of a 

series of sarcomeres. Coupling of myofibrils across multiple cells results in tissue level generation of 

contractile force that drives the pumping of blood out of the ventricle.  
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Force generating structures: Actin cortex 
 

One of the most dramatic changes that occur in the actin cytoskeleton during cell division is 

the disassembly of stress fibers and the formation of an isotropic network of actin filaments 

called the actin cortex (Figure 1-4). While first studied in the context of cell division, the actin 

cortex is being appreciated as a universal structure that is involved in force generation in 

multiple cellular processes, such as cell migration and morphogenesis (Svitkina, 2020). While 

the existence of “surface activity” in migrating cells was first reported in 1973 (Trinkaus, 1973), 

a molecular understanding of the cortex has only emerged in the past two decades using 

quantitative microscopy, biophysics, and mathematical modeling. The actin cortex can be 

considered the fundamental “canvas” of contractile network associated with the plasma 

membrane which can then be remodeled and repurposed into different networks- lamellipodia, 

blebs, stress fibers, the metaphase cortex, filopodia, microvilli and the contractile ring 

(Salbreux et al., 2012). How this control of network formation occurs, how the mechanical 

properties of these networks are determined and how these networks interact with one another 

and other filament systems are all open questions that will continue to interest cell biologists in 

the coming decades.  

The actin cortex is also a challenging structure to study, since it requires nanometer resolution 

to elucidate its structure, comprises hundreds of proteins that constantly turn over at different 

rates and are regulated by different signaling pathways (Salbreux et al., 2012). While single 

molecule imaging techniques have been used to elucidate the structure of the ventral surface 

of embryonic stem cells (Xia et al., 2019) and the axons of neurons (Xu et al., 2012), these 

techniques are still limited to fixed cells. Therefore, a more common approach has been to 

combine macroscopic biophysical properties such as cortex tension with molecular 

perturbations, and then conceptualize these into physical descriptions of the cortex. However, 

these models still tend to be very coarse grained, and make multiple assumptions on physical 

parameters of the cell that cannot be physically measured in live cells (Salbreux et al., 2012). 

Nevertheless, exciting discoveries have been made on the factors that regulate cortex tension. 

Notably, regulation of actin filament length is essential to determining the mechanical 

properties of the cortex (Chugh et al., 2017). 

The major source of force generation in the cortex, however, is myosin-II motors pulling on the 

actin network (Vicente-Manzanares et al., 2009). However, multiple paralogs of myosin-II exist 
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at the cortex. They also vary in expression based on the tissue and developmental stage 

where they are expressed (Vicente-Manzanares et al., 2009). For instance, myosin-IIC is 

expressed in the gut and inner ear (Donaudy et al., 2004; Golomb et al., 2004). Myosin-IIB is 

strongly expressed in the heart during development but its expression is reduced in the adult 

(Tullio et al., 1997). Myosin-IIB is also strongly enriched in the embryonic brain (Murakami et 

al., 1991). There are limited studies that determine the molecular mechanisms that regulate 

the tissue-specific expression of myosin-II paralogs. One of the best-known instances of active 

regulation of myosin-II paralog expression is during megakaryocyte differentiation (Lordier et 

al., 2012). Megakaryocytes are giant multinucleated cells that are the precursors of blood 

platelets. To facilitate multinucleation, myosin-IIB expression is repressed by RUNX1. Later 

during proplatelet formation, myosin-IIA is then upregulated to generate tension required to 

cleave proplatelets from the megakaryocyte.  

Myosin-II paralogs have been shown to have distinct biophysical properties in vitro. For 

instance, myosin-IIA has been shown to have a higher ATPase activity, as well as a lower duty 

ratio, i.e., it spends a smaller proportion of its mechanochemical cycle bound to actin in the 

force generating state (Kovacs et al., 2003; Rosenfeld et al., 2003; Wang et al., 2003). On the 

other hand, myosin-IIB has been shown to have a lower ATPase activity and higher duty ratio 

(Kovacs et al., 2003; Rosenfeld et al., 2003; Wang et al., 2003). These studies were performed 

using purified S1 fragments, which comprise only the N-terminal motor domain. It was only 

recently that the behavior of full-length myosin-II paralogs was characterized in vitro (Melli et 

al., 2018). Myosin-IIB can undergo processive movement on actin filaments, while myosin-IIA 

is unable to do so. The contributions of these behaviors to force generation at the actin cortex 

of living cells remain to be elucidated. 

Myosin-II paralogs can also co-assemble in the same myosin-II filament to form hetero-

filaments (Beach et al., 2014; Shutova et al., 2014). The myosin-II bipolar filaments comprise 

~30 motors (Billington et al., 2013). It was recently shown that addition of as little as 6 myosin-

IIB filaments to a hetero-filament was sufficient to allow the hetero-filament to undergo 

processive movement on actin filaments (Melli et al., 2018). Hetero-filaments of myosin-II 

paralogs have been reported at the leading edge of migrating cells (Beach et al., 2014; 

Shutova et al., 2014), the spreading edge of developing cardiomyocytes (Fenix et al., 2018) as 

well as at the contractile ring during cytokinesis (Beach et al., 2014). Whether hetero-filament 
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formation is an actively regulated process, or simply a function of multiple paralogs present in 

the cell remains to be elucidated.  
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Figure 1-4- Structure and organization of the actomyosin cortex 

A) Top view of the actomyosin cortex underneath the cell membrane (green). A simplified view of the 

cortex is shown here. Proteomic analysis of the cortex has suggested that it comprises ~150 proteins 

whose functions range from actin nucleation, cross-linking, bundling and turnover. B) Side view of the 

actin cortex showing its position with the respect to the cell membrane. Actin-membrane cross linkers 

such as the ERM (Ezrin, Radixin, Moesin) family of proteins link the actin cortex to the plasma 

membrane. The actin cortex is a very thin network and ranges from 200-1000 nm depending on the cell 

type.  
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Force generating structures: Stress fibers and myofibrils 
 

The actin cortex of migrating cells is often organized as different types of stress fibers. These 

structures are assembled by cells in response to external physical or chemical cues, such as 

increased stiffness of the extracellular matrix or gradients of chemokines. The primary function 

of stress fibers is to exert forces upon the external environment, to achieve a wide array of 

cellular functions, such as cell migration, cell invasion and matrix organization (Tojkander et 

al., 2012).  

The defining characteristic of stress fibers is that they are composed of 15-30 actin filaments 

bundled by the cross-linking protein α-actinin spaced at ~0.3 µm apart (Tojkander et al., 2012). 

Stress fibers, however, can vary widely in their components, mechanism of assembly, 

regulation, and cellular function. There are currently four classes of stress fibers: actin arcs 

(also called transverse arcs), ventral stress fibers, dorsal stress fibers and the perinuclear actin 

cap. These classifications are primarily made on the basis of cellular location, contractility, and 

the mode of connection of the stress fiber to the extracellular matrix (Figure 1-5).  

Actin arcs are a widely observed contractile stress fiber characterized by myosin-II striations 

that alternate with α-actinin (Hotulainen and Lappalainen, 2006). These stress fibers are 

assembled at the leading edge and undergo rearward translocation on the dorsal surface of 

migrating cells where they ultimately re-integrate with the actin cortex at the top of the cell 

(Burnette et al, 2011). These stress fibers are characteristic of actively migrating cells such as 

keratocytes (Svitkina et al., 1997) and neuronal growth cones (Zhang et al., 2003), as well as 

of T-cells during immunological synapse formation (Murugesan et al., 2016). These stress 

fibers are not directly attached to the extracellular matrix (Hotulainen and Lappalainen, 2006). 

Another population of stress fibers, called dorsal stress fibers, connects actin arcs on the 

dorsal surface with the substrate on the ventral side via specialized attachments called focal 

adhesions (Hotulainen and Lappalainen, 2006), which we discuss in the next section. 

Importantly, dorsal stress fibers are non-contractile and lack myosin-II (Hotulainen and 

Lappalainen, 2006). Ventral stress fibers are similar in composition and organization to actin 

arcs but are present at the ventral surface of the cell and have focal adhesions on either end 

anchoring them to the substrate (Burnette et al., 2014; Hotulainen and Lappalainen, 2006). 

Ventral stress fibers are thought to assemble through different mechanisms than actin arcs, 

either through fusion of actin arcs with two dorsal stress fibers, or de novo from the actin cortex 
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on the ventral surface (Hotulainen and Lappalainen, 2006; Lehtimäki et al., 2020; Tojkander et 

al., 2015). Furthermore, ventral stress fibers are associated with cells that form more stable 

contacts with the extracellular matrix. These stress fibers have also been shown to exert the 

highest level of tension among the stress fiber populations (Lee et al., 2018). The perinuclear 

actin cap is a lesser-studied stress fiber but is known to transmit contractile force to the 

nucleus and is necessary for force-mediated changes in gene expression (Tojkander et al., 

2012). The nesprin family of proteins forms a bridge between the actin cytoskeleton and lamin 

intermediate filaments that form the nuclear membrane. Elegant work over the last few years 

has shown that contractile force can directly alter chromatin structure through this mechanical 

network, revealing the long sought molecular link between mechanical force and gene 

expression (Graham and Burridge, 2016).  

Myofibrils can be considered highly specialized stress fibers that are composed of muscle 

specific components. Much like a striated stress fiber, myofibrils are composed of actin 

filament bundles that are cross-linked by α-actinin (Figure 1-3). However, one of the key 

differences between a myofibril and non-muscle striated stress fiber is that the α-actinin cross-

links are present ~1.8 µm to 2.2 µm apart. This spacing is primarily controlled by the presence 

of titin, often referred to as the “molecular ruler”. This giant protein spans half the length of the 

sarcomere, with its N-terminal domain binding α-actinin at the Z-disc and its C-terminus 

extending to the M-line (Maruyama, 1997). The other key difference between these two types 

of stress fibers is the presence of muscle specific myosin-II, namely α- and β-myosin-II. These 

myosins are characterized by a low duty ratio, that is, they are bound in actin filaments in the 

force generating state for a short proportion of their mechanochemical cycle (O'Connell et al., 

2007). This allows the myofibril to undergo rapid contractions and actively pull on actin 

filaments. Non-muscle striated stress fibers, on the other hand, are comprised of slower of 

myosin-II motors, such as non-muscle myosin-IIA and non-muscle myosin-IIB. This allows 

stress fibers to generate and sustain tension at longer time scales.  
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Figure 1-5- Stress fiber populations in a migrating cell 

The leading edge of a migrating cells is comprised of a branched actin network called the 

lamellipodium. Towards the cell body, the lamellipodium transition into the contractile lamella comprised 

of actin arcs. Actin arcs are present on the dorsal surface of the cell and are contractile (contain 

myosin-II). Dorsal stress fibers span axially, connecting actin arcs with focal adhesion at cell-ECM 

contacts. Ventral stress fibers are anchored to the ECM on either end through focal adhesions and are 

present on the ventral surface of the cell.  
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Adhesive structures- Focal adhesions and adherens junctions 
 

Resistive forces oppose contractile forces produced in cells, and this dynamic force balance is 

required to generate shape changes, or to transmit these forces to the extracellular 

environment and other cells. Cells have evolved a diverse array of specialized protein 

assemblies that mediate these connections. We will be discussing two primary structures- 

focal adhesions and adherens junctions. 

Focal adhesions are highly specialized protein assemblies that mediate the coupling of the cell 

cytoskeleton to the extracellular matrix (Geiger et al., 2009). This coupling is essential for 

sensing both chemical and mechanical cues and drives a myriad of cellular responses, such 

as cell survival, proliferation, cell fate determination, cell shape changes, matrix degradation, 

and traction force generation (Geiger et al., 2009). Proteomic studies have estimated around 

60 proteins to be present at cell-matrix attachment sites (Horton et al., 2016). We will be 

limiting our discussion to canonical integrin based focal adhesions.  

Integrins are a large family of extracellular receptors that recognize extracellular matrix ligands, 

such as fibronectin, laminin, and collagen (Hynes, 2002). The ability to recognize different 

ECM ligands arises from the diversity in α and β subunits of integrin receptors. The reader is 

directed to excellent reviews on integrin receptor diversity and activation mechanisms (Hynes, 

2002; Kim et al., 2011). Integrins can be activated through both “inside out” and “outside in” 

pathways (Kim et al., 2011). The “outside in” pathway is the classical mechanism of integrin 

activation. A super-resolution technique called interferometric PALM (iPALM) has revealed the 

nanoscale architecture of focal adhesions, offering an insight into understanding the pathways 

mediated focal adhesion assembly (Figure 1-6) (Kanchanawong et al., 2010). Binding to ECM 

ligands on the extracellular side induces integrin activation. This allows the binding of talin to 

the cytoplasmic tail of the β subunit, initiating a cascade of events resulting in recruitment of 

focal adhesion kinase (FAK), paxillin, α-actinin and vinculin. As a result, the layer of proteins 

associated with the β subunits of integrins is called the “signaling layer”. Subsequent integrin 

activation requires the presence of mechanical forces, which drive conformational changes in 

multiple molecules, notably talin and integrin. Mechanical forces increase clustering of 

integrins, which allows the formation of new focal adhesion complexes (Ciobanasu et al., 

2014). Furthermore, mechanical forces cause additional vinculin binding sites to be revealed in 

the C-terminal region of talin (del Rio et al., 2009). Vinculin is known to be the key link between 
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focal adhesions and the actin cytoskeleton (Thievessen et al., 2013). This layer is thus called 

the “force transduction layer”. Greater coupling to the actin cytoskeleton results in generation 

of more tension, which then further activates the cascades that allow the growth of protein 

assemblies at focal adhesions. This force dependent process is called focal adhesion 

maturation. Actin nucleators such as Arp2/3 are activated by upstream activators, which were 

found to reside in the next layer called the “actin regulatory layer”. This leads to increase in 

actin polymerization, further strengthening the link between the ECM and the actin 

cytoskeleton. Alternatively, tension or intracellular signaling can also trigger integrin activation 

in a ligand independent manner (Kim et al., 2011). This “inside out” signaling mechanism has 

been shown to be mediated by the small GTPase, Rap1 in the latter case (Katagiri and 

Kinashi, 2012), or by pulling forces from retraction fibers at the metaphase cortex in the former 

case (Petridou and Skourides, 2016) (Figure 1-2). 

Due to the presence of multiple mechanosensitive proteins within focal adhesions, these 

structures are adapted to both sense and respond to changes in the mechanical environment 

of cells. For instance, increased stiffness can activate integrins directly to initiate the formation 

of focal adhesions, which then allows cells to generate greater traction forces on stiffer 

substrates (Friedland et al., 2009; Wei et al., 2008). Focal adhesions also act as potent 

signaling centers, with kinases such as FAK, Integrin Linked Kinase and Src communicating 

with other signaling pathways that ultimately affect cell survival and proliferation. For instance, 

when anchorage-dependent cells detach from the ECM, they undergo a form of programmed 

cell death called anoikis (Paoli et al., 2013). This is mediated by a lack of pro-survival signaling 

such as Akt signaling. Signaling pathways connected to focal adhesions can also determine 

cell fate choice. For instance, in a now classic study, the stiffness of the extracellular matrix 

can affect the fate decisions made by mesenchymal stem cells (Engler et al., 2006). On stiffer 

substrates, these cells differentiated into bone progenitors, while on soft substrates they favor 

neuronal lineages. To summarize, focal adhesions play vital roles in almost every aspect of 

cellular physiology. 

Super-resolution imaging approaches were subsequently applied to cell-cell adhesions and 

surprisingly, these connections also show a similar hierarchical organization, with some 

components in common (Bertocchi et al., 2017). The direct receptors for cell-cell adhesion are 

a large family of proteins called cadherins (Harris and Tepass, 2010). The catenin complex 

links the cadherins to the actin cytoskeleton, with the catenin complex playing an analogous 
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role to talin (Bays and DeMali, 2017). Similar to cell-ECM adhesions, vinculin is a vital link to 

the actin cytoskeleton and plays multiple roles in mechanotransduction (Bays and DeMali, 

2017).  

Cell-cell adhesion thus forms another mechanosensory structure that can integrate information 

from other cells and therefore through the entire tissue. Indeed, cell-cell adhesion has been 

shown to play vital roles in tissue morphogenesis, acting as a means to mechanically couple 

the cytoskeletons of thousands of cells to produce collective cell behaviors such as organ 

sculpting, cell sorting and collective cell migration (Harris and Tepass, 2010). It must be noted 

that cadherins only form one class of cell-cell adhesion molecule. Many other classes of cell-

cell adhesion complexes play diverse roles such as epithelial barrier function, synapse 

formation and immune response generation. These will not be discussed further here. 
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Figure 1-6- Nanoscale architecture of cell-ECM cell-cell adhesions 

A super-resolution technique called interferometric Photoactivated Localization Microscopy (iPALM) 

can be used to obtain an axial resolution of ~10 nm. This technique has been used to reveal the 

nanoscale architecture of cell-ECM (A) and cell-cell (B) adhesions, showing that these are composed of 

different “layers”. For instance, in cell-ECM adhesions, the integrin extracellular layer binds ECM 

ligands, the intracellular domain of integrins that associates with talin and FAK forms the signaling 

layer, which recruits proteins such as vinculin that link to the actin cytoskeleton to form the force 

transduction layer. Actin regulating proteins such as VASP form the actin regulatory layer and activate 

actin nucleators such as Arp2/3. Actin nucleators further increase actin polymerization to strengthen the 

link between the ECM and the actin cytoskeleton. A similar organizational principle was discovered at 

cell-cell adhesions. The illustrations were obtained from- A)- (Kanchanawong et al., 2010), B)- 

(Bertocchi et al., 2017) 
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Chapter 2- The role of cell-substrate adhesion during cell division 
 

Taneja, N., Fenix, AM., Rathbun, L., Millis, BA., Tyska, MJ., Hehnly, H., Burnette, DT. (2016). 

Scientific Reports (6), 29846 

Taneja, N., Rathbun L., Hehnly, H., Burnette, DT. (2019). Current Opinion in Cell Biology (56), 

46-52 

 
Introduction 

 

The ability to divide is a fundamental property of living cells. The 3D orientation of cell division 

is essential for embryogenesis, maintenance of tissue organization and architecture, as well as 

controlling cell fate. Recent studies on mitotic spindle orientation have focused on the role of 

microtubules in spindle placement. The mitotic spindle is a microtubule-based structure 

composed of both central spindle microtubules as well as astral microtubules that extend from 

the centrosomes and interact with the polar cortex (Figure 1-2). Pulling forces generated by 

astral microtubules contribute to the placement and subsequent separation of chromosomes 

from the metaphase plate. However, additional mechanisms are likely needed to position the 

spindle in three-dimensional space beyond that of astral microtubules.  Some of the earliest 

studies of spindle orientation focused on cell shape as the major driver of spindle placement, 

where the mitotic spindle is preferentially placed along the longest axis of a cell, called 

Hertwig’s rule.  One key regulator in controlling cell shape is the actin cytoskeleton (Pollard 

and Cooper, 2009). Actin-dependent structures, such as the actin cortex (Bosveld et al., 2016; 

Fink et al., 2011) and sub-cortical actin clouds (Kwon et al., 2015) have been implicated in 

spindle positioning. Strikingly, many of the molecular players that regulate the actin 

cytoskeleton have been identified at the centrosome through proteomic analysis (Andersen et 

al., 2003). The centrosome is not only a microtubule organizing center but also nucleates actin 

filaments (Farina et al., 2016), suggesting that crosstalk likely exists between the actin and 

microtubule cytoskeletons. The crosstalk between these two elements is likely an essential 

mechanism for spindle placement. An understanding of how this crosstalk is coordinated in 

space and time requires better elucidation of the molecular nature of contractile and adhesive 

actin-based structures during mitosis and cytokinesis.  
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Upon mitotic entry, the actin cytoskeleton is re-organized to disassemble stress fibers to form 

an isotropic contractile cortical network, allowing the cell to increase surface tension and adopt 

a spherical shape (Ramanathan et al., 2015; Ramkumar and Baum, 2016). Upon completion of 

anaphase, accumulation of myosin II at the equator results in the formation of a contractile 

ring, the major contractile apparatus that drives cytokinesis (Barr and Gruneberg, 2007). This 

accumulation can occur through both spindle dependent and independent mechanisms. The 

former is mediated through the centralspindlin complex, while the latter occurs through polarity 

cues, such as those mediated by Protein Kinase N in Drosophila neuroblasts (Glotzer, 2017; 

Roth et al., 2015; Tsankova et al., 2017).  

While the mechanisms generating contractility at the cleavage furrow have been intensively 

studied, a second actomyosin network exists at the polar ends of the cell. The polar cortex, 

which usually retains low contractility during cytokinesis, can generate substantial forces that 

can cause spindle oscillations (Burton and Taylor, 1997; Sedzinski et al., 2011). The adhesive 

actin structures that balance these contractile forces to modulate the final three-dimensional 

shape of the cell are less well understood.  

The geometry of the cleavage furrow during mitosis is often asymmetric in vivo and plays a 

critical role in stem cell differentiation and the relative positioning of daughter cells during 

development (Das et al., 2003; Goulas et al., 2012; Guillot and Lecuit, 2013; Jinguji and 

Ishikawa, 1992; Kosodo et al., 2004). Early observations of adhesive cell lines revealed 

asymmetry in the shape of the cleavage furrow, where the bottom (i.e., substrate attached 

side) of the cleavage furrow ingressed less than the top (i.e., unattached side) (Fishkind and 

Wang, 1993). This data suggested substrate attachment could be regulating furrow ingression 

to determine cell shape, in turn affecting the final three-dimensional orientation of the mitotic 

spindle.  
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Results 
 

We started our exploration of how adhesions shape the cleavage furrow using a classic model 

of mitosis: single cells dividing in culture. FAs are formed through binding of specific integrins 

to extracellular matrix (ECM) proteins. Therefore, we plated HeLa cells on coverslips coated 

with 10 µg/mL fibronectin (FN) (Figure 2-1) as previously used for studies of cell migration 

(Thievessen et al., 2013). After fixation, DNA was labeled with Hoechst and myosin IIA was 

labeled with fluorescent antibodies. Hoechst allowed us to identify cells in mitosis and myosin 

IIA labeling allowed us to visualize cell shape. 3D structured illumination microscopy (SIM) 

(Gustafsson, 2005; Schermelleh et al., 2008) of cells in anaphase B/telophase revealed the 

cleavage furrow was symmetrical in the XY plane, which indicated the cell had ingressed 

equally from either side (Figure 2-1). However, XZ projections revealed the cleavage furrow 

often ingressed further from the top of the cell than the bottom (Figure 2-1), consistent with 

previous findings using adhesive NRK cells (Fishkind and Wang, 1993). We next wanted to 

test if the geometry of the cleavage furrow was dependent on the extent of adhesion to the 

substrate. 

Studies during interphase reported that cells make smaller and less stable FAs on coverslips 

coated with low densities of FN (i.e., <5 µg/mL) and larger and more stable FAs on substrates 

coated with high concentrations of FN (>30 µg/mL) (Gupton and Waterman-Storer, 2006). We 

predicted increasing adhesions with a “high” FN substrate would result in less ingression from 

the bottom of the cell and, thus, an asymmetrical cleavage furrow. Therefore, we plated cells 

on low (1 µg/mL FN) and high (50 µg/mL FN) adhesive substrates and then analyzed cell 

shape. Cells were grouped into three stages of anaphase (i.e., early, mid, and late) based on 

the axial diameter of the contractile ring (see Figure 2-S1 and Materials and Methods). We 

noted a ~4-fold and ~13-fold increase in ingression from the bottom on the low adhesive 

substrate compared to the high adhesive substrate during early and mid-anaphase, 

respectively (Figure 2-1). Notably, high bottom ingression was measured during late anaphase 

on both low and high FN. Midbody formation was observed at varying distances from the 

substrate, suggesting other mechanisms could be operating during the final stages of 

cytokinesis. Furthermore, we also calculated the aspect ratio of the contractile ring to test 

whether these resistive forces were transmitted to the ring. The contractile ring was 

significantly more circular on the low adhesive substrate (1 μg/mL FN, Figure 2-S1), while on 

the high adhesive substrate (50 μg/mL FN) the ring was flatter and had a significantly 
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increased aspect ratio (Figure 2-S1, 1.3 compared to 1). Together, these initial observations 

suggest that increasing adhesion to the substrate drives asymmetrical ring contraction by 

preventing ingression from the bottom of the cell. 

We next wanted to understand the nature of the adhesive forces that control 3D shape of the 

cleavage furrow. A previously described mitotic population of adhesions can occur within 

retraction fibers (Mitchison, 1992; Sanger and Sanger, 1980). Retraction fibers form during 

mitotic entry and are thought to contribute to the XY orientation of the mitotic spindle during 

metaphase and further dictate the pattern of cell spreading after mitotic exit of the two 

daughter cells (Cramer and Mitchison, 1993; Thery et al., 2005). Each retraction fiber has a FA 

mediating attachment to the substrate. We hypothesized retraction fibers on high FN 

substrates would form larger/more stable FAs and these may be driving asymmetric furrow 

ingression. To test this hypothesis, we localized the FA protein, paxillin, in cells during 

anaphase. Surprisingly, we found no difference in the sizes of FAs at the ends of retraction 

fibers (Figure 2-1, white arrows in panel C). However, we did observe an additional population 

of adhesions distinct from retraction fibers, located directly underneath the cell body (Figure 2-

1, green arrows in panel C). Consistent with reported data for interphase cells, mitotic cells 

assembled more adhesions and had a greater spread area on the high FN substrate compared 

to the low FN samples (Figure 2-1 and Figure 2-S2). 

To understand the temporal dynamics of mitotic adhesions, we turned to live cell TIRF 

microscopy. HeLa cells expressing EGFP-Paxillin and H2B-mCherry were imaged starting at 

metaphase through anaphase and telophase. Small, but distinct and highly dynamic adhesions 

were observed underneath the cleavage furrow, undergoing continuous formation and turnover 

(Figure 2-1). Mitotic FAs underneath the furrow disappeared just prior to cleavage furrow 

ingression (Figure 2-1). This was followed by initiation of cell spreading (Figure 2-1).  

Therefore, mitotic FAs exist during the metaphase to anaphase transition and are spatially and 

temporally distinct from retraction fibers.  
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Figure 2-1- Substrate adhesion controls the symmetry of the cleavage furrow 

A) XY and XZ views of the cleavage furrow of a HeLa cell at anaphase cultured on 10 µg/mL FN and 

stained for endogenous MIIA and DNA. B) XZ views of the cleavage furrow of cells cultured on low (1 

µg/mL) and high (50 µg/mL) FN substrates. XZ projections were made from a similar sized ROI as in 

(A). Ingression from the bottom (shown as double headed green arrow) was measured as the distance 

between the substrate (dotted yellow line) and the bottom of the cleavage furrow. Cells were grouped 

based on the height of the cleavage furrow into early (>15 μm), mid (9-15 μm) and late (3-9 μm) stages 

of ingression. Measurements were made on 34 cells and 42 cells for 1 μg/mL and 50 μg/mL FN, 

respectively, across 6 independent experiments for each condition. C) Localization of endogenous 

paxillin underneath the cleavage furrow using SIM. Shown are XY views of HeLa cells at anaphase 

stained for paxillin, cultured on low and high adhesive substrates. Look up table is fire and color bars 

show the gray scale values of the images. White arrows show retraction fiber adhesions and green 

arrows show mitotic FAs. D) Merged XZ views of HeLa cells at anaphase stained for paxillin (green) 

and MIIA (gray) cultured on low and high adhesive substrates. XY views are shown in Figure S1C. E) 

TIRF time montage of a HeLa cell expressing Paxillin-mEGFP and H2B-mCherry cultured on high 

adhesive substrate undergoing anaphase imaged using TIRF microscopy. Ingression starts at 0 min 

and the arrowheads indicate the position of the cleavage furrow. Arrows denote the side with larger 

adhesions maintained until the daughter cells start spreading at 10 min. F) Quantification of relative 

paxillin intensity comparing adhesions underneath the cleavage furrow (red ROI in inset) and 

immediately adjacent to the cleavage furrow (blue ROI in inset). 0 minutes denotes the ingression of 

the cleavage furrow. Measurements were made from 7 cells across 5 independent experiments. G) 

Kymograph created from blue line in (C). Dotted line denotes the onset of ingression. * denotes p<0.05 

and ** denotes p<0.01; Scale bars, 5 µm. Error bars show standard error of the mean. 
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We next wanted to investigate the molecular mechanisms controlling the function of mitotic 

FAs. We hypothesized that similar mechanisms control adhesion dynamics during interphase 

and mitosis. Thus, we targeted molecular players known to regulate adhesion strength during 

interphase.  Inhibition of focal adhesion kinase (FAK) has been reported to stabilize FAs by 

preventing their disassembly (Webb et al., 2004). Thus, creating stable FAs through FAK 

inhibition during mitosis should further reduce ingression from the bottom. Therefore, we 

inhibited FAK with an acute treatment of a specific drug, PF-228 (Slack-Davis et al., 2007). To 

prevent adhesion disassembly only during mitosis, we treated cells with 1 µM PF-228 for 10 

minutes before fixation and immuno-labeling so that any cells analyzed during anaphase would 

have been targeted during metaphase or later. Drug treatment reduced FAK auto-

phosphorylation by 66.7 +/- 9.5% (Figure 2-2) and resulted in larger mitotic adhesions in cells 

on low FN (Figure 2-2 compared with Figure 2-1, Figure 2-S2). Bottom ingression on high FN 

was also reduced upon PF-228 treatment compared to control cells. There was also a ~8-fold 

decrease in bottom ingression during early anaphase and greater than 2-fold reduction during 

mid anaphase when cells were on low FN (Figure 2-2). Thus, FAK inhibition can enhance 

asymmetric ingression even when cells are on a low adhesive substrate (Figure 2-2).  

Vinculin is part of the molecular clutch that links adhesions to the actin cytoskeleton 

(Thievessen et al., 2013). To determine if vinculin also serves as a clutch to regulate cleavage 

furrow ingression, we used siRNA to knockdown endogenous vinculin protein (Figure 2-2). 

Indeed, we observed knockdown of vinculin caused a nearly 10-fold increase in ingression 

from the bottom on the high adhesive substrate (Figure 2-2). Taken together, these findings 

indicate FAK and vinculin regulate cleavage furrow ingression. 
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Figure 2-2- Molecular mechanisms governing mitotic FAs 

A) Western blot to validate acute inhibition of FAK using the FAK inhibitor (PF-228). Lysates were 

prepared from cells treated for 10 minutes versus untreated controls from 3 independent experiments. 

Total FAK was used as loading control. Intensities for each lane were normalized to the respective 

loading controls. B-C) XY (B) and XZ (C) views of HeLa cells at anaphase stained for MIIA and paxillin, 

cultured on low (top) and high (bottom) adhesive substrate treated with 1 μM FAK inhibitor PF-228. D) 

Quantification of bottom ingression comparing FAK inhibitor treated versus untreated control cells 

cultured on low and high FN substrates. Cells were grouped into early, mid, and late anaphase based 

on the height of the cytokinetic ring as in Figure 2-1. Measurements were made on 31 cells across 4 

independent experiments and 30 cells across 3 independent experiments for 1 and 50 µg/mL FN, 

respectively. E) Validation of si-RNA knockdown of vinculin using western blotting and 

immunofluorescence. For western blotting, intensities for each lane were normalized to the respective 

tubulin loading controls. Each knockdown was then normalized to the respective scrambled (Scr) 

control. N= 3 independent experiments. For immunofluorescence, control and knockdown HeLa cells 

were stained for endogenous vinculin. F) XZ views of vinculin knockdown HeLa cells at anaphase 

cultured on low and high adhesive substrates. G) Quantification of bottom ingression comparing 

vinculin knockdown versus control cells cultured on low and high adhesive substrates. Cells were 

grouped into early, mid, and late anaphase as in Fig 2-1. Measurements were made on 17 cells across 

3 independent experiments and 24 cells across 4 independent experiments for 1 μg/ml and 50 μg/ml 

FN, respectively. Scale bars in (B-C) and (F), 5 µm; (E), 100 µm. * denotes p<0.05 and ** denotes 

p<0.01. Error bars in (A), (D-E) and (G) show standard error of the mean. 
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Although single isolated cells are a powerful model for exploring mechanisms that govern the 

attachment of mitotic FAs to the ECM, cells are often also attached to other cells in vivo. This 

is particularly true for cells within an epithelial sheet. Epithelial cells form FAs on their basal 

domain and tight junctions and adherens junctions (i.e., cell-cell contacts) on their apical and 

lateral domains, respectively (Jefferson et al., 2004; Yeatman, 2004). Of note, cleavage 

furrows of epithelial cells dividing in vivo tend to ingress from the basolateral side towards the 

apical side (Guillot and Lecuit, 2013; Jinguji and Ishikawa, 1992), and this type of asymmetric 

ingression is required for proper differentiation of neural epithelia (Goulas et al., 2012). We 

hypothesized a low adhesive state on the bottom (i.e., basolateral side) of epithelial cells could 

allow the cleavage furrow to detach and pull itself towards cell-cell contacts (i.e., apical). To 

test this hypothesis, we grew monolayers of MDCK cells on low FN, and found the cleavage 

furrow did ingress from the bottom (Figure 2-3, top panels in panel B). Cells on high FN 

showed ~8 fold less ingression from the bottom and more from the top compared to low FN 

during mid-anaphase (Figure 2-3). This data suggested ECM adhesion determines the shape 

of the cleavage furrow in mitotic cells that are integrated into epithelial monolayers. 

To determine if mitotic adhesions shape the cleavage furrow of epithelial cells in a regulated 

way, we inhibited FAK and measured furrow ingression. FAK inhibition resulted in a dramatic 

16-fold decrease in furrow ingression from the bottom of MDCK cells on the low FN during 

mid-anaphase, as well as small reduction on high FN during early and late anaphase (Figure 

2-3). To further test if FAK inhibition was working through mitotic adhesions to the ECM, we 

analyzed ingression in cells lacking ECM attachment due to presence of a very soft matrix. For 

these experiments, we grew MDCK cells in polarized 3D cysts sitting on coverslips (Lee et al., 

2007). The basolateral side of the cells was on the outside of the cysts (Figure 2-3, open 

arrowheads in panel E) and the apical side was on the luminal side (Figure 2-3, closed 

arrowheads in panel E). In the case of cells at the sides of the cyst that have no attachment to 

the coverslip in contact with the liquid medium, the cleavage furrow of these cells ingressed 

completely towards the apical (luminal) side of the cell with or without FAK inhibition (Figure 2-

3). Thus, the influence of FAK on furrow-shape requires adhesions to the ECM. To visualize 

whether epithelial cells in vivo also ingress their cleavage furrow from the basolateral domain, 

we visualized furrow ingression in cells dividing near the base of the crypt of small intestine. 

We observed that furrow ingression indeed proceeds from the basolateral domain (Figure 2-

S3), suggesting that the base of the crypt behaves like a low adhesive environment. 
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Figure 2-3- Adhesiveness of the substrate controls cleavage furrow shape in epithelial sheets 

A) XY view of a cell dividing in a MDCK monolayer cultured on 1 µg/ml FN stained with phalloidin 

(cyan) and DAPI (magenta) imaged using SIM. B) XZ views of control (top row) and FAK inhibitor 

treated (bottom row) cells dividing within a monolayer grown on low (left column) and high (right 

column) adhesive substrates. The XZ projections of the cleavage furrow were created from a thin slice 

(marked by dotted yellow box in (A)) passing through the long axis of the cell. C) Quantification of 

basolateral ingression comparing low and high adhesive substrates. D) Quantification of basolateral 

ingression comparing control and treated cells on low and high adhesive substrates. Cells were 

grouped into early (>10 μm), mid (6-10 μm) and late (1-5 μm) anaphase based upon the height of the 

cytokinetic ring. For the graph comparing control cells, measurements were made on 33 cells across 3 

independent experiments and 36 cells across 4 independent experiments for 1 µg/ml and 50 µg/ml FN, 

respectively. For the graph comparing FAK treated cells with control cells, measurements were made 

on 23 cells for 1 µg/ml FN and 24 cells for 50 µg/ml FN across 3 independent experiments for each 

condition. E) Cross sections through a MDCK cyst showing cells at anaphase in either control (left) or 

FAK inhibitor treated (right) cysts stained with phalloidin (cyan) and DAPI (magenta). Shown are 

maximum projections of six 200 nm Z slices, with magnified views of the region marked by the dotted 

yellow rectangle below. F) Quantification of degree of asymmetry in furrow ingression comparing 

control and FAK inhibitor treated cysts. The degree of asymmetry was calculated as ratio of basolateral 

versus apical ingression as shown in the inset. Measurements were made on 11 control cysts across 5 

independent experiments and 4 FAK inhibitor treated cysts across 3 independent experiments. Scale 

bars: 5 µm; * denotes p<0.05. 
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We next wanted to explore what other cellular processes could be affected by mitotic FAs. 

Interestingly, during anaphase we noted one daughter was shorter than the other on high FN 

(Figure 2-1). Corresponding XY views indicated the shorter cell had larger FAs (Figure 2-S1). 

Indeed, quantification of FAs on either side of the cleavage furrow from our live cell TIRF data 

confirmed this asymmetric attachment occurs only on the high FN substrate (Figure 2-4). The 

observed cellular shape during anaphase (Figure 2-1) suggested one pole of the mitotic 

spindle could be closer to the substrate than the other, characteristic of a tilted spindle in XZ. 

Therefore, we took two approaches to determine the tilt of an anaphase mitotic spindle by 

measuring the angle between the substrate and a line joining the centroids of the DNA or the 

spindle poles marked with centrin (Figure 2-4). Each method yielded statistically identical 

spindle angles (Figure 2-4). Using these two methods, we noted that on the high adhesive 

substrate (50 µg/mL FN), anaphase spindles demonstrated a mean angle of 9.7° +/- 3.6°, 

whereas on low adhesive substrate (1 µg/mL FN), a mean angle of 5.5 +/- 2.4° was calculated 

(Figure 2-4). To test whether changes in the shape of the cleavage furrow also affect spindle 

tilt, we measured spindle tilt upon FAK inhibition and vinculin knockdown, which increases and 

decreases the strength of adhesion, respectively (as noted in Figure 2-2). Upon inhibition of 

FAK, spindle tilt was significantly increased on the low adhesive substrate. Conversely, with 

vinculin depletion it was decreased on the high adhesive substrate. In MDCK monolayers, a 

spindle angle of 0-5° was calculated on either low or high FN. However, upon addition of the 

FAK inhibitor a mean spindle angle of 5.5° was observed for cells grown on 1 µg/ml FN 

compared to a mean angle of 3° for control MDCK cells. Thus, in both MDCK and HeLa cells, 

increasing adhesion by inhibiting FAK causes an increase in spindle tilt. 

Of note, we found using a Centrin-GFP cell line that the mother (i.e., older) spindle pole, 

marked by the spindle pole with a brighter centrin signal (Kuo et al., 2011) (Figure 2-4), was 

preferentially tilted towards the substrate. We confirmed these results using an alternative 

approach, where we used an antibody to cenexin, which specifically marks the mother 

centrosome (Hung et al., 2016; Izumi and Kaneko, 2012; Lange and Gull, 1995), and observed 

similar results (Figure 2-S4). In addition, we noted that metaphase cells on FN demonstrated a 

mean spindle angle of 20° towards the substrate (Figure 2-4).  
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Figure 2-4- Adhesiveness of the substrate modulates the XZ orientation of the spindle 

A) Quantification of degree of asymmetry in attachment on low and high adhesive substrates using 

TIRF. ROIs on either side of the cleavage furrow ROI were compared. Measurements were made from 

8 cells across 5 independent experiments as in Figure 2d for 50 µg/mL FN and 4 cells across 4 

independent experiments on 1 µg/mL FN. B) Methods used to quantify spindle tilt. XZ tilt of the spindle 

was calculated by either measuring the angle between the line joining the centroids of the 

chromosomes (solid magenta line) and the substrate (solid white line) or by measuring the angle 

between the line joining the centrioles (solid green line) and the substrate (solid white line) using a 
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HeLa cell line stably expressing GFP centrin. Dotted yellow line shows the substrate. Graph shows 

comparison of the two methods. Spindle tilt was measured using both methods in 28 cells across 5 

independent experiments. C) Tukey plots comparing spindle tilt measured using the DNA centroids 

method across all experimental conditions tested for HeLa and MDCK cells in the study D) XZ view of a 

HeLa cell stably expressing centrin GFP at anaphase on a high adhesive substrate showing the mother 

(m) and daughter (d) centrioles. E) Shown are confocal images of cells in metaphase on FN or poly-L-

lysine, with XY and XZ views of DNA (blue), centrin (fire) and tubulin (gray). F) Tukey plots comparing 

the average spindle tilt on poly-L-lysine versus FN during metaphase. G) Graph comparing the 

propensity of the mother centriole being tilted towards the substrate during metaphase and anaphase. 

Scale bars, 5 µm. * denotes p<0.05, ** denotes p<0.01 and  *** denotes p<0.005. Error bars in (B) and 

(D-E) show standard error of the mean. 
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Discussion 
 

A balance between contraction and adhesion to the substrate has been demonstrated to 

determine the three-dimensional shape of migrating cells during interphase (Burnette et al., 

2014). A similar balance between adhesion and contraction during cytokinesis was first 

proposed by Fishkind and Wang (Fishkind and Wang, 1993). Our results reveal the molecular 

underpinnings of this force-balance, namely integrin-based focal adhesion regulated by the 

vinculin-FAK-paxillin signaling axis. In single cells, our model suggests that strong adhesion to 

the substrate would create high resistance to the contractile force generated by the contractile 

ring, in turn resulting in asymmetric ingression from the top of the cell. Under low adhesion 

conditions, there would be less resistive force and therefore the top and bottom of the cell 

ingress symmetrically (Figure 2-5). We also show cell-cell contacts in epithelial cells directing 

the ingression of the cleavage furrow. The resultant shape of the cleavage furrow under low 

adhesion to the substrate is similar to that usually observed in vivo, such as in Drosophila 

embryos (Guillot and Lecuit, 2013), mouse neuroepithelium (Goulas et al., 2012) and intestinal 

crypts (Jinguji and Ishikawa, 1992) (Figure 2-S3). 

Initial biochemical studies investigating the link between cell cycle and adhesion remodeling 

focused on mapping changes in phosphorylation of focal adhesion signaling layer proteins 

FAK, p130Cas and paxillin during mitosis (Yamaguchi et al., 1997; Yamakita et al., 1999). How 

these changes were linked to cell cycle progression however was unclear. It was recently 

shown that Cdk1 is the master regulator of this process, with low Cdk1 activity during G2 

promoting adhesion disassembly (Jones et al., 2018). In further support of these findings, 

traction forces were found to peak during S-phase, subsequently decreasing during G2, a 

finding consistent even in epithelial sheets (Uroz et al., 2018; Vianay et al., 2018). These 

studies have significantly advanced our understanding of adhesion remodeling leading to 

mitotic entry, while others have uncovered complex adhesion dynamics immediately following 

mitotic exit. 
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Figure 2-5- Working model 

Our model for how mitotic adhesions control the 3D shape of the cleavage furrow of single cells and 

cells within epithelial monolayers. m and d indicate mother and daughter centriole, respectively. 
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Early work using substrate wrinkling showed that mitotic cells exert forces on the substrate 

(Burton and Taylor, 1997). Interestingly, the greatest wrinkling was observed underneath the 

cleavage furrow during ingression, which then dissipated towards the cell periphery, 

corresponding to the initiation of cell spreading. This suggests a dynamic redistribution of cell-

substrate adhesions during cytokinesis. Recent work has measured matrix deformation 

throughout mitosis in cell cultured in 3D matrices (Nam and Chaudhuri, 2018).  Notably, matrix 

deformation increased during mitotic progression, peaking during cytokinesis. This suggests 

that the contractile ring also generates significant forces in 3D environments. Transmission of 

such forces to the substrate would require cell-matrix contacts to be present immediately 

following mitotic exit. 

Based on our data, we attribute the resistive force largely to the mitotic FAs underneath the 

cell body. First, they are the largest FAs prominent throughout mitosis (Petridou and 

Skourides, 2016). Second, we show that mitotic FAs are responsive to adhesiveness of the 

substrate (Figure 2-2) and are regulated by FAK and vinculin activity (Figure 2-3). Interestingly, 

we did not observe significant changes in retraction fiber density in response to either 

substrate adhesiveness or signaling. What then is the role of retraction fibers? Previous work 

using patterned substrates showed the position of the cleavage furrow and XY orientation of 

the mitotic spindle is determined by adhesive patterns (Thery et al., 2005). Specifically, the 

spindle aligns with the axis of strongest external force in XY exerted by retraction fibers or cell-

cell contacts (Bosveld et al., 2016; Fink et al., 2011). Furthermore, retraction fibers also 

maintain the orientation of the spindle parallel to the substrate(Toyoshima and Nishida, 2007). 

It has recently been reported force generated by retraction fibers activates β-1 integrin on the 

mid lateral cortex (Petridou and Skourides, 2016). Therefore, the ultimate orientation of the 

spindle in three dimensions is likely determined by an interplay of retraction fibers maintaining 

the spindle parallel to the substrate and mitotic FAs pulling the mother centrosome towards the 

substrate through a yet to be defined mechanism 

The XZ orientation of the spindle and specific placement of the oldest mitotic centrosome have 

been implicated in the stereotyped behavior of germline stem cells and neuroblasts in 

Drosophila (Januschke et al., 2011; Yamashita et al., 2007) and in several invertebrate cell 

types (Chen et al., 2014; Hehnly et al., 2015; Izumi and Kaneko, 2012; Januschke et al., 2011; 

Paridaen et al., 2013; Wang et al., 2009; Yamashita et al., 2007). We observed the mother 

spindle pole preferentially localizes to the daughter cell with more mitotic FAs. This observation 
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may explain the original observation by Yamashita et al where the oldest mitotic centrosome 

remains closer to the niche in dividing germline stem cells (Yamashita et al., 2007), In addition 

to germline stem cells, mammalian gut stem cells orient their divisions so that the cell that 

retains contact with the ECM retains stemness (Quyn et al., 2010). Therefore, our findings 

suggest mitotic FAs may play multiple roles in stem cell homeostasis, including anchoring stem 

cells to a niche and retention of specific stem cell factors such as recruitment of the mother 

spindle pole (Wang et al., 2009). Deregulation of normal stem cell differentiation has been 

implicated to cause tumorigenesis (Reya et al., 2001). Therefore, the balance of adhesive 

forces determining the position and fate of dividing stem cells could also play a role during 

tumorigenesis. 
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Materials and Methods 
 
Cell culture and chemicals 

HeLa (ATCC, CCL-2) and HeLa centrin-EGFP(Kuo et al., 2011) cells were cultured in growth 

media comprised of DMEM (Mediatech, Inc., Manassas, VA, 10-013-CV) containing 4.5 g/L L-

glutamine, L-glucose, sodium pyruvate and supplemented with 10% fetal bovine serum 

(Sigma-Aldrich, St. Louis, MO, F2442). MDCK II cells were generously provided by Dr. Ian 

Macara. Growth substrates were prepared by coating #1.5 glass coverslips (In Vitro Scientific, 

D35C4-20-1.5N or D35-20-1.5N) with 1,10 or 50 µg/mL FN (354008, Corning) in PBS 

(Mediatech, Inc., 46-013-CM) at 37°C for 1 hour. Cells were plated on a growth substrate and 

then experiments were performed the next day. For protein expression, cells were transiently 

transfected using Fugene 6 (Promega, Madison, WI, E2691) according to the manufacturer’s 

instructions overnight in a 25-cm2 cell culture flask (Genessee Scientific Corporation, San 

Diego, CA, 25-207) before plating on a growth substrate. Culturing of polarized MDCK cysts 

was done as described previously(Lee et al., 2007). Briefly, MDCK cells were sparsely seeded 

as single cells on a growth substrate coated with 5 µg/mL laminin and overlaid with 5% 

reduced growth factor Matrigel (Corning). Polarized cysts were obtained after about a week of 

incubation, with Matrigel replenished every day. 

The FAK inhibitor PF-228 (PZ0117) was purchased from Sigma. Alexa Fluor 488-phalloidin 

(A12379), Alexa Fluor 488-goat anti-mouse (A11029), Alexa Fluor 488-goat anti-rabbit 

(A11034), Alexa Fluor 568-goat-anti-rabbit (A11011), Alexa Fluor 568-goat anti-mouse 

(A11004), Alexa Fluor 647-goat-anti-mouse (A21235), anti-rabbit HRP (65-6120) and anti-

mouse HRP (62-6520) antibodies were purchased from Life Technologies (Grand Island, NY). 

Rabbit-anti-Myosin IIA (909801) was purchased from BioLegends (San Diego, CA). Mouse 

anti-Paxillin (810051) was purchased from BD Biosciences. Rabbit anti-pFAK Y357 (ab81298) 

was purchased from Abcam. Mouse anti-FAK (BD Biosciences) was a generous gift from the 

lab of Dr. Irina Kaverina. Paraformaldehyde (15710) was purchased from Electron Microscopy 

Sciences (Hatfield, PA). Triton X-100 (BP151100) was purchased from Fischer Scientific 

(Suwanee, GA). 

Plasmids 

EGFP-Paxillin-KM-N-10 was a gift from Michael Davidson (Addgene plasmid # 56283).  
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Drug treatments 

Treatment with FAK inhibitor PF-228 was done as described previously(Slack-Davis et al., 

2007). Briefly, the drug was diluted to a final concentration of 1 µM in serum free DMEM pre-

heated to 37°C and applied for 10 minutes. Following drug treatment, the drug was washed out 

and cells were fixed for staining. For western blotting, cells were washed with PBS and lysed 

using Cell Lytic M (Sigma) reagent containing 1X Protease Inhibitor Cocktail (Sigma), 1X 

Phosphatase Inhibitor Cocktail II (Sigma) and 1 µM PF-228 using scraping.  

Knockdown of vinculin using si-RNA 

Smart Pool Accell siRNAs against vinculin (E-009288-00-0005) and scrambled control (D-

001910-10-05) were purchased from GE Dharmacon. Knockdown experiments were 

performed in 24 well plates using Lipofectamine 2000 (1690146, Life Technologies) according 

to the instructions provided by the manufacturer. Knockdown was performed for 72 hours, 

following which cells were plated on the growth substrate. For western blotting, cells were 

washed with PBS and lysed using Cell Lytic M reagent (Sigma) containing 1X Protease 

Inhibitor Cocktail. 

Tissue Processing and Staining 

Duodenum from the small intestine of 2-month-old C57/BL6 mice was harvested and 

immediately fixed and sub-dissected in 4% paraformaldehyde in PBS for 30 min.  Tissue was 

then washed in PBS and cryoprotected overnight in 30% sucrose at 4°C before embedding in 

OCT and freezing over an acetone-dry ice bath.  Frozen blocks were stored at -80°C until the 

time of sectioning.  OCT blocks were sectioned using a Leica CM 1950 cryostat, at a thickness 

of 10 µm and melted on Superfrost Plus microscope slides (Fisher Scientific).  All slides were 

kept at -80°C until the time of staining.  Slides were thawed and OCT washed out in room 

temperature PBS three times for 5 min each before staining with AlexaFlour488-conjugated 

Phalloidin (1:200, Molecular Probes) and DRAQ5 (1:200, ThermoScientific) for 2 hours.  After 

washing in PBS, samples were mounted with ProLong Gold antifade reagent (Molecular 

Probes) and #1.5 coverslip (Electron Microscopy Sciences). 

Metaphase imaging 

Cells were seeded on glass coverslips (#1.5, Warner Instruments) and grown to sub-

confluence for immunofluorescence confocal microscopy. Cells were then fixed (cold 



44 
 

methanol) and stained as previously described (Bement et al.). Images were taken on a Perkin 

Elmer spinning disk confocal microscope: Nikon Eclipse Ti microscope, Plan-Apochromat 

100x/1.4 Oil DIC objective and a Hamamatsu C9100-50 EMCCD camera. The entire cell was 

imaged at 0.2-μm step-intervals and displayed as maximum projections (ImageJ). The 

fluorescence range of intensity was adjusted identically for each image series. Orthogonal 

images of mitotic spindle were processed with ImageJ software. For measuring spindle angles 

in 2-dimensional cultures, anti-centrin or centrin-GFP was used to indicate spindle pole 

positions.  

Confocal Microscopy and Image Processing 

Confocal imaging of tissue sections was accomplished using a Nikon TiE inverted microscope 

outfitted with an A1R-plus point-scanning confocal, 100x 1.49NA Apo TIRF objective, and 

piezo stage (Nikon Instruments, Inc.).  After image stack acquisition, datasets were 

deconvolved offline using Richardson-Lucy 3D deconvolution.  Both image acquisition as well 

as processing, including deconvolution, was accomplished using NIS-Elements software 

(Nikon Instruments, Inc.) 

Structured Illumination Microscopy 

SIM imaging and processing was performed on a GE Healthcare DeltaVision OMX equipped 

with a 60x 1.42 NA Oil objective and sCMOS camera. 

Live Cell TIRF microscopy 

Live cell TIRF imaging was performed on a Nikon N-STORM microscope using a Nikon 100x 

Plan Apo 1.49 NA objective and an Andor iXon Ultra EMCCD camera. Cells in metaphase 

were identified using the H2B mCherry channel, following which images were acquired every 

10-30s in TIRF in the green channel. Cells were imaged until they had completed telophase 

and initiated cell spreading. A camera gain of 110 was used. The hardware was controlled 

using Nikon Elements AR software.  

Western Blotting 

Gel samples were prepared by mixing cell lysates with LDS sample buffer (NP0007, Life 

Technologies) and Sample Reducing Buffer (NP0009, Life Technologies) and boiled at 95°C 

for 5 minutes. Samples were resolved on Bolt 4-12% gradient Bis-Tris gels (NW04120BOX, 

Life Technologies). Protein bands were blotted onto a nylon membrane (Millipore). Blots were 
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blocked using 5% NFDM (33368, Research Products International Corp, Mt. Prospect, IL) in 

TBST. Antibody incubations were also performed in 5% NFDM in TBST. Blots were developed 

using Immobilon Chemiluminescence Kit (WBKLS0500, Millipore). 

Data Quantification 

All image processing was performed on ImageJ. For measuring relative bottom ingression, 

images were first rotated so that cells were aligned with their long axis parallel to the substrate. 

3D projections were then made along the X-axis a thin slice ROI passing through the center of 

the cell. Relative bottom ingression was measured as the distance from the substrate to the 

bottom of the cleavage furrow. For measuring aspect ratio of the ring, the cell was rotated 90 

degrees so that its long axis was perpendicular to the substrate and an X-projection was 

created using a thin slice ROI passing through the contractile ring. Ring aspect ratio was 

measured as the ratio between the horizontal and axial diameter of the contractile ring. Cells 

were then divided into three stages of anaphase according to the height of the contractile ring. 

3-9 µm for late, 9-15 µm for mid and >15 µm for early anaphase for HeLa cells; for MDCK 

cells, 1-5 µm for late, 5-10 µm for mid and <10 µm for late anaphase. For measurement of 

degree of asymmetry in cysts, Z-slices were maximum projected and two lines parallel to the 

long axis of the cell were drawn to mark the lumen and the basal domain. Apical and 

basolateral ingression was measured as distance between the furrow and the apical or basal 

plane. Cells across multiple independent experiments were pooled and statistical analyses 

were performed using Student’s T-Test.  

For quantification of TIRF data, four ROIs were drawn: one at the cleavage furrow and two on 

either side of the cleavage furrow, and one in the background. The largest size ROI that could 

fit all cleavage furrows in the data set was empirically set, and identical sized ROIs were 

placed on either side of this central ROI. We used identical sized ROIs for all measurements, 

and they were simply placed by keeping the furrow ROI at the center of the two daughter cells 

blindly to reduce any bias. All intensities were first background corrected using the average 

background mean intensity. The ingression of the cleavage furrow was designated as T=0 min 

and frames from 10 minutes before and after furrow ingression at 1-minute intervals were used 

for analysis. Each intensity value was normalized to T=-10 min to account for variation in 

intensity values due to expression levels. Due to asymmetry in attachment of the daughter 

cells, the cleavage furrow ROI was compared to the brighter adjacent ROI (designated Side 1 

in the excel sheet). For quantification of degree of asymmetry in the attachment of cells, we 
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normalized the intensity values measured from the ROI in the less attached cell to T=-10 min 

of the brighter ROI (designated Side 2 in the excel sheet). The average normalized intensities 

were then compared using Mann Whitney U Test, since these data were not assumed to be 

uniformly distributed.  

For quantification of spindle tilt, two methods were employed. In the first method, we measured 

tilt as the angle between the line joining the centroids of the DNA intensity and the substrate. In 

the second method, measured tilt as the angle between the substrate and the line joining the 

centrioles, imaged using a HeLa cell line stably expressing GFP tagged centrin protein. 

Statistical comparison of these methods showed that they yielded nearly the same value, and 

we use the DNA method for the remainder of the study.  

Graphs were created using Microsoft Excel and GraphPad Prism.  
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Supplementary Figures 
 

 

Figure 2-S1- Substrate adhesions control the symmetry of the cleavage furrow 

A) XZ views of the contractile ring (pseudo-colored yellow) with respect to the cell body (gray) 

comparing 1 µg/mL and 50 µg/mL FN. Images were aligned perpendicular to the long axis of the cell 

and XZ views were created using a similar sized ROI as in Figure 2-1A. B) Quantification of aspect ratio 

of the ring comparing 1 and 50 µg/mL FN. The aspect ratio was calculated as the ratio of the horizontal 

to the axial diameter of the ring. Measurements were made on 34 cells and 42 cells for 1 μg/mL and 50 
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μg/mL FN, respectively, across 6 independent experiments for each condition C) XY views of HeLa 

cells at anaphase on low and high adhesive substrates stained for endogenous paxillin (green) and 

MIIA (gray). * denotes p<0.05; Scale bars, 5 µm. Error bars show standard error of the mean. 
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Figure 2-S2- Validation of inhibition of FAK using PF-228 and knockdown of vinculin using 

siRNA 

A) Full western blots representing three independent experiments to validate the inhibition of FAK 

activity using an acute 10-minute treatment with FAK inhibitor PF-228. B) Full western blots 

representing three independent experiments to validate the knockdown of vinculin using siRNA. 
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Asterisk indicates the residual anti-vinculin antibody not removed during the stripping step. C) 

Quantification of paxillin intensity normalized to the spread area for control and PF-228 treated cells. D) 

Quantification of spread area during anaphase for control and PF-228 treated cells. Measurements 

were made on 17 cells across 3 independent experiments, 19 cells across 4 independent experiments, 

35 cells across 5 independent experiments and 31 cells across 4 independent experiments for control 1 

μg/mL FN, control 50 μg/mL FN, PF-228 treated 1 μg/mL FN and PF-228 treated 50 μg/mL FN 

respectively. * denotes p<0.05; *** denotes p<0.001; # denotes p<0.0001. 
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Figure 2-S3- Ingression in mouse intestinal tissue section 

Cross section through the duodenum of a mouse small intestine stained with phalloidin (cyan) and 

DRAQ5 (magenta) with a cell dividing near the base of the crypt, imaged using confocal microscopy. 

Magnified view corresponding to the dotted yellow rectangle is shown to the right.  
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Figure 2-S4- Three-dimensional positioning of the mother centrosome 

A) XY views of HeLa cells at anaphase (top row) and metaphase (bottom row) stained for DAPI, 

microtubules (MT) and cenexin. Cenexin marks the mother centrosome, marked by dotted yellow circle. 

The daughter centrosome is marked by a dotted white circle. B) XZ views of the cells shown in (A) 

showing microtubules and cenexin. C) Quantification of the proportion of cells with tilted spindles where 

the mother centrosome is preferentially tilted towards the substrate. Measurements were made for 15 

metaphase spindles and 17 anaphase spindles across 3 independent experiments for each. Error bars 

represent SEM. Scale bar represents 5 μm. 
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Chapter 3- The role of myosin-II paralogs during membrane bleb retraction 
 

Taneja, N., Burnette, DT. (2019). Mol. Biol. Cell 30(9)- 1051-1059  

 

Introduction 
 

The actin cortex is a thin network of actin filaments underneath the plasma membrane that 

allows a cell to maintain and change shape in response to internal and external stimuli 

(Salbreux et al., 2012; Fritzsche et al., 2016; Sezgin et al., 2017). Membrane blebs are created 

upon a local detachment of the cortex from the membrane, which leads to an influx of cytosol, 

thus creating a spherical protrusion of the membrane (Salbreux et al., 2012). These 

specialized protrusions play multiple roles, such as releasing cytoplasmic pressure at the polar 

cortex during cytokinesis, as well as driving pressure-driven cell migration (Sedzinski et al., 

2011; Bergert et al., 2015). As such, the mechanisms driving bleb growth and retraction remain 

active areas of interest.  

The newly formed membrane bleb lacks the majority of cortical components. New cortex 

assembly occurs on this membrane, with ezrin appearing nearly instantaneously, followed by 

actin appearing ~2 s after bleb formation, and with non-muscle myosin II (MII) following ~8 s 

later (Charras et al., 2006). Ezrin was recently shown to recruit MYOGEF to the bleb, which 

activates RhoA signaling (Jiao et al., 2018). This results in recruitment and activation of MII, 

which then drives retraction of the bleb. Previous work has suggested that turnover of actin, 

MII and actin cross-linkers is critical for bleb retraction (Fritzsche et al., 2013). Specifically, the 

MII regulatory light chain was shown to turn over at rates intermediate between actin and actin 

cross-linking protein alpha actinin (Fritzsche et al., 2013). It was proposed that this allows 

myosin II to reorganize actin network architecture, even in the presence of passive cross-links 

(Fritzsche et al., 2013). Since the regulatory light chain binds multiple MII paralogs, the specific 

paralog responsible for bleb retraction is unknown. Furthermore, the relationship between 

turnover of that specific paralog and its correlation with bleb retraction has not been 

established.  

There are three MII paralogs: MIIA, MIIB and MIIC, with mammalian cells commonly 

expressing MIIA and MIIB (Vicente-Manzanares et al., 2009). Distinctive roles for MII paralogs 
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have been proposed in multiple contexts, such as stress fiber formation in migrating cells 

(Beach et al., 2017), cell-cell junction formation in epithelial cells (Smutny et al., 2010), growth 

cone advance in neurons (Brown and Bridgman, 2003), and pro-platelet formation in mice 

(Lordier et al., 2008; Bluteau et al., 2012). Here we show evidence for MIIA in specifically 

driving bleb retraction during cytokinesis. We further show that both motor activity at the N-

terminus and regulation of the non-helical tailpiece at the C-terminus control this activity. 

These experiments have also revealed a correlation between the rate of MII turnover and bleb 

retraction.  
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Results 
 

To create a bleb in a controlled manner, we utilized laser ablation as previously described 

(Tinevez et al., 2009; Sedzinski et al., 2011; Goudarzi et al., 2012). Ablation of the polar cortex 

in a control cell undergoing cytokinesis resulted in the formation of a bleb followed by retraction 

over a time period of ~2 min as previously reported (Figure 3-1) (Charras et al., 2008). We 

depleted either MIIA or MIIB in HeLa cells, which only express these two paralogs (Figure 3-

S1) and created blebs. We found that knockdown of MIIA resulted in failure of bleb retraction, 

while MIIB knockdown did not (Figure 3-1). We observed a similar trend in spontaneously 

occurring blebs at the polar cortex (Figure 3-1). The lack of an effect on bleb retraction upon 

MIIB knockdown could result from an inability of MIIB to get recruited to the bleb. To test this, 

we monitored MIIA and MIIB recruitment to newly formed blebs in live cells co-expressing MIIA 

mApple and MIIB mEGFP (Figure 3-1). We found both paralogs were recruited to blebs after 

their formation (Figure 3-1). This was also observed in HAP1 fibroblasts (Figure 3-1). Given 

that both MII paralogs are recruited to blebs, other mechanisms likely drive the differences we 

observed in bleb retraction upon knockdown.  
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Figure 3-1- MIIA, but not MIIB, is required to drive bleb retraction 

A) Laser induced polar cortex ablation in control, MIIA or MIIB depleted HeLa cells. Representative 

control DIC montage shows ablation ROI (magenta circle) used to create a membrane bleb (yellow 

arrow). Dotted yellow line represents ROI used to create kymographs. Representative kymographs for 

each condition are shown below. White arrows show measurement method for calculating retraction 

rates. B) Tukey plots comparing bleb retraction rates for controlled and spontaneous blebs in control 

versus MIIAlo or MIIBlo cells. Controlled blebs: n=25 control, 15 MIIAlo and 25 MIIBlo cells from 3 

independent experiments. Spontaneous blebs: n=18 control blebs from 9 cells, 15 MIIAlo blebs from 10 

cells, 15 MIIBlo blebs from 10 cells over 3 independent experiments. C) Representative time montage of 

HeLa cell co-expressing MIIA mApple and MIIB mEmerald showing the ablation ROI (magenta circle). 

Representative kymographs created using the solid white line show MIIA and MIIB recruitment to the 

bleb. Yellow ROI shows region of the kymograph compared for recruitment (first 60 s). D) Comparison 
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of IIA and IIB recruitment to blebs in HeLa and HAP1 fibroblasts. n=10 cells for each cell line over 3 

independent experiments. Exact p values stated over respective bars. Solid black circles represent 

outliers. Scale bar: 10 µm. 
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We next wanted to confirm that MIIA was required to drive bleb retraction. To that end, we 

used a myh9 (MIIA) knockout HAP1 cell line we previously generated using CRISPR (Fenix et 

al., 2016), which only expresses MIIB (Figure 3-S1). We compared bleb retraction rates in this 

cell line versus the parental HAP1 cells. Knockout of MIIA resulted in failure of bleb retraction 

in HAP1 myh9 KO cells (Figure 3-2). Expression of full length MIIA at 72.6 +/- 33% of parental 

levels restored bleb retraction rates comparable to the parental cell line (Figure 3-2, Table 3-1). 

Similar levels of MIIB or MIIC expression did not rescue bleb retraction (Figure 3-2, Table 3-1). 

We next wanted to further test the potential roles of MIIB and MIIC in driving bleb retraction. 

Therefore, we turned to Cos7 cells, that only express MIIB and MIIC (Even-Ram et al., 2007). 

While cortex ablation resulted in bleb formation, wild type Cos7 cells failed to retract these 

blebs (Figure 3-2, UT bar). Overexpression of either MIIB or MIIC did not result in bleb 

retraction (Figure 3-2). However, Cos7 cells expressing exogenous MIIA did retract their blebs 

(Figure 3-2). Taken together, our data show that MIIA is required to drive bleb retraction.  

MIIA and MIIB primarily differ in their N-terminal motor domain as well as in their C-terminal 

non-helical tailpiece (Vicente-Manzanares et al., 2009). We first hypothesized that motor 

activity of MIIA could play a role in bleb retraction. To test this, we expressed MIIA containing a 

N93K mutation in the motor domain, which results in reduced ATPase activity of MIIA (Hu et 

al., 2002) (Figure 3-2). Expression of MIIA N93K in HAP1 myh9 KO cells resulted in 

significantly slower bleb retraction, suggesting the motor domain of MIIA plays a role in bleb 

retraction (Figure 3-2). To test whether the motor domain of MIIA is sufficient to drive bleb 

retraction, we used chimeric motors, where the motor domains of the MIIA and MIIB were 

swapped (see schematics, Figure 3-2) (Vicente-Manzanares et al., 2008). Expression of 

MIIB/A, bearing the motor domain of MIIB, and the helical rod and non-helical tailpiece of MIIA, 

did not rescue bleb retraction (Figure 3-2). On the other hand, expression of MIIA/B, bearing 

the motor domain of MIIA, and the helical rod and non-helical tailpiece of MIIB significantly 

rescued bleb retraction (Figure 3-2). Interestingly, the MIIA/B chimera did not rescue bleb 

retraction rates to the same extent as full length MIIA (p=0.0009). This suggests that in 

addition to the motor domain of MIIA, other factors also contribute to drive bleb retraction.  
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Figure 3-2- The motor domain and non-helical tailpiece of MIIA are sufficient to drive bleb 

retraction 

A) Representative kymographs from HAP1 parental and myh9 KO cells following cortex ablation. n=21 

parental cells and 12 KO cells over 3 independent experiments. B) Representative DIC and 

fluorescence images showing the localization of MII paralogs and mutants in HAP1 KO cells. C) 

Representative kymographs from MIIA, MIIB and MIIC expressing HAP1 KO cells following cortex 

ablation, as in Figure 1. Tukey plots comparing retraction rates in HAP1 KO cells expressing MIIA, MIIB 

or MIIC, and Cos7 cells expressing MIIA, MIIB, MIIC or untransfected (UT). For HAP1 KO cells, n= 27 

MIIA, 10 MIIB and 15 MIIC expressing cells over >3 independent experiments. For Cos7 cells, n= 16 

untransfected, 16 MIIA, 11 MIIB and 10 MIIC expressing cells over 3 independent experiments. D) 

Representative kymographs showing MIIA N93K, MIIA/B, MIIB/A and MIIA/B/A expressing HAP1 KO 

cells following cortex ablation. E) Retraction rates comparing mutants shown in (D). n= 21 N93K, 18 

MIIA/B, 8 MIIB/A and 21 MIIA/B/A expressing cells over >3 independent experiments. MIIA bar is from 

the same dataset as (C) and is only displayed for comparison. Exact p values stated over respective 

bars. Solid circles in Tukey plots represent outliers. Scale bar: 10 µm. 
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Since MIIA and MIIB also differ in their non-helical tailpiece, we hypothesized that the tailpiece 

of MIIA may also contribute to bleb retraction. Therefore, we created a chimeric motor, bearing 

the motor domain and non-helical tailpiece of MIIA, and the helical rod domain of MIIB 

(MIIA/B/A). Expression of this construct at levels similar to MIIA/B (55 +/- 21% for MIIA/B/A 

versus 48 +/- 10% for MIIA/B) resulted in statistically indistinguishable rates of bleb retraction 

compared to full length MIIA (Figure 3-2). Taken together, these data show that the motor 

domain and non-helical tailpiece of MIIA, with the rod domain of either MIIA or MIIB, are 

sufficient to drive bleb retraction.    

Current models of bleb retraction propose that myosin II turnover plays a critical role in bleb 

retraction (Charras et al., 2008; Fritzsche et al., 2013). We therefore measured the turnover of 

MIIA and MIIB at the cortex using FRAP, as previously performed for the regulatory light chain 

(Fritzsche et al., 2013) (Figure 3-3). In HeLa cells, we found MIIA recovered twice as fast as 

MIIB (Figure 3-3). We confirmed this finding in HAP1 myh9 KO cells expressing full length 

MIIA or MIIB (Figure 3-3). Interestingly, MIIC turned over markedly slower than MIIA and MIIB 

in HAP1 myh9 KO cells (Figure 3-3). Similar trends were observed in Cos7 cells (Figure 3-3). 

Taken together, these data suggest the relatively fast turnover of MIIA correlates with its ability 

to drive bleb retraction.  
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Figure 3-3- MIIA shows fast turnover compared to MIIB and MIIC at the cortex 

A) Representative time montages from two separate cells showing FRAP of MIIA and MIIB mEGFP 

expressed in HeLa cells. Inset shows enlarged view of yellow box. Dotted white box represents 

bleaching region. B) Averaged FRAP curves for MIIA and MIIB in HeLa cells. n= 15 cells each for MIIA 

and MIIB over 3 independent experiments. See methods for curve fitting method. C-D) Averaged FRAP 

curves for MIIA and MIB mEGFP (C), and MIIC mEGFP (D) expressed in HAP1 KO cells. E) Tukey 
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plots showing time for half-maximal recovery for MIIA, MIIB and MIIC in HAP1 KO cells. n= 11 MIIA, 13 

MIIB and 11 MIIC expressing cells over 3 independent experiments. F) Tukey plots showing time for 

half-maximal recovery for MIIA, MIIB and MIIC in Cos7 cells. n= 11 MIIA, 9 MIIB and 10 MIIC 

expressing cells over 3 independent experiments. Exact p values stated over respective bars.  
  



64 
 

To further test if changes in bleb retraction correlated with changes in turnover of MIIA at the 

cortex, we measured the turnover of the MIIA mutants and chimeras in HAP1 KO cells. MIIA 

N93K showed a slower recovery than full length MIIA, indicating that lower motor activity 

correlates with slower turnover (Figure 3-4). Interestingly, the MIIA/B chimera recovered 

significantly slower than MIIA, but not MIIB (Figure 3-4). This suggests that the non-helical 

tailpiece of MIIA plays a role in turnover, and its absence in the MIIA/B chimera results in its 

slower turnover compared to full length MIIA. To test this, we expressed the MIIA/B/A chimera, 

comprising the motor domain and non-helical tailpiece of MIIA and the helical rod domain of 

MIIB. The MIIA/B/A chimera rescued turnover rates to levels comparable to full length MIIA, in 

agreement with our observation that this chimera also rescued bleb retraction rates (Figure 3-

4). Taken together, these data suggest that both the motor domain and the non-helical 

tailpiece of MIIA contribute to its fast turnover relative to MIIB or MIIC. We next wanted to 

determine the basis for regulation of MIIA turnover by the non-helical tailpiece. 
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Figure 3-4- The motor domain and non-helical piece of MIIA contribute to turnover at the cortex 

A) Averaged FRAP curves for full length MIIA (from Fig. 3-3, panel C) and MIIA N93K mutant. B) Tukey 

plots comparing time for half-maximal recovery for MIIA, MIIA N93K, MIIA/B, MIIB and MIIA/B/A in 

HAP1 KO cells. n= 12 N93K, 10 MIIA/B and 13 MIIA/B/A expressing cells over 3 independent 

experiments. The MIIA and MIIB datasets are the same as Fig. 3-3, panel A, and are only shown for 

comparison. C) Averaged FRAP curves for HAP1 MIIA KO cells expressing MIIA (from Fig. 3-3, panel 
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C), MIIA/B, and MIIA/B/A chimera. Exact p values stated over respective bars. Error bars show 

standard error of the mean. 
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Previous studies have proposed phosphorylation of the myosin heavy chain at the non-helical 

tailpiece results in MIIA filament disassembly during interphase (Dulyaninova et al., 2007; 

Breckenridge et al., 2008; Dulyaninova and Bresnick, 2013). To test whether phosphorylation 

of the non-helical tailpiece regulates MIIA turnover at the polar cortex during cytokinesis, we 

expressed an MIIA mutant lacking the non-helical tailpiece (Figure 3-5). Deletion of the non-

helical tailpiece significantly slowed MIIA turnover (Figure 3-5). The non-helical tailpiece 

contains a single phosphorylation site that could regulate turnover (Ser 1943). We therefore 

created a phospho-null mutant of MIIA at this site (S1943A) and measured turnover using 

FRAP. We found MIIA S1943A also recovered slower than wild-type MIIA (Figure 3-5). Given 

the slower turnover of these MIIA tail mutants, we hypothesized that bleb retraction should be 

slower in these mutants. Indeed, both the MIIA Δtailpiece and MIIA S1943A mutants showed 

significantly slower bleb retraction (Figure 3-5).  

Finally, we wanted to test the distinct role of MIIA in driving bleb retraction during interphase. 

To that end, we used filamin deficient M2 cells that constitutively bleb during interphase, a 

classic model system used to study membrane blebbing (Charras et al., 2006; Bovellan et al., 

2014) (Figure 3-5). We probed the expression of the three MII paralogs in M2 cells, and found 

they express all three paralogs (Figure 3-S1). To test their potential roles, we depleted each of 

the MII paralogs using siRNA knockdown, and measured bleb retraction rates. Knockdown of 

MIIA, but not MIIB or MIIC significantly impaired bleb retraction, suggesting that MIIA is the 

paralog that drives bleb retraction even during interphase (Figure 3-5).  
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Figure 3-5- Phosphorylation of the non-helical tailpiece regulates turnover at the cortex 

A) Representative DIC and fluorescence images showing localization of MII mutants in HAP1 KO cells. 

B) Tukey plots comparing time for half-maximal recovery for MIIA tail mutants. n= 10 MIIA Δtailpiece 

and 12 MIIA S1943A expressing cells over 3 independent experiments. The MIIA FRAP dataset is the 

same as Fig. 3-3, panel C and is only shown for comparison. C) Representative kymographs for MIIA 

Δtailpiece and MIIA S1943A following cortex ablation in HAP1 KO cells. D) Tukey plots comparing bleb 

retraction rates in HAP1 KO cells for MIIA tail mutants. n= 17 MIIA Δtailpiece and 15 MIIA S1943A 

expressing cells over 3 independent experiments. The MIIA dataset is the same in Fig. 3-2, panel C 
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and is only shown for comparison. E) DIC image of Scr control M2 cell 5 hours post plating. F) 

Representative kymographs for bleb retraction in Scr versus MIIAlo, MIIBlo and MIIClo M2 cells during 

interphase. G) Tukey plots comparing bleb retraction rates for Scr versus MIIAlo, MIIBlo and MIIClo M2 

cells. Scale bar in (A) and (F)- 10 µm and 5 µm, respectively. Exact p values stated over respective 

bars. Solid circles represent outliers. 
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Discussion 
 

Here we show that MIIA is the specific paralog that is necessary and sufficient to drive bleb 

retraction during interphase and cytokinesis. We confirmed this finding using three 

independent approaches: knocking down MIIA, knocking out MIIA, and expressing IIA in a cell 

line that does not normally express it. We also showed that the motor domain and the non-

helical tailpiece both regulate bleb retraction. The motor domain of MIIA has distinct 

biophysical properties compared to MIIB and MIIC, namely having higher ATPase activity, as 

well as spending a smaller proportion of its mechano-chemical cycle bound to actin in the force 

generating state (i.e. lower duty ratio) (Kovács et al., 2003; Wang et al., 2003). Interestingly, 

we found these biophysical properties correlated with faster turnover at the cortex compared to 

MIIB and MIIC.  

Reducing MIIA’s motor activity using the N93K mutation slowed the turnover of MIIA at the 

cortex, which correlated with slower bleb retraction. Replacing the motor domain of MIIA with 

the motor domain of MIIB also slowed down turnover (p=0.0257); this construct also did not 

support bleb retraction. These findings thus establish a link between the turnover rate and 

motor activity of MIIA. The positive correlation between MIIA turnover and bleb retraction 

supports previous experimental and theoretical studies suggesting that turnover is critical for 

bleb retraction (Charras et al., 2008; Fritzsche et al., 2013). A limitation of our current study, as 

well as previous studies that have measured MII turnover, is that we correlated measurements 

made at the cortex with bleb retraction rates (Fritzsche et al., 2013). We were unable to 

combine photo-ablation to create a bleb and photo-bleaching to measure MII turnover within 

the same bleb.  

We further showed that the non-helical tailpiece of MIIA also regulates its turnover. Deletion of 

this segment resulted in both slower turnover and slower bleb retraction. Of note, this effect 

was not specific to MIIA since deletion of the non-helical tailpiece of MIIB also resulted in 

slower turnover of MIIB (Figure 3-S2). Not surprisingly, this did not change MIIB’s inability to 

drive bleb retraction (Figure 3-S2). While the motor domain of MIIA is absolutely required for 

bleb retraction, the non-helical tailpiece may add an additional layer of regulation. This finding 

is in agreement with previous studies that have proposed that heavy chain phosphorylation 

controls MIIA disassembly from filaments (Dulyaninova et al., 2007; Breckenridge et al., 2008; 

Dulyaninova and Bresnick, 2013). Our finding that Ser1943 regulates bleb retraction also 
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suggest an important role for Casein Kinase II in regulating MIIA heavy chain phosphorylation, 

which has been shown to phosphorylate Ser1943 in vitro (Kelley and Adelstein, 1990; 

Dulyaninova et al., 2005). The development of biosensors as well as specific, fast acting 

inhibitors will likely be necessary to better understand the mechanisms regulating MIIA 

assembly state during the cell cycle and at the polar cortex. 

Membrane blebs play diverse roles in cellular physiology. During cytokinesis, blebs serve as 

pressure release valves to regulate intracellular pressure and when deregulated, result in 

dramatic cell shape instabilities and cytokinetic failure (Sedzinski et al., 2011). We have 

established that MIIA is the major paralog that drives bleb retraction during cytokinesis. 

Therefore, a high level of MIIA expression may amplify genome instability through deregulation 

of cell shape during cytokinesis in cancer cells. While we did not find a role for MIIB or MIIC in 

bleb retraction, it is still possible that they may have other roles at the cortex during 

cytokinesis. The slower turnover of MIIB and MIIC, combined with their lower ATPase activity 

may make these paralogs better suited to act as cross-linkers at the cellular cortex, thus 

maintaining cortex stability. Cells also employ blebbing as a mode of migration, both during 

development and cancer progression (Blaser et al., 2006; Trinkaus, 1973; Kageyama, 1977; 

Friedl and Wolf, 2003; Sahai and Marshall, 2003). Interestingly, certain types of cancers up- or 

down-regulate MII paralogs (Maeda et al., 2008; Derycke et al., 2011). Our finding that MII 

paralogs have distinct roles in bleb retraction may, thus, have interesting implications for bleb-

based cell migration both in developmental and pathological contexts.    
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Materials and Methods 
 
Cell lines, growth conditions and chemicals 
HeLa (ATCC, CCL-2) and Cos7 (ATCC CRL-1651) cells were cultured in growth media 

comprised of DMEM (Mediatech, Inc., Manassas, VA, #10-013-CV) containing 4.5 g/L L-

glutamine, L-glucose, sodium pyruvate and supplemented with 10% fetal bovine serum 

(Sigma-Aldrich, St. Louis, MO, #F2442). HAP1 myh9 (MIIA) KO and parental cells were 

purchased from Haplogen Genomics as previously described (Fenix et al., 2016), and cultured 

in IMDM medium supplemented with 10% fetal bovine serum. M2 melanoma cells were 

cultured Minimal Essential Medium supplemented with Earle’s salts, 10 mM HEPES and 10% 

fetal bovine serum. Growth substrates were prepared by coating #1.5 glass coverslips (In Vitro 

Scientific, #D35-20-1.5N) with 10 μg/mL fibronectin (Corning, NY, #354008) in PBS 

(Mediatech, Inc., #46-013-CM) at 37 °C for 1 hour.  

For protein expression, cells were transiently transfected using Fugene 6 (Promega, Madison, 

WI, #E2691) as per the manufacturer’s instructions overnight in a 24-well tissue culture plate 

(Corning) before plating on a growth substrate.  

Alexa Fluor 488-goat anti-rabbit (#A11034) and Alexa Fluor 568-goat anti-rabbit (#A11036) 

were purchased from Thermo Fisher Scientific (Waltham, MA). Rabbit anti-myosin IIA 

(#909801) was purchased from BioLegends (San Diego, CA). Rabbit anti-myosin IIB (#8824S) 

and myosin IIC (#8189) were purchased from Cell Signaling Technology (Danvers, MA). 

Mouse anti-tubulin (#T6199) was purchased from Millipore Sigma (Darmstadt, Germany). 

 

Plasmids 

MIIA mApple (Addgene, #54929) and MIIB mEmerald (Addgene, #54192) were gifts from 

Michael Davidson. MIIA mEGFP (Addgene, Cambridge, MA, #11347) was a gift from Robert 

Adelstein. MIIB mEGFP (Addgene #35691) was a gift from Venkaiah Betapudi. MIIA Δtail 

(Addgene, #35689) was a gift from Thomas Egelhoff. The mEGFP tagged MIIB/A and MIIA/B 

chimeras were generously provided by Miguel Vincente Manzanares (Universidad Autonoma 

de Madrid, Spain). MIIA S1943A and MIIB Δtail were created by mutagenizing MIIA mEGFP 

and MIIB mEmerald, respectively, using a site directed PCR mutagenesis protocol as 

described previously (Liu and Naismith, 2008). The A/B/A chimera was created using Gibson 

Assembly. The fragments corresponding to the rod region of MIIB and corresponding to the 



73 
 

motor and non-helical tailpiece of MIIA were amplified using PCR, following which they were 

PCR purified and assembled using the NEB HiFi Gibson Assembly Kit according to the 

instructions provided by the manufacturer.  

 

Live imaging and Fluorescence Recovery after Photobleaching (FRAP) 
Live imaging and FRAP experiments were performed on a Nikon Eclipse Ti-E inverted 

microscope equipped with a Yokogawa CSU-X1 spinning disk head, 1.4 NA 60X oil objective, 

Andor DU-897 EMCCD and a dedicated 100 mW 405 diode ablation laser, generously 

provided by the Nikon Centre of Excellence at Vanderbilt University. The instrument was 

controlled using Nikon Elements AR software. Bleaching was performed for 500 ms using a 

pixel dwell time of 500 µs and 15% laser power using the same 2.7 µm x 2.7 µm ROI for all 

FRAP experiments. Samples were maintained at 37°C with 5% CO2 using Tokai Hit Stage 

Incubator.  

To image endogenous MIIA in fixed HAP1 cells, single optical sections through the middle of 

the cell were acquired using the 60X objective using the same parameters for GFP as used in 

the ablation and FRAP experiments. To image M2 cells, we used a Nikon Eclipse Ti widefield 

system equipped with a 1.45 NA 100X objective with Tokai Hit heated stage. 

 

Cortical ablation 

Laser damage induced ablation of the polar cortex was performed on a Nikon Eclipse Ti-E 

inverted microscope equipped with a Yokogawa CSU-X1 spinning disk head, 1.4 NA 60X oil 

objective, Andor DU-897 EMCCD and a dedicated 100 mW 405 diode ablation laser, 

generously provided by the Nikon Centre of Excellence at Vanderbilt University. A 1.4 µm x 1.4 

µm ROI was used for all experiments. A DIC and/or fluorescence image was acquired before 

ablation, followed by ablation using a miniscanner. A pixel dwell time of 500 µs, 50% laser 

power was used for a duration of 1 second, followed by acquiring DIC or fluorescence images 

at 2 second intervals.  

 
Knockdown experiments 
Smart Pool Accell siRNA against MIIA (myh9 gene, #E-007668, #1- 

CCGUUGACUCAGUAUAGUU, #2- UCCACAUCUUCUAUUAUCU, #3- 

GUGUGGUCAUCAAUCCUUA, #4- CUUAUGAGCUCCAAGGAUG), MIIB (myh10 gene, #E-
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023017, #1- GGACUAAUCUAUACUUAUU, #2- UGUCAAUGCUUAAAGUAGU, #3- 

CGAGGAUCCAGAGAGGUAU, #4- CCAAUUUACUCUGAGAAUA) and MIIC (myh14 gene, 

#E027149, #1- CCAUGAACCGUGAAGUGAC, #2- CCCUCGUUAUUGAUCUAUA, #3- 

CUCUCACUCUCUACGUAGC, #4- CCCUUGAGUCUAAGUUGGC) were purchased from GE 

Dharmacon (Lafayette, CO). Knockdown experiments were performed in 24-well plates using 

Lipofectamine 2000 (Life Technologies, #1690146) as per instructions provided by the 

manufacturer. Knockdown was performed for 72 hours, after which cells were either plated on 

the growth substrate for imaging or lysed for western blot experiments.  

 

Western Blotting 
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 (Millipore). Blots were 

blocked using 5% dry milk (Research Products International Corp, Mt. Prospect, IL, # M17200-

100.0) in TBST. Antibody incubations were also performed in 5% dry milk in TBST. Blots were 

developed using the Immobilon Chemiluminescence Kit (Millipore, #WBKLS0500). 

 

Calibration of protein expression levels in HAP1 KO cells 
For quantification of exogenous plasmid expression in the HAP1 knockout cell line, MIIA GFP 

was expressed in the KO cell line. Cells were fixed and stained with an antibody against the 

rod domain of MIIA in the red channel. In parallel, the untransfected parental HAP1 cell line 

was also fixed and stained for MIIA rod domains in the red channel. GFP expression in the 

cytoplasm was then calibrated against corresponding intensity of endogenous MIIA in the 

cytoplasm. The intensity in the cytoplasm was also normalized against the relative enrichment 

at the polar cortex. Imaging all the GFP tagged mutants with the exact same imaging 

parameters allowed us to compare expression levels across all mutants tested. 

 

Data Quantification 
For quantification of bleb retraction rates, DIC time montages were acquired at 2 second 

intervals following cortex ablation. Images were first aligned using StackReg plugin in Fiji. A 3-

pixel thick line was drawn perpendicular to the cortex boundary as shown in Figure 1A to 

create a kymograph using MultipleKymograph plugin in Fiji. Retraction rates were calculated 
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as the ratio of horizontal distance (distance) in nanometers to the vertical distance (time) in 

seconds (shown as white lines in kymograph in Fig. 1A).  

For quantification of timing of arrival in blebs as shown in Figure 1C, fluorescence montages 

acquired at 2 s intervals were used. 3 time points were acquired prior to ablation.  A 3-pixel 

thick line was drawn perpendicular the cortex boundary and saved in the ROI manager in 

ImageJ. The same line was then used to create kymographs for both MIIA and MIIB channels. 

A 15-pixel thick segmented line was then drawn along the retracting cortex boundary starting 

at the first time point (6 seconds before ablation) until the end of bleb retraction. The intensities 

were then normalized to the maximum fluorescence for the corresponding channel during bleb 

retraction. Recruitment dynamics were then compared for the first 60 seconds.  

For quantification of FRAP data, confocal time montages acquired at 2 second intervals were 

first aligned using the StackReg plugin in Fiji, followed by drawing ROIs around the bleached 

region, an unbleached region, and background. Mean intensity over time was calculated for 

each of the three ROIs using the Multi Measure function in the ROI manager. Subsequent 

analysis was performed using the EasyFRAP algorithm in MATLAB as previously described. 

Briefly, a double normalization was performed to account for background correction and 

photobleaching, followed by fitting the normalized curves to a second-degree exponential to 

obtain the half maximal recovery time and mobile fraction (see (Rapsomaniki et al., 2015) for 

details on fitting equations and normalization). Curves with poor fits (with R2 < 0.9) were not 

included for analysis. We noted negligible bleaching (<5% for GFP). FRAP curves averaged 

using entire datasets for display (Figures 3-3 to 3-5) were generated in Excel. 

  

Statistics  
Statistical significance was determined using Mann Whitney’s U-test using GraphPad Prism. 

All graphs are represented as Tukey plots showing boxes (with median, Q1, Q3 percentiles), 

whiskers (minimum and maximum values within 1.5 times interquartile range) and outliers 

(solid circles). No outliers were removed from the analysis.  
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Supplementary Figures 
 

 

Figure 3-S1- Knockdown and Expression Validation 

A) MIIC protein expression in HeLa, Cos7 and HAP1 cells evaluated by western blotting. B) Validation 

of knockdown of MIIA and MIIB in HeLa cells by western blotting. The normalized ratios compared to 

loading control (tubulin) are shown below the blots. Graph depicts average of 3 independent 

experiments. C) Validation of knockdown of MIIA, MIIB and MIIC in M2 cells by western blotting. The 

normalized ratios compared to loading control (tubulin) are shown below the blots. 
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Figure 3-S2- Deletion of non-helical tailpiece of MIIB results in slower turnover 

A) Localization of MIIB Δtailpiece in HAP1 KO cells. B) Representative kymograph for MIIB Δtailpiece 

following ablation in HAP1 KO cells. C) Tukey plots comparing bleb retraction rates for MIIB Δtailpiece. 

n=10 MIIB Δtailpiece expressing cells over 4 independent experiments. The MIIB dataset is same as 

used in Fig. 3-2 and is only shown for comparison. D) Tukey plots comparing time for half-maximal 

recovery for MIIB Δtailpiece. n= 16 MIIB Δtailpiece expressing cells over 3 independent experiments. 

The MIIB FRAP dataset is the same as Fig. 3-3C and is only shown for comparison. Exact p values 

stated over respective bars. 
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Table 3-1- Relative expression of myosin mutants in HAP1 myh9 KO cells  

MII construct 
Expression (%) compared to 
endogenous MIIA in HAP1 parental cells  

MIIA 72.6 +/- 33.5 

MIIB 70.3 +/- 22.1 

MIIC 62.6 +/- 29.5 

MIIA/B 48.7 +/- 10.1 

MIIA N93K 58.8 +/- 22.6 

MIIA/B/A 55.7 +/- 21.7 

MIIA Δtailpiece 92.5 +/- 35.4 

MIIA S1943A 113.8 +/- 44.6 

  



80 
 

Chapter 4- Myosin-II filament composition tunes cortex tension and regulates 
cytokinetic fidelity during cell division 

 

Taneja, N., Bersi, MR., Baillargeon, SM., Fenix, AM., Cooper, JA., Ohi, R., Gama, V., 

Merryman, WD., Burnette, DT. (2020). Cell Reports 31(1) 

 

Introduction 
 
The cortex of animal cells is a thin network of actin filaments underneath the plasma 

membrane. The cortex provides mechanical support to the membrane and organizes protein 

complexes (Fritzsche et al., 2016; Salbreux et al., 2012; Sezgin et al., 2017). Membrane and 

actin cross-linkers, in addition to the molecular motor myosin II (MII), organize and remodel 

this dynamic structure. Through the modulation of its mechanical properties, the cortex allows 

cells to change shape and generate tension in response to internal and external stimuli. In the 

case of migratory responses, such as those observed during development and disease 

progression, the cortex can remodel to produce protrusions such as filopodia, lamellipodia and 

blebs (Charras and Paluch, 2008; Gardel et al., 2010). During mitosis, the cortex undergoes a 

series of remodeling events, where it initially allows a cell to round up, and then finally divide 

into two through the constriction of an equatorial contractile ring (Maddox and Burridge, 2003; 

Stewart et al., 2011; Surcel et al., 2010).  

The cytokinetic phase of cell division presents a major challenge to cortical stability due to the 

extensive remodeling events required at the cleavage furrow. During cytokinesis, a transient 

enrichment of MII and actin at the equatorial cortex creates a contractile network that contains 

highly organized actomyosin ensembles called stacks (Fenix et al., 2016; Fishkind and Wang, 

1993; Fujiwara and Pollard, 1976). While both commonly expressed paralogs of MII, MIIA and 

MIIB, co-assemble in the cleavage furrow (Beach et al., 2014), functional differences in driving 

ingression have begun to be elucidated. It was recently reported that knockout of MIIA, but not 

MIIB, leads to slower ingression at the equatorial cortex (Yamamoto et al., 2019). The authors 

found this correlated with larger MII stacks at the equatorial cortex, calling into question 

whether formation of stacks is required for force generation at the equatorial cortex, or is 

inhibitory to furrow ingression (Yamamoto et al., 2019). 
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While multiple studies have heavily focused on mechanisms driving contractile ring formation 

and ingression, relatively fewer studies have focused on the polar actomyosin network. At the 

polar region of dividing cells, the cortex retains the same isotropic organization found in 

rounded metaphase cells and contains lower MII activity (Bovellan et al., 2014; Levayer and 

Lecuit, 2012). Accumulation of MII at the cortex creates cortical tension; that, in turn, increases 

intracellular pressure (Stewart et al., 2011). Excess intracellular pressure is released at the 

polar cortex by formation and growth of membrane protrusions called blebs (Sedzinski et al., 

2011). It was recently reported that knockout of MIIA, but not MIIB, results in reduced polar 

blebs during cytokinesis and reduced cortex stiffness during metaphase (Yamamoto et al., 

2019). The mechanism underlying reduced polar bleb formation upon MIIA knockout remains 

unclear, since contributions of MIIA and MIIB to cortex tension and intracellular pressure 

remain unknown.  

Perturbation of the polar cortical network can result in shape instability and cytokinetic failure 

(Guha et al., 2005; Sedzinski et al., 2011). For instance, knockdown of anillin, an actin binding 

scaffold protein results in a global increase in cortical instability due to enhanced cortical 

contractility (Sedzinski et al., 2011; Straight et al., 2005). Reducing polar contractility at one 

pole through local delivery of blebbistatin, an inhibitor of the ATPase activity of MII, results in 

cytokinetic failure and misplaced cleavage furrows (Guha et al., 2005). This has resulted in the 

general idea that the cortex of dividing cells is inherently prone to shape instabilities, and 

cortical contractility therefore must be tightly regulated.  

In this study, we investigate the role of MIIA and MIIB in regulating actin cortex mechanics at 

the equatorial and polar cortex. In contrast with a previous report (Yamamoto et al., 2019), we 

show that MIIA depletion reduces MII stacks at the cleavage furrow. At the polar cortex, 

depletion of one paralog leads to compensatory localization of the other, resulting in changes 

in MIIA/B hetero-filament composition. We further show cortex tension is tuned as a result of 

these changes in filament composition, with higher MIIA in hetero-filaments correlating with 

higher cortex tension and intracellular pressure. Perturbation of this tuning results in cell shape 

instabilities and chromosome missegregation. These findings also uncover a general 

mechanism that may allow cells to attain a broad range of contractile states to perform various 

cellular functions requiring cortex contractility.  
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Results 
 
MIIA templates MII filament ensembles at the equatorial cortex to drive ingression 

We first investigated the role of the predominant MII paralogs—MIIA and MIIB—in the two 

cortical networks during cytokinesis. HeLa cells express MIIA and MIIB, but not MIIC (Taneja 

and Burnette, 2019). MIIA and MIIB filaments are known to co-assemble in the same filament 

in the cleavage furrow (Beach et al., 2014). MIIA is required to template MIIB filament stacks at 

the leading edge of migrating cells during interphase (Fenix et al., 2016). It was recently 

reported that knockout of MIIA results in larger MIIB stacks in fibroblasts (Yamamoto et al., 

2019), suggesting the templating of MII stacks by MIIA does not occur during cytokinesis. To 

test whether a similar effect occurs in HeLa cells, we depleted MIIA using siRNA (MIIAlo cells, 

Figure 4-S1). We observed a nearly 50% compensatory increase in total MIIB protein levels in 

MIIAlo cells (Figure 4-S1).  

We used a method we previously developed to measure the length of MII filament stacks using 

structured illumination microscopy (SIM) (Fenix et al., 2016). Intriguingly, depletion of MIIA 

significantly reduced the length of MIIB stacks at the cleavage furrow (Figure 4-1, p=0.004). 

Protein level compensation by MIIA upon MIIB depletion (MIIBlo cells) was more modest 

(~20%, Figure 4-S1). Consistent with the templating hypothesis, we found no change in MIIA 

stacks in the cleavage furrow of MIIBlo cells (Figure 4-1). To test whether the differences 

between our results and a previous report were a result of knockdown in HeLa cells versus 

knockout in fibroblasts, we also measured stack lengths in MIIA-knockout (KO) HAP1 

fibroblasts (Taneja and Burnette, 2019). We found knockout of MIIA also resulted in smaller 

MIIB stacks (Figure 4-S2).  

It was recently proposed that MII stacking is inhibitory to cleavage furrow ingression, with 

larger MII stacks upon MIIA KO resulting in slower ingression (Yamamoto et al., 2019). 

Therefore, we hypothesized smaller stacks in MIIAlo cells should result in faster cleavage 

furrow ingression. Surprisingly, MIIA depletion caused a 1.4-fold reduction in cleavage furrow 

ingression rates compared to scrambled control siRNA (Scr) or MIIBlo cells (Figure 4-1, 

p=0.0006 for Scr vs MIIAlo). To rule out off-target effects of siRNA knockdown of MIIA, we 

rescued MIIA depletion using full length siRNA resistant MIIA-mEGFP. Expression of MIIA-

mEGFP at 65% of endogenous MIIA levels increased ingression to control rates (Figure 4-1, 

Table 4-1). Importantly, overexpression of MIIB at 143% of endogenous MIIB levels did not 
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increase rate of cleavage furrow ingression in MIIAlo cells (Figure 4-1, Table 4-1). This 

suggested that while the requirement for MIIA in driving faster cleavage furrow ingression was 

consistent with recent reports (Yamamoto et al., 2019), MII stacking was not inhibitory to 

furrow ingression. 

To test whether MIIA is sufficient to increase furrow ingression rates, we used HAP1 

fibroblasts. We first depleted >99% of MIIB using siRNA (Figure 4-1, inset). Knockdown of 

MIIB in HAP1 parental cells did not result in change in ingression rates, similar to HeLa cells. 

On the other hand, CRISPR mediated knockout of MIIA resulted in a 1.4-fold reduction in 

cleavage furrow ingression rates (Figure 4-1, p<0.0001 for Parental vs MIIA KO).  Expression 

of MIIA-mEGFP, but not MIIB-mEGFP, increased cleavage furrow ingression rates in HAP1 

MIIA KO fibroblasts (Figure 4-1). Interestingly, we also found that the amount of MIIA localized 

to the equatorial cortex positively correlated with ingression rates in human embryonic stem 

cell (hESC) colonies, that show a natural gradient of MIIA, but not MIIB levels, within the 

colony (Figure 4-S2). Taken together, these data show that MIIA, but not MIIB, is necessary 

and sufficient to drive faster ingression through templating of MII stacks at the cleavage furrow. 
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Figure 4-1- MIIA drives furrow ingression through templating of MII stacks 

A-B) Endogenous MIIB (A) and MIIA (B) in the cleavage furrow of Scr versus MIIAlo or MIIBlo cells, 

respectively. Insets: zoom of yellow box. C) Average length of MII stacks. For (A), n=13 Scr cells, N=4 

experiments; 17 MIIAlo cells, N=5 experiments. For (B), n=14 Scr and 8 MIIBlo cells, 3 experiments. 
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Schematic- labeling strategy. D) Furrow ingression rate from phase contrast at 20X magnification. E) 

Tukey plots of ingression from phase contrast. n=18 Scr, 22 MIIAlo (pooled siRNA) and 20 MIIBlo 

(pooled siRNA) cells, N=3 experiments. F) Tukey plots of ingression measured independently using 

DIC at 60X magnification. n=18 Scr, 16 MIIAlo (single siRNA) and 14 MIIAlo+MIIA cells, N=4 

experiments. Authors note- phase contrast systematically overestimates distance measurements and 

gives higher values of ingression. Hence, the Y-axis is scaled differently for panel E. G) Tukey plots of 

ingression measured independently using DIC. n=15 MIIAlo (pooled siRNA) and 15 MIIAlo+MIIB cells, 

N=3 experiments. The Scr dataset is the same as (F) and is only displayed for comparison. (H) 

Representative kymographs of parental, MIIA-KO, MIIA-KO+MIIA-mEGFP and MIIA-KO+MIIB-mEGFP 

HAP1 cells. (I) Tukey plots of ingression for parental, MIIBlo (single siRNA), MIIA-KO, MIIA-KO+MIIA-

mEGFP or MIIA-KO+MIIB-mEGFP HAP1 fibroblasts. n= 11 MIIA KO, 12 MIIA-expressing and 10 MIIB-

expressing cells, N=3 experiments. Solid circles represent outliers. Inset- Western blot showing siRNA 

knockdown of MIIB in parental HAP1 fibroblasts with tubulin as loading control. Scale bar- 5 µm. p 

values stated over graphs. 

 

 

  



86 
 

Loss of MIIB results in shape instabilities at the polar cortex 

Despite no change in furrow ingression in MIIBlo cells, we noted using high-resolution DIC 

imaging that MIIBlo cells showed dramatic shape instabilities during cytokinesis in the form of 

large membrane blebs (4.2-fold higher total bleb surface area per min, p<0.0001) (Figure 4-2). 

This result was surprising, since no change in polar blebbing was reported upon knockout of 

MIIB in fibroblasts (Yamamoto et al., 2019). On the other hand, consistent with the previous 

report (Yamamoto et al., 2019), MIIAlo cells showed reduced blebbing compared to Scr cells 

(3-fold lower total bleb surface area per min, p=0.0096) (Figure 4-2). The blebbing events in 

MIIBlo cells were associated with spindle rocking behavior, as has been observed previously 

upon destabilization of the polar cortex at one pole or depletion of moesin (Carreno et al., 

2008; Sedzinski et al., 2011). Expression of siRNA resistant MIIB-mEGFP at 119% of 

endogenous levels significantly reduced blebbing events in MIIBlo cells (Figure 4-2, Table 4-1). 

Overexpression of MIIA at 116% of endogenous levels in MIIBlo cells did not reduce blebbing 

events (Figure 4-2). Conversely, expression of siRNA resistant MIIA-mEGFP in MIIAlo cells 

rescued blebbing, while overexpression of MIIB-mEGFP in MIIAlo cells did not increase 

blebbing (Figure 4-2). These data show that the increase and decrease in blebbing were 

specific to MIIB and MIIA depletion, respectively. 

To test if loss of MIIA is associated with reduced blebbing during interphase, we turned to 

filamin deficient M2 melanoma cells. M2 cells are a classical model for blebbing, since a large 

proportion of these cells constitutively blebs (Bovellan et al., 2014; Charras et al., 2006; 

Cunningham, 1995). We found ~50% of Scr M2 cells blebbed. Knockdown of MIIA, but not 

MIIB, reduced the proportion of blebbing M2 cells (Figure 4-2, Figure 4-S3). Expression of 

MIIA-mEGFP in MIIAlo M2 cells increased the proportion of blebbing cells (Figure 4-2). These 

data therefore suggest loss of MIIA is correlated with less frequent blebbing, while loss of MIIB 

is correlated with more frequent blebbing. 
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Figure 4-2- MII paralog depletion leads to distinct alterations to cell shape 

A) Early, mid, and late cytokinesis in Scr, MIIBlo, MIIAlo, MIIBlo+ MIIB-mEGFP and MIIBlo+ MIIA-mEGFP 

cells. Yellow arrows denote blebs. B-C) Tukey plots of blebbing measured as sum diameter of blebs 

per minute (B) n= 18 Scr cells, 15 MIIBlo (pooled siRNA) cells, 16 MIIBlo (single siRNA), 15 MIIBlo +MIIB 

and 10 MIIBlo +MIIA cells, N=4 experiments. C) n=14 MIIAlo (pooled siRNA), 14 MIIAlo (single siRNA), 

14 MIIAlo +MIIA and 15 MIIAlo +MIIB cells; N=4 experiments. D) Control M2 cells 5 hours post plating. 

Insets: examples of not blebbing (1) versus blebbing (2) cells. E) Knockdown of MIIA and MIIB in M2 

cells. Intensity of MII bands normalized to tubulin loading control shown below each band. F) Proportion 

of blebbing cells in Scr, MIIAlo, MIIBlo or MIIAlo+MIIA-mEGFP. Number of cells stated inside bars. G) 

Scr, MIIAlo and MIIBlo cells at metaphase and late cytokinesis. H) Kymographs were generated using 

dotted white lines in (G). Dotted yellow lines show the two pole-to-pole lengths used to measure 

elongation ratio. See methods for quantification details. I) Tukey plots of polar elongation. n=17 Scr, 20 

MIIAlo (pooled siRNA) and 18 MIIBlo (pooled siRNA) cells, N=3 experiments. Scale bars in (A, G)- 10 

µm, (D)- 100 µm, inset- 25 µm. p values stated over graphs. 
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The shape instabilities observed in MIIBlo cells led us to further analyze cell shape upon 

depletion of the two paralogs. Specifically, we noted that MIIAlo cells tended to elongate more 

than Scr cells during cytokinesis (Figure 4-2). We quantified this cell shape alteration by 

measuring the increase in pole-to-pole distance during cytokinesis relative to metaphase 

(Figure 4-2). Indeed, MIIAlo cells showed a 13% longer pole-to-pole distance compared to Scr 

or MIIBlo cells (Figure 4-2, p=0.013 for Scr versus MIIAlo). Expression of MIIA in MIIAlo cells 

significantly reduced pole-to-pole elongation (Figure 4-S3). On the other hand, overexpression 

of MIIB in MIIAlo cells did not rescue this defect (Figure 4-S3). Taken together, our results 

show that depletion of either paralog leads to distinct alterations to cell shape during 

cytokinesis. 

 
Depletion of MII paralogs leads to changes in MII localization and hetero-filament 
composition 

MIIA and MIIB co-localize during metaphase and ingression (Yamamoto et al., 2019). We 

confirmed this by both co-expressing MIIA mApple and MIIB mEmerald in HeLa cells, as well 

as endogenous labeling (Figure 4-S4). We found that MIIB was cortically enriched as early as 

metaphase, whereas MIIA was only weakly enriched at the metaphase cortex (Figure 4-S4). 

After completion of furrow ingression (i.e., late cytokinesis), MIIA enrichment at the cortex was 

lost, while MIIB remained distinctly enriched at the equatorial cortex (Figure 4-S4). Since there 

were only subtle differences in MIIA and MIIB localization, other mechanisms must therefore 

account for the differences in phenotypes observed upon knockdown of MII paralogs; that is, 

the phenotypes observed are not due to only one paralog localizing to the polar cortex. 

We hypothesized that depletion of one paralog could lead to a change in the localization of the 

other. To test this, we localized endogenous MIIA and MIIB in Scr versus MIIBlo and MIIAlo 

cells, respectively. At the equatorial cortex, we noted only MIIB compensated for MIIA upon 

MIIA depletion (Figure 4-S4). On the other hand, depletion of either paralog led to a 

compensatory increase in localization of the other at the polar cortex (Figure 4-3). We 

observed this compensatory behavior even at the metaphase cortex (Figure 4-3). Expression 

of MIIA in MIIAlo cells at 60% of endogenous levels reduced MIIB localization at the cortex 

(Figure 4-S4, Table 4-1). Similarly, expression of MIIB in MIIBlo cells at 123% of endogenous 

levels reduced MIIA localization at the cortex (Figure 4-S5). Taken together, our data show 
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that knockdown of either paralog leads to a change in the relative abundance of the two 

paralogs at the cortex. 
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Figure 4-3- MII paralog compensation results in altered hetero-filament composition 

A-B) Early, mid, and late cytokinesis cells showing endogenous MIIA (A) or MIIB (B) (Fire LUT) in Scr 

versus MIIBlo or MIIAlo cells, respectively. All compared images were scaled similarly. C) Intensity of 

MIIA and MIIB at the polar cortex calculated as mean of green ROIs in cartoon insets. For MIIA: n=41 

Scr and 48 MIIBlo cells, N=3 experiments. For MIIB: n= 46 Scr and 43 MIIAlo cells, N=3 experiments. D) 

MIIA and MIIB localization (Fire LUT) during metaphase in MIIBlo and MIIAlo cells, respectively. E) MIIA: 

n=15 cells each for Scr and MIIBlo, N=3 experiments. MIIB: n= 13 Scr cells and 12 MIIAlo cells, N=3 

experiments. F) MIIA and MIIB localization (mpl inferno LUT for single channel) in control versus 

knockdown cells using SIM. G) Tukey plots showing percentage of MIIA filaments that co-localized with 

MIIB. Solid circles represent outliers. H) Mean intensity of MIIA and MIIB upon knockdown. n=503, 361 

and 354 filaments in Scr, MIIAlo and MIIBlo cells, respectively, from 10 cells per condition; N=3 

experiments. Error bars in (C) and (E) represent standard error of weighted mean. Scale bar in (A,B,D)- 

10 µm, (F)- 1 µm. p values stated over graphs.  
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We next wanted to investigate the molecular basis for the compensatory localization of MII 

paralogs at the polar cortex. While hetero-filaments of MIIA and MIIB have been reported at 

the cleavage furrow using SIM (Beach et al., 2014) the composition of MII filaments at the 

polar cortex has remained unexplored. To that end, we performed SIM of endogenous MIIA 

and MIIB at the polar cortex. We found that 96% of MIIB filaments co-localized with MIIA in 

control cells, while 58% of MIIA filaments contained MIIB (Figure 4-3). Depletion of MIIA 

resulted in a significant decrease in MIIA intensity at the cortex, accompanied by a significant 

increase in the proportion of the residual MIIA filaments containing MIIB (91%, p<0.0001) 

(Figure 4-3). Interestingly, the proportion of MIIB filaments containing MIIA remained 

unchanged. Conversely, depletion of MIIB resulted in a significant decrease in the proportion 

of MIIA filaments containing MIIB, with only 15% of MIIA filaments positive for MIIB (Figure 4-3, 

p<0.0001). We again found that ~99% of the residual MIIB was in hetero-filaments with MIIA. 

Taken together, our results show that knockdown of MIIA results in an increase in the 

proportion of MIIB-containing hetero-filaments while knockdown of MIIB results in a decrease 

in the proportion of MIIB-containing hetero-filaments. We next wanted to investigate how these 

changes in filament composition alter the biophysical properties of the cortex. 

 

Depletion of MIIA results in reduced cortex tension and intracellular pressure 

A recent study reported that MIIA, but not MIIB, knockout results in reduced cortex stiffness, 

which the authors proposed underlies reduction in blebbing (Yamamoto et al., 2019). This is 

contrary to the well-established concept that cortex tension, not stiffness, is the direct result of 

actomyosin contractility and thus drives initiation and growth of blebs (Paluch et al., 2005; 

Tinevez et al., 2009). We therefore investigated how changes in MII filament composition 

altered cortex tension and stiffness. Micropipette aspiration can be used to measure cortex 

tension as well as elastic properties of cells to measure stiffness (Brugues et al., 2010; Kee 

and Robinson, 2013; Tinevez et al., 2009). We chose to perform these measurements during 

metaphase, since i) we found compensation in localization during metaphase, ii) the 

metaphase cortex is uniform and devoid of the fluctuations in MII localization that occur at the 

polar cortex and iii) Polar cortex blebbing would interfere in cortex tension measurements. 

Consistent with previous reports, we found knockdown of MIIA resulted in reduced cortex 

stiffness (Figure 4-S5) (Yamamoto et al., 2019). Since MIIBlo cells show a higher degree of 

blebbing, we expect MIIBlo cells to be stiffer. However, we found stiffness was unaltered in 
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MIIBlo cells (Figure 4-S5), as also previously reported for MIIB knockout (Yamamoto et al., 

2019). These data suggest that changes in stiffness are not sufficient to explain the observed 

differences in bleb initiation, since stiffness in MIIBlo cells is unaltered despite dramatic 

increases in blebbing.  

We then measured cortex tension using micropipette aspiration and found a significant 

reduction (~4-fold) in cortex tension in MIIAlo versus Scr cells (Figure 4-4, p<0.0001). 

Expression of MIIA-mEGFP at 72% of endogenous levels increased cortex tension to 

approximately control levels (Figure 4-4). As an additional control for these measurements, we 

treated Scr cells with 50 µM blebbistatin, and measured cortex tension. As previously reported, 

blebbistatin significantly reduced cortex tension (Tinevez et al., 2009) (Figure 4-4). 

Conversely, we predicted that MIIB depletion should result in higher cortex tension as MIIBlo 

cells show more blebbing. MIIBlo cells had ~1.9-fold higher cortex tension compared to Scr 

cells (Figure 4-4, p=0.0082). Expression of MIIB-mEGFP at 197% of endogenous levels in 

MIIBlo cells resulted in a decrease in cortex tension comparable to control levels (Figure 4-4). 

Taken together, our results show MIIA depletion results in lower cortex tension, while MIIB 

depletion results in higher cortex tension, which correlated with the observed frequencies of 

bleb initiation we observed during cytokinesis (Figure 4-2). Despite increased cortex tension in 

MIIBlo cells, these cells did not bleb during metaphase. To test if increasing pressure could 

induce blebbing, we compressed MIIBlo cells in metaphase with a microneedle. We observed 

MIIBlo cells blebbed 80% of the time upon indentation, while Scr and MIIAlo cells showed 

negligible blebbing (Figure 4-S5). 
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Figure 4-4- MIIA is necessary and sufficient to generate cortex tension and intracellular 

pressure 

A) Micropipette aspiration of control cell during metaphase, showing cell radius (Rc), aspirated length 

(L) and radius of pipette (Rp). Tension was calculated using the mathematical expression shown. B) 

Tukey plots of cortex tension upon MII paralog depletion. n= 16 Scr, 14 MIIAlo, 15 MIIBlo, 10 MIIAlo 

+MIIA-mEGFP, 11 blebbistatin treated and 12 MIIBlo +MIIB-mEGFP cells, N=4 experiments each. C) 

Scr, MIIAlo, MIIBlo and 50 µM blebbistatin treated HeLa cells before ablation, 0 seconds after ablation 

and 90 seconds after ablation of the metaphase cortex. Yellow squares depict ablation ROI, yellow 

arrows depict blebs. D) Tukey plots showing initial bleb size during metaphase in HeLa cells. n= 17 Scr, 

16 MIIAlo, 14 MIIAlo +MIIA, 14 50 µM blebbistatin treated and 18 MIIBlo cells, N=3 experiments. E) Polar 

cortex ablation in Scr, MIIAlo and MIIBlo HeLa cells during cytokinesis. Yellow squares depict ablation 

ROI, yellow arrows denote bleb created by ablation. F) Tukey plots of initial bleb size during cytokinesis 

in HeLa cells. n= 25 Scr, 15 MIIAlo and 25 MIIBlo cells, N=3 experiments. G) Tukey plots of initial bleb 

size following ablation in HAP1 KO fibroblasts during cytokinesis. n= 12 untransfected MIIA-KO, 26 

MIIA, and 11 MIIB expressing cells, N=3 experiments. Scale bars- 10 µm. Solid circles represent 

outliers. p values stated over graphs. 
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We next wanted to directly interrogate the relative contributions of MIIA and MIIB to bleb 

growth. It has been previously reported that MII driven cortex tension promotes bleb growth by 

creating hydrostatic pressure (Tinevez et al., 2009). Blebs created by disruption of the cortex 

using localized laser ablation are thought to mimic the initiation of spontaneous blebs 

(Goudarzi et al., 2012; Tinevez et al., 2009). The size of the bleb created immediately following 

ablation is positively correlated with the instantaneous intracellular pressure. Ablation of the 

metaphase cortex of Scr cells resulted in the creation of a bleb, which subsequently retracted 

over a period of 45-90 seconds, as has been reported previously (Figure 4-4) (Charras et al., 

2006; Taneja and Burnette, 2019). Since MIIAlo cells have lower cortex tension, we 

hypothesized that smaller blebs would be created in these cells. To test this, we created blebs 

using laser ablation at the metaphase cortex of MIIAlo cells and measured the size of the bleb 

immediately following ablation (Figure 4-4). Small or no blebs were created immediately 

following ablation in MIIAlo cells (Figure 4-4, p<0.0001 for Scr versus MIIAlo). Interestingly, 

these blebs failed to retract and instead exhibited a period of slow growth over extended time 

periods of up to 4 minutes (Figures 4-4 and 4-S6). Expression of MIIA-mEGFP increased bleb 

size comparable to Scr cells, as well as restored bleb retraction (Figure 4-4). This role of MIIA 

in driving bleb retraction was consistent with our previous report (Taneja and Burnette, 2019). 

Conversely, we hypothesized larger blebs should be created upon depletion of MIIB due to 

increased cortex tension. We found 1.6-fold larger blebs were created in MIIBlo cells upon laser 

ablation, and these blebs all successfully retracted (Figures 4-4 and 4-S6; p=0.0020 for Scr 

versus MIIBlo). To test whether the pressure driving bleb growth was specifically generated by 

MII driven cortex tension, we performed ablation in cells treated with 50 µM blebbistatin. 

Indeed, blebbistatin treatment mimicked MIIA depletion, with small or no blebs created upon 

ablation, and exhibited slow bleb growth instead of retraction (Figure 4-4 and 4-S6). Taken 

together, our results show MIIA driven cortex tension creates larger blebs upon ablation during 

metaphase. 

We next proceeded to test whether MIIA drives growth of larger blebs at the polar cortex 

during cytokinesis. To that end, we performed laser ablation of the polar cortex during 

cytokinesis in Scr versus MIIAlo and MIIBlo cells (Figure 4-4). We observed that blebs created 

at the polar cortex of Scr cells resulted in blebs that were on average larger than those created 

during metaphase (Figure 4-4, panel F compared to panel D), consistent with the idea that 

intracellular pressure increases following anaphase onset (Stewart et al., 2011). Depletion of 
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MIIA resulted in the creation of smaller blebs that failed to retract, while MIIB depletion resulted 

in larger blebs compared to Scr cells (Figure 4-4).  

We then wanted to test whether MIIA is sufficient to drive bleb growth. To that end, we 

performed laser ablation of the polar cortex of HAP1 fibroblasts. We observed that very small 

or no blebs were created in MIIA KO cells compared to control parental cells or MIIBlo parental 

cells (Figure 4-4 and 4-S5). Expression of MIIA, but not MIIB, resulted in restoration of bleb 

formation upon ablation (Figure 4-4 and 4-S5). To further test if MIIA is sufficient to drive 

higher bleb growth, we turned to Cos7 cells, that do not express MIIA. Indeed, expression of 

MIIA, but not MIIB, increased bleb size upon ablation of the polar cortex during cytokinesis 

(Figure 4-S5). Taken together, our results show that MIIA is both necessary and sufficient to 

drive the growth of larger blebs.  

MII motor domains dictate the relative contribution of MII paralogs 

Previous studies have shown that the C-terminus of MII regulates paralog localization 

(Sandquist and Means, 2008; Vicente-Manzanares et al., 2008). The observed similarities in 

localization dynamics of MIIA and MIIB at the polar cortex (Figure 4-S4) suggest that the N-

terminal motor domains might account for the distinct roles played by the two paralogs during 

cytokinesis. Most characterizations of MII motor activity in vitro has been performed using N-

terminal S1 fragments (Kovacs et al., 2003; Rosenfeld et al., 2003; Wang et al., 2003). 

Therefore, a chimeric MII, bearing the motor domain of MIIB, and the coiled coil domain and 

tail piece of MIIA (MIIB/A), should be able to rescue blebbing in MIIBlo cells by competing with 

endogenous MIIA motors at the polar cortex, independent of the tail domain. As expected, this 

chimeric motor showed a localization pattern similar to MIIA, with weaker cortical enrichment 

(Figure 4-5), consistent with previous findings that the tail of MIIB determines its subcellular 

localization (Sandquist and Means, 2008; Vicente-Manzanares et al., 2008). Strikingly, 

expression of the MIIB/A chimera at levels comparable to full length MIIB (Table S1) resulted 

in significant suppression of blebbing (Figure 4-5).  

Conversely, MIIB is upregulated at the polar cortex in MIIAlo cells (Figure 4-3); therefore, we 

hypothesized that increasing MIIA motors in the polar cortex should increase blebbing in MIIAlo 

cells. To test this, we expressed a chimera bearing the motor domain of MIIA and the coiled 

coil domain and tailpiece of MIIB (MIIA/B) in MIIAlo cells. This construct also faithfully mimicked 

MIIB localization, showing a clear cortical enrichment, as well as distinct equatorial localization 
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during late cytokinesis (Figure 4-5). Interestingly, we observed a significant increase in 

blebbing upon expression of MIIA/B at levels comparable to full length MIIA (Table 4-1) (Figure 

4-5). Furthermore, this construct also significantly increased cleavage furrow ingression rates 

in MIIAlo cells (Figure 4-5). Increased pole-to-pole elongation observed in MIIAlo cells was also 

rescued by the MIIA/B chimera (Figure 4-5). To test whether suppression of the MIIA and MIIB 

depletion phenotypes correlated with changes in cortex tension, we performed micropipette 

aspiration on MIIAlo expressing MIIA/B-mEGFP and MIIBlo cells expressing MIIB/A-mEGFP. In 

line with our observations for ingression, blebbing and pole-to-pole elongation, we found 

MIIB/A expression in MIIBlo cells significantly decreased cortex tension, while MIIA/B 

expression in MIIAlo cells significantly increased cortex tension (Figure 4-5). To test whether 

these changes in cortex tension resulted in increased bleb growth, we expressed MIIA/B 

mEGFP and MIIB/A mEGFP in HAP1 MIIA-KO cells and performed cortex ablation during 

cytokinesis. Expression of MIIA/B, but not MIIB/A significantly increased initial bleb size 

following ablation (Figure 4-5). Taken together, these data suggest that the motor domain 

determines the paralog-specific contribution of the two paralogs at the polar and equatorial 

cortex. 
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Figure 4-5- Motor domains determine the contribution of MII paralogs to cortical contractility 

A) Localization of MIIB/A-mEGFP and MIIA/B-mEGFP chimera in MIIBlo and MIIAlo cells, respectively. 

Arrow indicates enrichment of MIIA/B at the equatorial cortex during late cytokinesis. B) MIIBlo cell 

expressing MIIB/A chimera at metaphase and cytokinesis. Tukey plots of blebbing events in MIIB/A 

expressing cells compared to Scr and MIIBlo (single siRNA). n=16 MIIBlo +MIIB/A cells, N=3 
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experiments. The Scr and MIIBlo (single) datasets are the same as in Fig. 4-2, panel B and are only 

shown for comparison. C) MIIAlo cell expressing MIIA/B chimera at metaphase and cytokinesis. n=16 

MIIAlo +MIIA/B cells, N=3 experiments. The Scr and MIIAlo (single) datasets are the same as Fig. 4-2 

and are only shown for comparison. D) Cleavage furrow ingression rates using DIC comparing MIIAlo 

cells expressing MIIA/B chimera. n= 16 MIIAlo +MIIA/B cells, N=3 experiments. The Scr and MIIAlo 

(single) datasets are the same as Fig. 4-1, panel F and are only shown for comparison. E) Pole-to-pole 

elongation ratios for MIIAlo cells expressing MIIA/B chimera. n=12 MIIAlo +MIIA/B cells, N=3 

experiments. The Scr and MIIAlo (single) datasets are the same as Fig. 4-S3 and are only shown for 

comparison. F) Cortex tension in MIIB/A and MIIA/B chimeras using micropipette aspiration. n= 14 

MIIAlo +MIIA/B and 10 MIIBlo +MIIB/A expressing cells over 4 experiments. The Scr, MIIAlo and MIIBlo 

datasets are the same as in Fig. 4-4, panel B and are only shown for comparison. G) Initial bleb size 

following ablation in HAP1 KO cells. n=8 MIIB/A, 18 MIIA/B expressing cells, N=3 experiments. Yellow 

and white arrows denote formation or absence of a bleb, respectively. The control KO dataset is the 

same as Fig. 4-4, panel G and is only shown for comparison. Scale bars in (A, G) and (B, C)- 10 µm 

and 5 µm, respectively. Solid circles represent outliers. p values stated over graphs. 
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MIIB depletion results in cytokinetic failure 

We finally wanted to assess the effects of MII paralog depletion upon cytokinetic fidelity. To 

that end, we measured the proportion of binucleated cells as a proxy for failed cytokinesis. We 

found that MIIA loss resulted in a mild increase in binucleated cells (Figure 4-6).  As an 

intended control, we measured binucleation in MIIBlo HeLa cells. Surprisingly, we observed a 

dramatic, nearly 10-fold, increase in binucleated MIIBlo cells relative to Scr cells (Figure 4-6). 

Expression of siRNA resistant MIIB resulted in a significant decrease in binucleation (Figure 4-

6). To test which domain(s) of MIIB was sufficient to rescue the binucleation defect, we 

expressed the MIIB/A and MIIA/B chimeras in MIIBlo cells. Interestingly, both chimeras partially 

rescued the binucleation defect (Figure 4-6). This prompted us to investigate the contribution 

of the two domains to cytokinetic fidelity.  

We noted that a subset of binucleated cells were adjacent to an enucleated cell (cytoplast) 

(Figure 4-6). We wondered whether dramatic spindle oscillation observed during blebbing in 

MIIBlo cells could lead to this phenotype, where one daughter cell may inherit both sets of 

chromosomes. Since the MIIB/A chimera suppressed blebbing (Figure 4-5), while the MIIA/B 

chimera increased blebbing, we hypothesized that expression of these chimeras should alter 

the proportion of this oscillation-induced binucleation. We first introduced full length MIIB or 

MIIB/A in MIIBlo cells, both of which suppress blebbing. Expression of both constructs led to a 

significant decrease in the proportion of cells that were binucleated and adjacent to an 

enucleated cell (Figure 4-6). Expression of the MIIA/B chimera, which increases blebbing, 

resulted in a significant increase in the proportion of cells that were binucleated and adjacent 

to an enucleated cell (Figure 4-6). These data suggested that blebbing positively correlates 

with increased incidence of oscillation-induced chromosome missegregation. 

It was previously theorized that the retraction of large blebs creates large changes in 

intracellular pressure (Sedzinski et al., 2011). To test whether spindle oscillation was 

correlated with the retraction of large blebs, we performed closer analysis of oscillation events 

in MIIB depleted cells. Indeed, spindle displacement was correlated with the retraction of large 

blebs (Figure 4-7). Furthermore, the extent of displacement positively correlated with the size 

of the bleb (Figure 4-7). We therefore predicted that cells with higher mean bleb size should 

show spindle oscillation, rather than cells with higher number of blebs. Indeed, we found that 

cells showing spindle oscillation had a significantly higher mean bleb size compared to non-
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oscillating cells (Figure 4-7). These results show that creation of large blebs increases the 

probability of spindle oscillation, which could drive chromosome missegregation.  

We next wanted to directly visualize oscillation-induced chromosome missegregation in live 

cells. To that end, we visualized chromosomes using H2B-mCherry and performed live 

imaging of MIIBlo cells undergoing cytokinesis. Strikingly, we observed that dramatic spindle 

oscillation in MIIBlo cells did result in one daughter cell inheriting both sets of chromosomes 

and becoming binucleated, while the other daughter cell was enucleated (Figure 4-7). 

Furthermore, while the initiation of spindle oscillation correlated with the initiation of polar 

blebs, subsequent oscillations were accompanied by cortical contractions of entire daughter 

cells. We found 20.0% of all binucleation events resulted from an oscillation dependent 

mechanism (Figure 4-7 and 4-S7A). Interestingly, 42.5% of all binucleation events instead 

resulted from abscission failure in the absence of spindle oscillations, resulting in one 

binucleated cell (Figure 4-7 and 4-S7). The remaining 37.5% of binucleation events were 

accompanied by both spindle oscillation and abscission failure, resulting in one binucleated 

cell (Figure 4-S7). 
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Figure 4-6- MIIB depletion leads to increased binucleation 

A) Scr, MIIAlo and MIIBlo cells 48 hours after re-plating showing F-actin (green) and nuclei (magenta). 

Yellow arrows denote binucleated cells. Inset: higher magnification examples. B) Binucleate cells 48 

hours post plating in Scr versus MIIAlo (pooled siRNA) or MIIBlo (pooled siRNA) cells. n>=1000 cells 

each, N=3 experiments. C) Binucleate cells 48 hours post plating in MIIBlo (single siRNA) versus MIIBlo 

cells expressing MIIB, MIIB/A or MIIA/B. n= 760 MIIBlo (single), 584 MIIB-expressing, 464 MIIB/A-

expressing and 347 MIIA/B-expressing MIIBlo cells, N=3 experiments. D) Representative binucleated 

MIIBlo cells adjacent to enucleated cells. E) Binucleated cells adjacent to an enucleated cell, as a 
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fraction of total number of cells. Scale bar in (A)- 50 µm, inset- 25 µm, (D)- 25 µm. Error bars represent 

standard error of the mean. p values stated over graphs. 
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To investigate the mechanism for these distinct modes of binucleation, we introduced MII 

chimeras and measured the relative incidence of oscillation-induced chromosome 

missegregation and abscission failure. The MIIB/A chimera suppresses blebbing, and 

therefore should suppress oscillation-induced chromosome missegregation. Indeed, 

expression of MIIB/A in MIIBlo cells reduced the proportion of oscillation-induced chromosome 

missegregation, accompanied by an increase in the proportion of cells that underwent 

abscission failure (Figure 4-7). It was recently proposed that MIIB could play a role in 

stabilizing the intracellular bridge to facilitate abscission (Wang et al., 2019).  In support of this 

hypothesis, MIIB showed an enrichment at the equatorial cortex at the end of cytokinesis 

(Figure 4-S4, yellow arrow). Consistent with the tail domain regulating localization, the MIIB/A 

chimera did not show the late equatorial enrichment at the cortex (Figure 4-5). Taken together, 

these data suggest that oscillation induced binucleation is suppressed by the ability of the 

motor domain of MIIB to regulate blebbing.  

 As opposed to the MIIB/A chimera, the MIIA/B chimera increases blebbing, but still 

shows enrichment at the equatorial cortex at the end of cytokinesis (Figure 4-5, white arrow). 

Therefore, this construct should not suppress oscillation-induced chromosome missegregation. 

Indeed, we observed an increase in the proportion of oscillation induced binucleation (Figure 

4-7). Conversely, the proportion of binucleation events accompanied by abscission failure was 

reduced (Figure 4-7). These data suggest that the tail domain regulates MIIB’s ability to 

facilitate abscission, possibly by driving the late enrichment of MIIB at the equatorial cortex. 
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Figure 4-7- Loss of MIIB drives binucleation through two distinct mechanisms 

A) Time montage showing displacement of the chromosomes (dotted yellow lines) with the retraction of 

a large bleb (yellow arrow) in a MIIBlo cell. B) Correlation of spindle displacement with the size and 

timing of blebbing events. Each data point represents a bleb/displacement event plotted over 3 

experiments. C) Comparison of oscillating versus non-oscillating cells with respect to bleb size and 

number of blebbing events. Each data point represents a cell. n= 36 cells, N=6 experiments. D) 

Representative time montage of spindle oscillation-induced chromosome missegregation upon MIIB 

depletion. E) Representative time montage showing abscission failure upon MIIB depletion. See Fig. 4-
S7 for extended time montage. The ROI used to create the montage was moved to keep the cells 

centered in the field of view. F) Relative proportions of the modes of binucleation upon MIIB depletion. 

n=40 MIIBlo, 11 MIIBlo+MIIB/A and 14 MIIBlo+MIIA/B binucleation events. Scale bar in (A)- 10 µm, (D)- 

20 µm, (E)- 50 µm. p values stated over graphs. 
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Discussion 
 
The majority of non-muscle contractile systems observed in animal cells are cortical and 

modulation of these contractile systems can drive diverse processes during development and 

disease progression (Levayer and Lecuit, 2012; Salbreux et al., 2012). During cytokinesis, the 

cortex is organized into two distinct networks: equatorial and polar.  We show MIIA and MIIB 

both localize to the equatorial network in the form of MII filament stacks. Our data reveal that 

MIIA is required for templating MII filament stacks. In line with this templating activity, MIIA was 

necessary and sufficient to drive faster cleavage furrow ingression. Interestingly, a recent 

study also found a requirement for MIIA in driving ingression (Yamamoto et al., 2019). 

However, they claimed that CRISPR knockout of MIIA results in larger MIIB stacks at the 

cleavage furrow, and that MII stacking is somehow inhibitory to furrow ingression. A 

requirement for MIIA in templating MIIB stacks at the leading edge during interphase has been 

well documented by our group and others (Fenix et al., 2016; Shutova et al., 2014). We 

therefore find it unlikely that MIIA is not required for templating MII stacks at the cleavage 

furrow. Our data suggest that organization of MII filaments into stacks is required for faster 

ingression, consistent with multiple theoretical studies that suggest increased order within 

cytoskeletal assemblies is associated with higher force generation (Dasbiswas et al., 2019; 

Friedrich et al., 2011; Zemel et al., 2010). 

Our results also shed new light on the mechanics of the polar cortex. During cytokinesis, the 

polar cortex is characterized by blebbing, which is thought to serve as a mechanism of 

intracellular pressure release (Sedzinski et al., 2011). Theoretical studies have suggested that 

blebs are initiated due to surface tension that drives cortex rupture or detachment (Paluch et 

al., 2005). We found knockdown of MIIA and MIIB had opposing phenotypes on blebbing, with 

MIIA depletion reducing bleb formation, and MIIB depletion increasing bleb formation. These 

changes in blebbing correlated with changes in cortex tension. Our results show that MIIA, but 

not MIIB, generates the majority of surface tension at the cortex. At the molecular level, we 

speculate this may be driven by increased buckling of actin filaments by MIIA (Murrell and 

Gardel, 2012). 
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Figure 4-8- Working model on tuning of cortex contractility by MII filament composition 
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A recent study reported that MIIA, but not MIIB, knockout reduced cortex stiffness (Yamamoto 

et al., 2019). The study also reported a reduction in the proportion of blebbing cells upon MIIA 

knockout (0/10 cells), and no changes upon MIIB knockout (8/10 cells in MIIB KO versus 9/10 

in control), concluding that changes in stiffness drive the frequencies of blebbing. We also 

found stiffness remained unchanged upon MIIB depletion (Figure 4-S5). However, blebbing 

significantly increased upon MIIB knockdown (Figure 4-2). This apparent discrepancy results 

from the fact that Yamamoto et al reported blebbing as a binary measurement, as opposed to 

the detailed quantification of the number and size of blebs performed in the current study. 

Indeed, when simply measuring the frequency of blebbing cells, the increase upon MIIB 

depletion was not dramatic (14/18 control cells versus 15/15 MIIBlo cells). Furthermore, it is 

important to note that cortex stiffness is dependent on both the cortex tension (determined by 

MII contracting actin filaments), and the viscoelastic response of the cortex (determined by 

actin architecture) (Heer and Martin, 2017; Levayer and Lecuit, 2012; Salbreux et al., 2012). 

While the role of MII in cortex stiffness is an interesting question, it does not directly pertain to 

bleb initiation. Indeed, previous work has demonstrated that MII contractility can both stiffen 

and soften actin gels, depending on ATP levels, suggesting the effects of MII contractility on 

cell stiffness will be context dependent (Gardel et al., 2008). Taken together, our results show 

that MIIA generates cortex tension, which drives the initiation of polar blebs during cytokinesis.  

Careful measurement of blebbing in MIIBlo cells led us to perform a quantitative analysis of 

MIIA and MIIB localization at the polar cortex. We found the increase in cortex tension and 

blebbing upon MIIB depletion was driven by an increase in MIIA localization at the cortex. A 

similar compensatory localization by MIIB was observed upon MIIA depletion. These data 

reveal a mechanism to tune cortex tension by altering the relative levels of MIIA and MIIB at 

the cortex. There are multiple possible mechanisms for achieving this tuning at the molecular 

level. One possible mechanism is that the two paralogs compete for cortical occupancy; the 

other mechanism is through modulation of filament composition of MIIA/MIIB hetero-filaments. 

Super resolution imaging of MIIA and MIIB at the cortex suggests support for the latter 

mechanism. MIIB showed a high propensity to associate with MIIA filaments, since the majority 

of MIIB co-localized with residual MIIA at the cortex upon MIIA knockdown. This argues 

against direct competition between the two paralogs since cortical binding sites were in excess 

in comparison to the motors. Instead, we found the proportion of MIIA filaments that contained 

MIIB was altered in the knockdown conditions. Taken together, our results suggest tuning of 
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cortex tension is achieved through the addition of MIIB to MIIA/MIIB hetero-filaments, rather 

than by seeding new filaments. Indeed, adding as little as 6 MIIB hexamers to 24 MIIA 

hexamers was sufficient to tune the properties of the filament to allow processive walking 

along an actin filament in vitro (Melli et al., 2018). This ratio of ~4:1 (MIIA:MIIB) is thus 

sufficient to change the biophysical properties of the filament in vitro. 

On face value, this mechanism seems unlikely to work in cells as proteomic analysis has 

demonstrated that there is vastly more MIIA in HeLa cells than MIIB. The HeLa subtype (CCL-

2) used in this study contains 93.5% MIIA and 6.5% MIIB, with no MIIC detected (Bekker-

Jensen et al., 2017), yielding a ratio of ~14:1 (MIIA:MIIB). This leads to the question, how 

could tuning be accomplished with such an apparent abundance of MIIA? 

A higher level of MIIB assembles into filaments compared to MIIA in vitro at similar 

concentrations and salt conditions (Murakami et al., 1995; Nakasawa et al., 2005) . It was also 

reported that ~30% of total MIIB, and only ~8% of total MIIA assembled into filaments in HeLa 

cells, using the amount of MII which was in the supernatant (i.e., soluble) and cytoskeletal (i.e., 

insoluble) fractions (Schiffhauer et al., 2019). This group also used the CCL-2 subtype 

(personal communication). By combining the total amount of MIIA and MIIB from proteomics 

with the fraction of MIIA and MIIB within filaments, we calculated a 4:1 ratio MIIA:MIIB 

assembled in filaments (Table 4-2), in agreement with the ratio of MIIA:MIIB to change the 

properties of a hetero-filament in vitro. 

We also showed that loss of MIIA, but not MIIB, resulted in lower ingression rates and bleb 

growth upon ablation in HAP1 fibroblasts. HAP1 cells contain a ratio of 2.4:1 of total MIIA:MIIB 

measured using proteomics (Jonckheere et al., 2018). We found that 24 +/- 3% of MIIA, and 

40% +/- 9% of MIIB was in the cytoskeletal fraction (Figure 4-S8). This yields an effective ratio 

of 1.5:1 of MIIA: MIIB assembled into filaments in control HAP1 cells (Table 4-2). These data 

argue against the possibility that the paralog specific roles we observed for MIIA and MIIB are 

due to biased expression levels of the two paralogs.  

Alternatively, the two paralogs could be functionally equivalent, and contractility is simply a 

function of the total amount of myosin II in the cell. For instance, the lack of rescue in 

ingression rates observed upon MIIB overexpression in MIIAlo cells could be due to insufficient 

levels of total myosin II (Figure 4-S8). To test this hypothesis, we compared ingression rates of 

MIIAlo cells expressing low levels of MIIA versus high levels of MIIB, such that the total amount 
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of myosin II was equal. Consistent with MIIA uniquely driving faster ingression, MIIAlo cells 

expressing even low levels of MIIA showed significantly higher ingression rates (Figures 4-S8). 

Our data also shows that the motor domain of each MII paralog determines its contribution to 

cortex tension, with lower duty ratios and higher ATPase activity of MIIA associated with higher 

cortex tension. We were not surprised that MIIB did not play a larger role in generating cortex 

tension, since MIIB has a higher duty ratio than MIIA (Kovacs et al., 2003; Rosenfeld et al., 

2003; Wang et al., 2003). That is, MIIB binds actin in the force generating state for a larger 

proportion of its mechano-chemical cycle. Therefore, the canonical view of MIIB has been that 

it is adapted to maintain tension rather than generate tension, a view supported by previous 

experimental and theoretical studies (Melli et al., 2018; Milberg et al., 2017; Stam et al., 2015). 

Modeling studies on cortex tension generation have implicated MIIB as a cross-linker at the 

cortex since it is a slower motor (Stam et al., 2015). Paralog specific roles for MII have also 

been observed during regulated exocytosis in vivo, where MIIB was hypothesized to serve as 

a membrane stabilizer, while MIIA was hypothesized to generate tension to expand the fusion 

pore (Milberg et al., 2017). Here, we provide biophysical measurements in living cells to 

directly support these long-hypothesized views of MII paralogs in generating tension. 

Interestingly, while the motor domain of MIIB was sufficient to tune cortex tension (Figure 4-5), 

it only partially rescued MIIB’s function in maintaining cytokinetic fidelity (Figure 4-6). This line 

of inquiry revealed two non-mutually exclusive mechanisms of cytokinetic failure upon loss of 

MIIB. Loss of the motor function of MIIB, required to tune cortex tension, led to increased 

blebbing at the polar cortex. Retraction of large blebs led to oscillations of the mitotic spindle, 

resulting in both sets of chromosomes being pushed into one of the daughter cells, while the 

other daughter became enucleated. These data reveal a mechanism for chromosome 

missegregation through instabilities in cell shape. We also show that the tail domain of MIIB 

contributes to abscission, independent of the specific biophysical properties of its motor 

domain, suggesting that the contribution of the motor or tail domain to MII function will be 

context dependent.  

Our data implicating MIIB in mediating abscission supports previous suggestions that MIIB is 

important for the completion of abscission (Lordier et al., 2012). A recent study proposed that 

this function of MIIB in mediating abscission may be achieved through stabilizing the 

intracellular bridge (Wang et al., 2019). Of note, while the authors implicated MIIB during this 

process, knockdown of MIIB had no effect on binucleation. The authors proposed this was due 
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to low knockdown efficiency of MIIB (60%). In our study, we achieved 80% knockdown of MIIB 

and did observe a significant increase in binucleation. Future studies will be required to reveal 

the precise mechanical mechanism of intracellular bridge stabilization. 

Finally, it is interesting to note that organisms such as worms and flies contain only one MII 

paralog, leading to the question of how contractility is tuned in these organisms. One potential 

mechanism may be increased reliance on adhesion dependent cytokinesis. Indeed, organisms 

such as Dictyostelium and adhesive cell lines such as normal rat kidney (NRK) cells can divide 

without MII activity (Kanada et al., 2005; Neujahr et al., 1997). Another mechanism could 

involve regulating the amount of each paralog that can assemble into filaments, for instance 

through PKC activity (Schiffhauer et al., 2019). Finally, oscillations of upstream regulators of 

MII, which appear to be evolutionarily conserved from flies to mammals (Bement et al., 2015; 

Machacek et al., 2009; Martin et al., 2009), could regulate the level of MII activation. The 

mechanism we propose here adds an additional layer of control and tunability, likely acquired 

later in evolution, when MII paralogs diverged.  
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Materials and methods 
 
Cell lines and growth conditions 

HeLa (ATCC, CCL-2) and Cos7 cells (ATCC, CRL-1651) were cultured in growth media 

comprised of DMEM (Mediatech, Inc., Manassas, VA, #10-013-CV) containing 4.5 g/L L-

glutamine, L-glucose, sodium pyruvate and supplemented with 10% fetal bovine serum 

(Sigma-Aldrich, St. Louis, MO, #F2442). HAP1 myh9 (MIIA) KO and parental cells were 

purchased from Horizon discovery as previously described (Fenix et al., 2016), and cultured in 

IMDM medium supplemented with 10% fetal bovine serum. M2 melanoma cells were cultured 

in Minimal Essential Medium supplemented with Earle’s salts, 10 mM HEPES and 10% fetal 

bovine serum. Growth substrates were prepared by coating #1.5 glass coverslips (In Vitro 

Scientific, #D35C4-20-1.5N or #D35-20-1.5N) with 10 μg/mL FN (Corning, Corning, NY, 

#354008) in PBS (Mediatech, Inc., #46-013-CM) at 37 °C for 1 hour.  

Human embryonic stem cell lines H9 (WA09) were obtained from WiCell Research Institute 

(Madison, WI). Cells were seeded as undifferentiated colonies on plates coated with Matrigel 

(Corning, #354277), maintained at 37°C and 5% CO2, and fed daily with mTeSR (Stem Cell 

Technologies #05850). Cells were passaged once they reached 80% confluency. For 

immunofluorescence, cells were plated on Matrigel-coated 35 mm glass bottom culture dishes 

(MatTek #P35G-0-140C) and experiments were performed the next day. 

For protein expression, cells were transiently transfected using Fugene 6 (Promega, Madison, 

WI, #E2691) as per the manufacturer’s instructions overnight in a 25-cm2 cell culture flask 

(Genessee Scientific Corporation, San Diego, CA, #25-207) before plating on a growth 

substrate.  

Alexa Fluor-488 phalloidin (#A12379), Alexa Fluor-568 phalloidin (#A12380) and Alexa Fluor 

488-goat anti-rabbit (#A11034) were purchased from Life Technologies (Grand Island, NY). 

Rabbit anti-myosin IIA (#909801) was purchased from BioLegends (San Diego, CA). Rabbit 

anti-myosin IIB (#8824S and 3404S) was purchased from Cell Signaling Technology (Danvers, 

MA). The #8824S antibody was used in Figures 4-S1, panels A, C and D; Figure 4-S2, panel 

A; Figure 4-1, panel A and C; Figure 4-S4, panel B; and Figure 3, panels B-E. The #3404S 

antibody was used in Figure 4-S1, panel B; Figure 4-S12, panels A-B; Figure 4-S8, panel A; 

Figure 4-3, panel F; and Figure 4-S5, panel B-C. 
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Cell Line Authentication 

The HeLa cell line used in this study was a gift of Dr. DA Weitz (Harvard University), and the 

M2 melanoma cells were a gift from Dr. Matthew Tyska. The Burnette lab had these lines 

authenticated by Promega and ATCC using their ‘Cell Line Authentication Service’ in 2015 and 

2019, respectively. The methods and test results received from Promega and ATCC are as 

follows: 

“Methodology: Seventeen short tandem repeat (STR) loci plus the gender determining locus, 

Amelogenin, were amplified using the commercially available PowerPlex 18D Kit from 

Promega. The cell line sample was processed using the ABI Prism 3500xl Genetic Analyzer. 

Data were analyzed using GeneMapper ID-X v1.2 software (Applied Biosystems). Appropriate 

positive and negative controls were run and confirmed for each sample submitted.’ 

“Data Interpretation: Cell lines were authenticated using Short Tandem Repeat (STR) analysis 

as described in 2012 in ANSI Standard (ASN-0002) Authentication of Human Cell Lines: 

Standardization of STR Profiling by the ATCC Standards Development Organization (SDO)’ 

HeLa- CCL-2 results- 

“Test Results: The submitted profile is an exact match for the following ATCC human cell 

line(s) in the ATCC STR database (eight core loci plus Amelogenin): CCL-2 (HeLa)’ 

M2 results- 

“Test Results: Submitted sample, STRA12409 (M2 melanoma), is an exact match to ATCC cell 

line CRL-2500 (A7).  When compared to the reference profile the submitted profile shows and 

extra #10 allele at the TPOX locus. The cell line, (M2), has been discontinued by ATCC.” 

Mycoplasma Monitoring: All cell lines were checked for potential mycoplasma infection using 

DAPI throughout the course of this study. 

Plasmids 

MIIA mEmerald (Addgene, Cambridge, MA, #54190), MIIA mApple (Addgene, #54929) and 

MIIB mEmerald (Addgene, #54192) were gifts from Michael Davidson. MIIA mEGFP 

(Addgene, #11347) was a gift from Robert Adelstein. MIIB mEGFP (Addgene, #35691) was a 
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gift from Venkaiah Betapudi. The MIIB/A and MIIA/B chimeras were generously provided by 

Miguel Vincente Manzanares (Universidad Autonoma de Madrid, Spain).  

siRNA resistant MIIB and MIIB/A were generated using a modified site directed mutagenesis 

protocol as described previously (Liu and Naismith, 2008). Three to four codons were modified 

to ensure siRNA resistance. The MIIB- and MIIB/A-mEGFP constructs were mutated using the 

following primer sequences- Forward- 5’-

GGAAGACCCCGAGAGGTATCTCTTTGTGGACAGGGCTGT-3’, Reverse- 5’- 

CTCTCGGGGTCTTCCAGTCCAGTTCTCTGCGCCAT-3’. Since the individual siRNA against 

MIIA was targeted to 3’-UTR, the MIIA-mEGFP and MIIA/B-mEGFP plasmids were not 

mutated. 

Phase and DIC imaging 

Phase and DIC imaging was performed on a Nikon (Melville, NY) Eclipse Ti-E inverted 

microscope equipped with a Nikon 1.45 NA 100X Oil DIC, 0.95 NA 40X Air DIC and a 0.4 NA 

20X Air Phase objective. Samples were maintained at 37°C with 5% CO2 using a Tokai Hit 

Stage Incubator (Shizuoka-ken, Japan).  

For quantifying live binucleation events, imaging was performed on an Incucyte S3 (4647, 

Essen BioScience) microscope, equipped with a 20X objective and maintained in a tissue 

culture incubator at 37°C and 5% CO2. 

Structured Illumination Microscopy (SIM) 

SIM imaging was performed on a GE (Pittsburgh, PA) DeltaVision OMX microscope equipped 

with a 1.42 NA 60X objective lens and a sCMOS camera, and a Nikon N-SIM microscope 

equipped with a 1.49 NA 100X objective lens and an EMCCD camera.  

Live and Fixed Fluorescence imaging and Cortical Ablation 

Live imaging and cortical ablation were performed on a Nikon Eclipse Ti-E inverted microscope 

equipped with a Yokogawa CSU-X1 spinning disk head, 1.4 NA 60X oil objective, Andor DU-

897 EMCCD and a dedicated 100 mW 405 diode ablation laser, generously provided by the 

Nikon Centre of Excellence at Vanderbilt University. The instrument was controlled using 

Nikon Elements AR software. For ablation, a 1.4 µm x 1.4 µm ROI was used for all 

experiments. A DIC and/or fluorescence image was acquired before ablation, followed by 

ablation using a miniscanner. A pixel dwell time of 500 µs, 50% laser power was used for a 
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duration of 1 second, followed by acquiring DIC or fluorescence images at 2 second intervals. 

Samples were maintained at 37°C with 5% CO2 using Tokai Hit Stage Incubator.  

To image MIIA and MIIB in fixed ESC colonies, large image stitching was performed using the 

60X objective in Elements software. Z-sections were acquired at 1 µm intervals for the entire 

stitch and maximum projections were displayed and used for generating line scans. To image 

endogenous MIIA and MIIB in fixed HeLa cells, single slices through the middle of the cell 

were acquired using the 60X objective. 

Knockdown experiments 

Smart Pool Accell siRNA against MIIA (myh9 gene, #E-007668, #1- 

CCGUUGACUCAGUAUAGUU, #2- UCCACAUCUUCUAUUAUCU, #3- 

GUGUGGUCAUCAAUCCUUA, #4- CUUAUGAGCUCCAAGGAUG) and MIIB (myh10 gene, 

#E-023017, #1- GGACUAAUCUAUACUUAUU, #2- UGUCAAUGCUUAAAGUAGU, #3- 

CGAGGAUCCAGAGAGGUAU, #4- CCAAUUUACUCUGAGAAUA) were purchased from GE 

Dharmacon (Lafayette, CO). To perform rescue experiments, the following individual siRNAs 

were used- myh9 – CCGUUGACUCAGUAUAGUU (#A-007668-13-0005) and myh10- 

CGAGGAUCCAGAGGUAU (#A-023015-15-0005). Knockdown experiments were performed in 

24-well plates using Lipofectamine 2000 (Life Technologies, #1690146) as per instructions 

provided by the manufacturer. Knockdown was performed for 72 hours, after which cells were 

either plated on the growth substrate for imaging or lysed for western blot experiments. 

Western Blotting 

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 (Millipore). Blots were 

blocked using 5% NFDM (Research Products International Corp, Mt. Prospect, IL, #33368) in 

Tris Buffered Saline with Tween-20 (TBST). Antibody incubations were also performed in 5% 

NFDM in TBST. Blots were developed using the Immobilon Chemiluminescence Kit (Millipore, 

#WBKLS0500). 

Cell indentation assay 
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A precisely controlled Transfer Man 4R micromanipulator (Eppendorf, Hamburg, Germany) 

was magnetically attached to the optical table. Indentation pipettes were prepared from 

borosilicate microcapillary tubes pulled using an automated pipette puller. Metaphase cells 

were identified using high magnification DIC and their height was approximated. The 

micropipette was then slowly lowered to gently rest on top of the cell. Upon starting image 

acquisition, the pipette was lowered continuously for 2 seconds, using the extra-fine movement 

setting, to compress the cell to half its height. Images were recorded for a minimum of 90 s 

prior to gently raising the pipette back up. The assay was performed in 35 mm glass bottom 

dishes with a 20 mm coverslip to allow for the optimal angle and movement of the 

microcapillary. 

Micropipette Aspiration 

Microneedles (World Precision Instruments, 0.75 mm inner diameter and 1.0 mm outer 

diameter) were pulled to a centimeter-long taper using a Narishige PC-100 needle puller. The 

following parameters were used- 55% maximum current and one light weight (mass = 23.5g). 

Using a Narishige MF-900 microforge, needles were then cut to a diameter ranging between 

10-15 µm. The end of the needle was then fire polished by bringing it close to a heated glass 

bead to obtain a smooth edge that will successfully attach to the aspirated cell without 

disrupting the membrane. The microforge was then used to bend the tip of the micropipette 

needle to a 30-degree angle by positioning the needle vertically at a 0.1 mm distance from the 

heated glass bead. 

To perform micropipette aspiration, the needles were mounted on an Eppendorf Transfer Man 

4R micromanipulator that was magnetically attached to the optical table. Cells were visualized 

using DIC (Plan Apo 0.95 NA, 40X Nikon DIC air objective, with 1.5X optical zoom on a Nikon 

Eclipse Ti inverted microscope controlled using Elements software). Cells were maintained at 

37°C with 5% CO2 using a Tokai Hit stage incubator. Metaphase cells were identified using the 

appearance of a tight metaphase plate using DIC. The needle was then positioned close to the 

cell until the pipette made firm contact with the cell. Negative pressure was then applied using 

a Fluigent microfluidic pressure control system (Flow EZ) controlled through Fluigent controller 

software on the microscope computer. Frames were acquired every 2 seconds, with pressure 

increased by 0.5 mbar every 10 seconds. Cortex tension was then calculated by analyzing the 

DIC time montages using a custom MATLAB script (Data S1-S2). Tension (T) was calculated 

as 
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𝑇𝑇 =
∆𝑃𝑃

2( 1
𝑅𝑅𝑝𝑝 −
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𝑅𝑅𝑅𝑅)

 

where, ΔP= pressure difference, Rp= radius of pipette, Rc= radius of cell. 

Calibration of protein expression using immunofluorescence 

Calibration of protein expression was performed using an immunofluorescence based 

approach as described previously (Figure 4-S9) (Taneja and Burnette, 2019). siRNA resistant 

MII was introduced into the knockdown cells using transient transfection, plated on glass 

coverslips, followed by fixation. Untransfected scrambled control cells were prepared in 

parallel. The two samples were then stained for endogenous MIIA or MIIB in the red channel. 

The samples were then imaged using the same parameters for the red and green channels in 

growth medium at 37°C as performed for the actual experiment. GFP intensity measured in the 

cytoplasm was then calibrated against the endogenous (red) signal relative to the scrambled 

control. The intensity in the cytoplasm was also normalized against relative enrichment in the 

cytoplasm as well as background. This analysis was performed for every different objective 

lens used in the study.  Since we used the same imaging parameters for GFP throughout the 

experiments this allowed us to compare levels to endogenous. 

Quantification of soluble and insoluble fractions in HAP1 fibroblasts 

HAP1 parental fibroblasts were seeded into 24-well culture plates (CytoOne CC7682-7524) 

and grown to 75% confluence. Cells were then trypsinized, followed by recovery in growth 

medium on an orbital shaker for 10 minutes. Cells were pelleted at 200xg, washed once in 

PBS, and then lysed using Cell Lytic M reagent (Sigma C2978) containing 1X protease 

inhibitor cocktail (Sigma P8340) for 45 minutes on ice. Cell lysates were centrifuged for 10 min 

at 15000 rpm at 4°C. The supernatant (soluble fraction) was diluted in LDS Sample buffer (Life 

Technologies #NP0007) and Reducing buffer (Life Technologies #NP00009). The pellet 

(insoluble fraction) was the resuspended in LDS Sample Buffer and Reducing buffer. The two 

fractions were boiled at 95°C for 5 minutes and subsequently analyzed by western blotting. 

Note that the actual fractions obtained by this method may vary from previous reports 

(Schiffhauer et al., 2019) since we did not use ATP in our lysis buffer, which would promote 

release of MII from the insoluble fraction into the soluble fraction. Therefore, our values for the 

insoluble fraction tend to be higher.  
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Data Quantification 

For quantification of MII stack length (Figure 4-1), a 15 µm by 8 µm region of interest 

containing the cleavage furrow was cropped from maximum projected SIM micrographs. 

Owing to the smaller size of HAP1 fibroblasts, a 5 µm by 8 µm region of interest containing the 

cleavage furrow was used. Only bright, in-focus, objects were included in the analysis. 

Measurements were made manually with individual lines saved as ROIs in Fiji and then 

exported for calculation of average stack length. Separate investigators acquired and analyzed 

the data for stack length quantification. The investigator analyzing the data was blinded. 

For measuring the rate of cleavage furrow ingression, phase contrast or DIC time montages 

were recorded at 30 second intervals. Individual montages were cropped and aligned using the 

StackReg plugin in Fiji. Kymographs were created using the Multiple Kymograph plugin with a 

3-pixel thick line drawn across the equator. Ingression rates were calculated as the change in 

distance (in µm) divided by the amount of time (in min) between the start and end of ingression 

(Figure 4-1). The start of ingression was defined as the first instance of deformation of the cell 

boundary, and the end of ingression was defined as when the cell boundary stopped 

deforming. Asymmetric furrowing was occasionally observed in HAP1 fibroblasts. In these 

instances, the predominant side of the cleavage furrow was measured. In the case of 

symmetrical ingression, the left side of the kymograph was arbitrarily used (Figure 4-1).  

To quantify blebbing (Figure 4-2), DIC time-lapse recordings at 30 second intervals were used. 

We manually counted blebs using the line tool in Fiji, between the time point immediately 

following the end of Anaphase A (sister chromatids no longer move away from each other; this 

was also verified by making a kymograph across the long axis of the cytokinetic cell) and the 

end of cleavage furrow ingression. The longest axis of every bleb (most frequently the 

diameter since blebs were roughly circular in shape) that was in focus and could be accurately 

measured was counted for quantification. The diameter of every bleb measured for the 

duration of the movie was summed. This was then normalized to the number of minutes for 

which the analysis was performed.   

To quantify ingression rates within hESC colonies (Figure 4-S3), images were recorded at 30 

second intervals. Distance within the colony was measured in “cell radii” from the edge. The 

colonies were assumed to be composed of concentric circular cell layers increasing in number 

from the edge. For any given dividing cell, its position was determined by counting the smallest 
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number of cell radii to reach the edge. Ingression rates were measured using the 

MultipleKymograph plugin in Fiji. Kymographs where the cell boundary could not be 

ascertained were discarded.  

To quantify cell shape changes upon MII knockdown (Figure 4-2), we measured the increase 

in pole-to-pole elongation during cytokinesis relative to metaphase. A line was drawn across 

the long axis of the cell from phase contrast time montages. We observed that the distance 

between the cell boundary during metaphase is smallest immediately before the onset of 

anaphase, which is in agreement with the general idea that maximal de-adhesion must occur 

for cell-cycle progression (Jones et al., 2018; Marchesi et al., 2014). Following anaphase 

onset, pole-to-pole expansion was observed, until ingression is completed, which was then 

followed by poles moving closer together again prior to cell spreading. We measured the pole-

to-pole distance immediately upon anaphase onset (as shown in schematic, Figure 4- 2), and 

the maximal pole-to-pole distance before they come closer together (as shown in schematic, 

Figure 4-2). This was also visually confirmed in the live cell montages. These widths were 

used to calculate the pole-to-pole elongation ratio.  

To generate the endogenous polar cortex and equatorial cortex localization profiles upon MII 

paralog knockdown (Figure 4-3), cells were grouped into early (>20 µm), mid (6-20 µm) and 

late cytokinesis (<6 µm) based on degree of furrow closure, as done previously (Taneja et al., 

2016). Polar cortex intensity was calculated as the mean fluorescence averaged from 6 ROIs 

(1.8 µm2 area) placed in the same positions (see inset schematics, Figure 4-3). Due to the 

non-uniform distribution of cortical signals, this approach allowed us to get an unbiased 

measurement of mean cortical intensity at the polar cortex. Equatorial cortex intensity was 

calculated as mean fluorescence of 2 ROIs (1.8 µm2 area) placed on each side of the furrow. 

Mean equatorial or polar cortex intensities were then averaged within the cytokinesis groups. 

Any perturbations were normalized to the mean of the control data sets.  

To quantify changes in filament composition upon MII paralog depletion (Figure 4-3), two-

channel images SIM were first aligned in all dimensions in Fiji. Following alignment, a 5 µm by 

15 µm crop from a single optical section from the 2-channel overlay was used for quantification 

of hetero-filaments at the cortex. Each distinct punctum was quantified as a filament. In 

instances of puncta located close together, a line scan was drawn across region, and each 

distinct peak in intensity was quantified as a filament. Puncta localized in the cytoplasm were 
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not counted. The same staining and imaging parameters were used for all the experiments to 

allow comparison of MII intensity within the filaments.  

For quantification of binucleate cells (Figure 4-6), a large stitch of cells stained with phalloidin 

and DAPI was acquired using a 20X objective (shown in Figure 4-S1 or smaller field of view 

shown in in Figure 4-6). Binucleate cells were manually counted using the multi-point tool in 

Fiji. Cells very close together in clusters and whose boundaries could not be accurately 

discerned were not included in the analysis.  

To correlate spindle displacement with blebbing (Figure 4-7), DIC time-lapse imaging was 

performed at 5 second intervals. A 3-pixel thick line was drawn parallel to the long axis of the 

cytokinetic cell and kymographs were created using the Multiple Kymograph plugin in Fiji. The 

pixel values for the timepoint at which bleb growth was maximal was noted, in parallel with the 

pixel value for the timepoint at which the chromosomes were displaced to the maximal extent. 

The plot in Figure 4-7 was created by plotting all such events across multiple cells.   

To quantify the different modes of binucleation (Figure 4-7), live imaging of MIIBlo cells was 

performed as follows. Cells were seeded on 24-well cell culture dishes. Knockdown was 

performed 24 hours following seeding. 48 hours after initiation of knockdown, live nuclear 

labeling was performed using the NucLight Red reagent (used at a dilution of 1/2000 in 

DMEM) for 6 hours prior to imaging. Time lapse montages were acquired at 20X magnification 

at 10-minute intervals. A binucleation event was classified as “chromosome missegregation 

without abscission” if, i) a clear frame was observed where the DNA signal was detected in 

only one daughter cell, ii) the boundary between the daughter cells could be clearly discerned. 

A binucleation event was classified as “abscission failure” if, i) no frame was observed where 

the DNA signal was detected in only one daughter cell, ii) the daughter cells fail to separate 

with or without the appearance of a midbody. Events showing both of the above features were 

classified as “chromosome missegregation with abscission failure.  

Statistics 

Statistical significance for averaged data from multiple experiments, which is always depicted 

using bar graphs, was determined using unpaired, 2-tailed, homoscedastic Student’s T-test 

performed on Excel. For data pooled from multiple experiments, always depicted as Tukey 

plots, Mann Whitney U-test was performed on GraphPad Prism. Error bars in all bar graphs 

represent standard error of the mean, while Tukey plots were represented with boxes (with 
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median, Q1, Q3 percentiles), whiskers (minimum and maximum values within 1.5 times 

interquartile range) and outliers (solid circles). No outliers were removed from the analysis.  

For graphs displaying percentages, no error bar was displayed and the data over more than 3 

experiments was pooled. Due to the pooled approach for the endogenous MII localizations in 

HeLa cells, error bars depict standard error of weighted means, where the weights were 

determined based on how many cells from a particular experimental replicate were allocated to 

a particular group (e.g. Early, Mid, Late). The weighted standard deviation was calculated to 

remove any bias from individual experiments, using the formula 

 

𝑠𝑠𝑠𝑠𝑤𝑤 =  �
∑ 𝑤𝑤𝑖𝑖(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥𝑤𝑤)2𝑁𝑁
𝑖𝑖=1

(𝑁𝑁′ − 1)∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1

𝑁𝑁′

 

 

where wi is the weight for the ith observation, N’ is the number of non-zero weights, and xw is 

the weighted mean of the observations. 
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Supplementary Figures 
 

 

Figure 4-S1- Characterization of MII paralogs in HeLa cells 

A) MIIA and MIIB expression upon depletion of the other paralog. Tubulin was used as loading control. 

The numbers represent expression normalized to loading control with scrambled control set to 1. B) 

Knockdown of MIIA and MIIB using individual siRNA. The numbers represent MII band intensity 

normalized to loading control. C) Large stitches of Scr, MIIAlo and MIIBlo cells stained for F-actin, DAPI 

and the depleted paralog. Insets: Enlarged view of yellow box. D) Uncropped representative western 

blot from another experiment validating MIIA and MIIB knockdown. Tubulin was used as loading control 
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for normalization and calculation of knockdown efficiency. N=5 independent knockdowns. *, leftover 

MIIA bands from blot stripping. Error bars represent standard error of the mean. 
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Figure 4-S2- Role of MIIA in stacking in HAP1 and ingression in H9 cells 

A) Representative SIM micrographs showing a 720 nm Z-projection of the cleavage furrow of dividing 

HAP1 parental versus MIIA KO cells, showing MIIB localization. B) Quantification of MIIB stacks. For 

parental, n=821 measurements from 10 cells; For KO, n=932 measurements from 10 cells; N=3 

independent experiments. C) We sought a system where natural gradients of MIIA exist, for which we 

turned to hESC colonies, that show a gradient of MIIA with high MIIA at the edge and less in the center. 

MIIB was showed no gradient in localization. We used this system to test whether MIIA levels correlate 

with faster ingression. hESC colonies stained for endogenous MIIA or MIIB (Fire LUT). Line scans from 
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yellow box averaged over 12 30° rotations. D) Representative dividing cells and expression of MIIA in 

the cleavage furrow of dividing cells close to (<2CR) or away from (>2CR) the edge of a hESC colony. 

Intensity matched micrographs show endogenous MIIA staining represented using Fire LUT. 

Quantification from 14 <2CR and 17 >2CR cells from 10 separate colonies. E) Representative 

kymographs from phase contrast time montages of hESCs dividing 2 CR or 10 CR from the edge of the 

colony and cleavage furrow ingression rates of cells dividing in hESC colonies. n=61 cells from 5 

colonies over 3 independent experiments. Cell position was represented as cell radii (CR) away from 

the edge assuming a spherical colony with each concentric layer of cells spanning 1 cell radius (see 

inset schematic). Scale bar in (A), (C) and (D)- 2.5 µm, 50 µm and 10 µm, respectively. Error bars in 

(B,E) represent standard error of the mean; Error bars in (D) represent standard deviation. p values 

depicted over respective bar graphs. 
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Figure 4-S3- Depletion of MII in M2 cells and pole-to-pole elongation rescue in HeLa cells 

A) Representative fields of view of MIIAlo and MIIBlo M2 cells at 5 hours post plating. Insets- Enlarged 

views of white box. B) MIIA depletion results in increased pole-to-pole elongation during cytokinesis. 

Tukey plots of polar elongation measured independently using DIC. n= 15 Scr,12 MIIAlo (pooled 

siRNA), 13 MIIAlo (single siRNA), 13 MIIAlo +MIIA and 11 MIIAlo +MIIB cells over 3 independent 

experiments. Solid circles represent outliers. Scale bar- 100 μm. 
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Figure 4-S4- MIIA and MIIB localization and compensation during metaphase and cytokinesis 

 
A) Live cell montage of HeLa cell co-expressing MIIA-mApple and MIIB-mEmerald. Green and yellow 

arrows highlight polar and equatorial cortex, respectively. B) Enrichment of endogenous MIIA and MIIB 

at the furrow and the polar cortex in control cells at mid, early, and late cytokinesis. For MIIA: 42 cells 

measured over 3 independent experiments. For MIIB: 48 cells measured over 3 independent 

experiments. Representative images of control MIIA and MIIB endogenous localization can be found in 

Fig. 4-3, panels A and B. C) Quantification of MIIA and MIIB at the equatorial cortex. Intensity was 

calculated as mean of green ROIs in cartoon insets. See Methods for detailed quantification scheme. 

For MIIA: n=41 Scr cells and 48 MIIBlo cells over 3 independent experiments. For MIIB: n= 43 MIIAlo 

and 46 Scr cells over 3 independent experiments. D) Images showing MIIB localization in MIIAlo versus 

MIIAlo +MIIA-mEGFP cells and MIIB localization in MIIAlo versus MIIAlo +MIIA-mEGFP cells. E) Tukey 

plots for MIIB or MIIA cortical intensity. For endogenous MIIB, n= 28 MIIAlo and 18 MIIAlo +MIIA cells 

over 3 independent experiments. For endogenous MIIA, n= 34 MIIBlo and 25 MIIBlo +MIIB cells over 3 

independent experiments. Scale bar- 10 µm. Solid circles represent outliers. Error bars represent 

standard error of the mean. p values stated over respective bars. 
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Figure 4-S5- Measurement of cortex stiffness, cell indentation assay and polar ablation 

A) Stiffness using micropipette aspiration during metaphase. Number of cells stated inside respective 

bars. N= 3 independent experiments. B) Cell indentation assay design. DIC montage of Scr, MIIAlo and 

MIIBlo cells upon indentation. C) Quantification of blebbing events. n=16 Scr, 11 MIIAlo and 21 MIIBlo 

cells over 3 independent experiments. D) Representative images of polar cortex ablation in HAP1 MIIA 

KO fibroblasts during cytokinesis. White arrows indicate no bleb was created while yellow arrows 

indicate creation of bleb following polar cortex ablation. E) Tukey plots of initial bleb size following 

ablation during cytokinesis in Cos7 cells. n= 15 untransfected (UT), 15 MIIA and 11 MIIB expressing 

cells over 3 independent experiments. Scale bar- 10 µm. Solid circles represent outliers. Error bars 

represent standard error of the mean. p values stated over respective bars. 
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Figure 4-S6- Extended montage of ablation 

Montage corresponds to yellow box. Control, MIIAlo, MIIBlo and blebbistatin-treated cells at metaphase 

are shown. 
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Figure 4-S7- Different modes of binucleation upon MIIB depletion 

A) Representative time montage showing spindle oscillation induced chromosome missegregation 

followed by successful abscission. White arrow marks the daughter cell lacking any DNA signal. B) 

Representative time montage showing abscission failure in the absence of blebbing induced 

chromosome missegregation. Note the persistence of the intracellular bridge (yellow arrow) preceding 

fusion of the two daughter cells. C) Representative time montage showing both spindle oscillation white 

arrow denotes daughter cell without any DNA signal), as well as failure to complete abscission. The 

ROI used to create the montage was moved to keep the cells centered in the field of view. Live labeling 

of nuclei was performed using the NucLight Red reagent (see STAR Methods). Scale bar- 40 μm. 
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Figure 4-S8- HAP1 cell fractionation and clustering of ingression with expression in HeLa cells 

A) Quantification of soluble and insoluble fractions of MIIA and MIIB using Western blotting. Error bars 

show standard error of the means. N= 3 independent experiments for MIIA and 4 independent 

experiments for MIIB. See STAR Methods for fractionation method. Cell line used is HAP1 parental 

fibroblasts. B) Total myosin in different experimental conditions. A 4:1 ratio of MIIA:MIIB was used as 

the starting proportion of the two myosins (Table 4-2). For knockdown efficiencies, 75% was used for 

MIIA and 80% for MIIB (Figure 4-S1). The increase in MII paralog expression was 1.5-fold for MIIB in 

MIIA knockdown, 1.2-fold for MIIA in MIIB knockdown, yielding the corresponding increase in 

proportions. The amount of exogenous expression was calculated by multiplying the average 

expression by the endogenous proportion of the MII paralog in Scr cells (values from Table S1, 143% 
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for MIIB and 65% for MIIA). C) Ingression rates were plotted for MIIAlo cells with lowest expression of 

exogenous MIIA and highest expression of exogenous MIIB, such that the total myosin was equal. MIIA 

expression correlated with significantly higher ingression rates. D) Graphical representation of total 

myosin II when clustering lowest MIIA expression versus highest MIIB expression in MIIAlo cells. 
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Figure 4-S9- Calibration of protein expression using immunofluorescence 

A) Representative example of endogenous MIIB localization in Scr cells. Graph shows the distribution 

of cortical signals measured using 21 cells. Error bars show standard deviation. See STAR Methods for 

detailed quantification method. B) Two examples of endogenous MIIB localization in MIIBlo cells re-

expressing full length MIIB-mEGFP. In the first example (left), a cell with no GFP expression is shown. 

In the second example, a cell expressing GFP is shown. Endogenous MIIB is colored using mpl-inferno 

LUT. C) Using several cells expressing varying levels of GFP, the GFP signal was plotted against the 

ratio of the endogenous MIIB signal of GFP expressing cells to the mean of the endogenous MIIB 

intensity in Scr cells (plotted in (A)). By using the same imaging parameters for every experiment, this 

allowed us to extrapolate the expression in our rescue experiments with respect to wild type levels 

using the linear fit of the plot above. Scale bar- 10 μm. 
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Table 4-1- Relative expression of MII in different experiments  

Construct/Condition Expression relative to 
endogenous   

Time-lapse DIC 
IIA-mEGFP in MIIAlo 65 +/- 35% 
IIA/B-mEGFP in 
MIIAlo 

65 +/- 22% 

IIB-mEGFP in MIIBlo 127 +/- 32% 
IIB/A-mEGFP in 
MIIBlo 

119 +/- 45% 

IIB-mEGFP in MIIAlo 143 +/- 90% 
IIA-mEGFP in MIIBlo 116 +/- 52% 
 

Compensatory Localization 
IIA-mEGFP in MIIAlo 63 +/- 24% 
IIB-mEGFP in MIIBlo 123 +/- 70% 
 

Micropipette Aspiration 
IIA-mEGFP in MIIAlo  72 +/- 41% 
IIA/B-mEGFP in 
MIIAlo 

89 +/- 42% 

IIB-mEGFP in MIIBlo 197 +/- 56% 
IIB/A-mEGFP in 
MIIBlo 

185 +/- 65% 

Note- Standard deviations are reported 
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Table 4-2- MIIA and MIB ratios in HeLa and HAP1 cells based on proteomics 

Reference Cell type Method Proportion IIA/B ratio 
IIA/IIB in 
filaments 

Bekker-Jensen et al, 
2018 

HeLa 
CCL-2 Proteomics 93.5/6.5 14:1 4:1 

Jonckheere et al, 
2018 HAP1 Proteomics 70/30 2.4:1 1.5:1 
IIA/B in filaments = IIA (total)/ IIB (total) * IIA (fil)/ IIB (fil) 
HeLa assembled fractions from Schiffhauer et al, 2019- IIA (fil)- 0.08, IIB (fil)= 0.3 
HAP1 assembled fractions from current study (Fig. 4-S11)- IIA (fil)- 0.24, IIB (fil)= 0.4  
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Chapter 5- The role of cell substrate adhesion in driving the maturation of sarcomeres 
in cardiac myocytes 

 

Taneja, N.*, Neininger, AC.*, Burnette, DT. (2020). Mol. Biol. Cell. 31(12) 

  (* contributed equally) 

 

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 cardiomyocytes (Knoll et al., 2011; Kovacic-

Milivojevic et al., 2001). The basic functional unit of contraction within a cardiomyocyte is the 

myofibril, comprised of a series of sarcomeres. In healthy cardiomyocytes, 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) (Liu et al., 2016; Samarel, 2005). 

Loss of this force balance can lead to detrimental phenotypes and disease states (Dabiri et al., 

2012; Samarel, 2005). Previous work has shown that cell-ECM contacts comprise the majority 

of sites of force generation during early cardiomyocyte spreading, during the time window of 

myofibril assembly (McCain et al., 2012). 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 cardiomyocytes localized adhesion proteins, such as 

vinculin, to the ends of myofibrils, and proposed that “adhesion plaques” serve as sites of 

myofibril assembly (Lu et al., 1992). This idea was supported by multiple genetic studies 

performed in the skeletal muscle of worms and fruit flies (Bloor and Brown, 1998; Hresko et al., 

1994; Volk et al., 1990). 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 assembly (Sparrow and Schock, 2009).  It has additionally been shown that inhibiting 

contraction of cultured rat primary cardiomyocytes results in a loss of adhesions (Sharp et al., 
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1997; Simpson et al., 1993). Conversely, modulating the size of adhesions by varying 

substrate stiffness can modulate the contractile properties of cardiomyocytes (Hersch et al., 

2013; Jacot et al., 2008). This indicates that there is feedback between cardiomyocyte 

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 itself (Sanger et al., 2005).  

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 myofibrils (Dlugosz et al., 1984). We have recently 

shortened Holtzer’s initialism to MSFs (Muscle Stress Fibers) for brevity (Fenix et al., 2018). 

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 myofibrils (Dlugosz et al., 1984; Rhee et al., 1994). We have recently 

utilized human iPSC-derived cardiomyocytes (hiCMs) to capture this transition (Fenix et al., 

2018). hiCMs are transcriptionally similar to embryonic and neonatal cardiomyocytes, 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 plating (Fenix et al., 

2018). 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 

themselves (Schwander et al., 2003). In fixed cells, the authors observed that inactivation of β1 

integrin led to a lack of myofibrils, but not MSFs (Schwander et al., 2003). A more recent study, 

however, claimed a new model of sarcomere assembly, where cell-ECM adhesion sites serve 

as the site for centripetal nucleation of sarcomeres (Chopra et al., 2018). 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 
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demonstrated this phenomenon (Fenix et al., 2018). 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. 
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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 5-1). 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 arcs (Fenix et al., 2018). In mesenchymal 

cells, actin arcs are connected to focal adhesions through specialized actin filament-based 

structures called dorsal stress fibers (DSFs) (Hotulainen and Lappalainen, 2006). To test if 

DSF-like structures exist in hiCMs, we examined the actin filament channel throughout the 

axial (Z) dimension (Figure 5-1, Figure 5-S1). 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 5-1). These strands ended in the MSFs and myofibrils on the dorsal 

surface (Figure 5-1, Figure 5-S1). 

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 5-1) or a myofibril (Figure 5-1) 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 

5-1). 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. 
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Figure 5-1- 3D organization of myofibrils and dorsal stress fibers 
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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-S1 for uncropped views of cells.  
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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 “cardiomyocyte maturation”, which involves transcriptional and metabolic 

changes over developmental time scales (Jiang et al., 2018). As previously demonstrated, 

MSFs translocate away from the edge and obtain sarcomeres over time (Fenix et al., 2018). 

The purple arrowheads in Figure 5-2 denote this phenomenon. The paxillin channel revealed 

that focal adhesions also elongate during this same period (Figure 5-2, green arrowhead). 

Consistent with how dorsal stress fibers form in mesenchymal cells (Hotulainen and 

Lappalainen, 2006), we observed the appearance of dorsal stress fiber-like connections 

between the elongating adhesions and maturing myofibrils (Figure 5-2, yellow arrowheads). 

We next wanted to quantify the potential relationship between adhesion growth and myofibril 

maturation over time. 

As focal adhesions mature, their area increases (Geiger et al., 2009). Similarly, when 

myofibrils mature, the length of their Z-lines increase (Dabiri et al., 1997). 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 5-2). To identify Z-lines, we localized α-actinin-2 (Figure 5-2). 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). We analyzed cells that were allowed 

to spread for 6 hours, 24 hours, and 1 week post-plating (Figure 5-2). 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 5-2). 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 

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 cytoskeleton (Carisey and Ballestrem, 2011). It was predicted two decades ago by 

Howard Holtzer and colleagues that vinculin would play a role during myofibril assembly (Lu et 

al., 1992). Furthermore, knockout of vinculin in hiCMs has been shown to alter the organization 

of Z-lines (Chopra et al., 2018). We depleted vinculin using a pooled siRNA approach and 

found a significant reduction in paxillin-positive area (Figure 5-3). 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 myofibrils (Fenix et al., 2018). 

Knockdown of vinculin resulted in a significant reduction in Z-line length (Figure 5-3). This 

reduction in Z-line length was in agreement with previously published data (Chopra et al., 

2018). 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 myofibrils (Sanger et al., 

2005). We localized the N-terminal region of titin, which should localize on either side of Z-lines 

(Figure 5-3) (Wang and Greaser, 1985). 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 5-3). 

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 5-3). 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-S4).  
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Figure 5-3- Knockdown of vinculin results in attenuation of myofibril maturation 

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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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 translocation 

(Thievessen et al., 2013). 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 translocation (Fenix et al., 

2018). 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 5-4). In control cells, we found MSFs underwent rearward translocation at comparable 

rates as our previous report (Figure 5-4). Vinculin knockdown resulted in a significant increase 

in MSF translocation rates (Figure 5-4). 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 

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” domain (Dumbauld et al., 2013). As a result, 

talin binding to vinculin leads to focal adhesion strengthening by linking vinculin to integrins 

(Case et al., 2015). 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 signaling 

(Tan et al., 2015). 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 5-5). We found a marked 

decrease in focal adhesion area in hiCMs expressing talin head-mEGFP versus control cells 

(Figure 5-5 and 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 5-5). The rate of MSF translocation also increased in hiCMs expressing talin 

head-mEGFP (Figure 5-5).  
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Figure 5-5- Expression of talin head domain results in attenuation of myofibril maturation 

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 
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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 growth (Parsons et 

al., 2000). A previous study has suggested that knocking down FAK in skeletal muscle 

precursors (i.e., myoblasts) reduced focal adhesions as well as attenuated myofibril formation 

(Quach and Rando, 2006). We asked whether this role for FAK is conserved in 

cardiomyocytes. To that end, we depleted hiCMs of FAK using a pooled siRNA approach 

(Figure 5-6) and first measured focal adhesion area. Consistent with previous reports (Quach 

and Rando, 2006), we found a significant reduction in focal adhesion area upon knockdown of 

FAK (Figure 5-6). 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 5-6). 

We verified these phenotypes using single siRNA mediated knockdown of FAK (Figure 5-S4). 

Furthermore, depletion of FAK resulted in increased rates of MSF translocation (Figure 5-6). 

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 

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. 5-3, panel C. 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. 5-3, panel E. 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. 5-3, panel F. H) Quantification of MSF 

translocation rates in FAK-depleted cells versus scrambled siRNA-treated hiCMs. si-FAK: n= 25 MSFs 
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from 16 cells; N= 3 independent experiments. The si-Scr dataset is the same as in Fig. 5-4, panel E. 

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 area (Slack-Davis et al., 2007; Taneja et al., 2016). 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 activity 

(O'Brien et al., 2014; Schaller et al., 1994; Slack-Davis et al., 2007). We found that treatment 

of hiCMs with PF-228 led to a nearly complete loss of localization of pFAK from adhesions 

(Figure 5-7). 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 plating (Fenix et al., 2018). 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 5-7). 

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 5-7). Furthermore, we found that PF-228-

treated hiCMs had slower rates of MSF translocation compared to control hiCMs (Figure 5-7). 

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 

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. 5-5, panel H. 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 adhesions (Gupton and Waterman-Storer, 

2006; Taneja et al., 2016). 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 cells (Taneja et al., 2016). 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 5-8). This 

increase in adhesion area correlated with an increase in Z-line length as well as closer titin 

localization to the edge (Figure 5-8). The rate of MSF translocation was also significantly 

slower compared to control hiCMs plated on 10 µg/mL fibronectin (Figure 5-8). 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 

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. 5-7, panel C. 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. 5-7, panel E. 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. 5-7, 

panel F. 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. 5-5, panel H. 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 adhesions (Fessenden et 

al., 2018; Riveline et al., 2001). We previously showed that DIAPH1 is expressed in hiCMs 

using RNAseq (Fenix et al., 2018). In that study, we also showed that another formin, FHOD3, 

is critical for the assembly of myofibrils (Fenix et al., 2018). However, FHOD3 only localized to 

MSFs and myofibrils but not to dorsal stress fibers (Fenix et al., 2018). 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-

9). Furthermore, depletion of DIAPH1 using siRNA resulted in a reduction of dorsal stress 

fibers but not MSFs (Figure 5-9). 

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 5-9). Further establishing the correlation 

between focal adhesion area and myofibril maturation, we found a significant decrease in Z-

line length (Figure 5-9). There was also an increase in the distance from the edge at which titin 

localized in DIAPH1-depleted cells (Figure 5-9). 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 5-9). 
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Figure 5-9- Knockdown of DIAPH1 results in attenuation of myofibril maturation 

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. 



165 
 

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. 5-3, panel C. 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. 5-3, panel E. 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. 5-3, panel F. 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. 5-4, panel E. Exact p-values stated in graphs. 
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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 cell (Fenix et al., 2018), 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 cardiomyocytes. Previous super-resolution 

studies have elaborated the nanoscale architecture of focal adhesions, revealing layers of 

focal adhesion components (Kanchanawong et al., 2010). 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- Conceptual model for role of substrate adhesion in myofibril maturation 

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 arcs (Alexandrova et al., 2008; Burnette et al., 2011), which are the 

orthologs of MSFs (Fenix et al., 2018). Actin arcs are physically linked to focal adhesions 

through dorsal stress fibers (Burnette et al., 2014; Hotulainen and Lappalainen, 2006). DIAPH1 

has been shown to be required for dorsal stress fiber assembly in non-muscle cells 

(Hotulainen and Lappalainen, 2006). 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 cells 

(Thievessen et al., 2013). 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 coupling (Tan et al., 2015). 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 forces 

(Janostiak et al., 2014; Swaminathan et al., 2017). Components such as integrins, talin and 

vinculin are mechano-sensitive (del Rio et al., 2009; Katsumi et al., 2005; Pasapera et al., 

2010); 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 load (Lemke et al., 2019). Therefore, our 

data support a model where adhesions could serve as load bearing sites and allow an 

increase in mechanical tension in MSFs, which would allow their maturation into myofibrils 

(Figure 10). Indeed, in the flight muscles of Drosophila, the establishment of cell-ECM sites 

with tendons precedes the maturation of stress fibers to myofibrils (Lemke and Schnorrer, 

2017). 

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 direction (Yuan et al., 2017). Interestingly, cell-ECM 
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adhesion was dominant over the contribution of cell shape to determine the direction of stress; 

“immature” iPSC derived cardiomyocytes with uniformly arranged smaller adhesions formed 

radially arranged myofibrils on square micropatterns, while more mature neonatal 

cardiomyocytes with larger adhesions formed linear substrate attached myofibrils (Yuan et al., 

2017). Our data agrees with these theoretical predictions, since trypsinized hiCMs form radially 

arranged focal adhesions at early time points (6 hours, Figure 5-2, panel B), 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 mechanism (Chopra et al., 2018). 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 cells (Hotulainen and Lappalainen, 2006; Tojkander et al., 

2015). 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 ends (Hotulainen and Lappalainen, 2006; Tojkander et al., 2015). The data from 

(Chopra et al., 2018) 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 spreading. We speculate DSFs are key structures that may relay the direction of 

principal stress from adhesions to MSFs or myofibrils. 

Furthermore, (Chopra et al., 2018) reported that knockout of β-myosin II led to a decrease in 

sarcomere content. 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 formation (Fenix et al., 2018; Yang et al., 2018). 

Another lab has also generated β-myosin II knockout hiCMs, and sarcomere formation in these 

cells still occurs (Yang et al., 2018). This calls into question the requirement for β-myosin II in 
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sarcomere formation. Furthermore, we have recently shown that knockdown of “non-muscle” 

myosin IIs does lead to attenuation of sarcomere formation (Fenix et al., 2018). 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 

filaments (Loison et al., 2018).  

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 cell (Wang, 

1984). Subsequent studies established this mode of assembly to be driving dorsal stress fiber 

formation, but not the assembly of actin arcs (Hotulainen and Lappalainen, 2006). 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 (Lu et 

al., 1992). 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 structures (Schwander et al., 

2003).  

Cell-cell adhesion is another source of balancing forces generated by myofibrils (Liu et al., 

2016). 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 of traction force generation during early cardiomyocyte spreading; as the cell 

continues to spread and makes cell-cell contacts, load-bearing sites are transferred to cell-cell 

contact sites (McCain et al., 2012). As such, it is interesting to note that focal adhesion 

proteins such as FAK and vinculin also localize to intercalated discs once they form 

(Koteliansky and Gneushev, 1983; Yi et al., 2003). 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 myofibrils (Fukuda et al., 2019). 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 
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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 arcs (Fenix et al., 2018). 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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Materials and methods 
 

Cell culture 

Human iPSC-derived cardiomyocytes (CMM-100-012-000.5, Cellular Dynamics, Madison, WI) 

were cultured as per manufacturer’s instructions in proprietary manufacturer provided 

cardiomyocyte 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 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 
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(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 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 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 previously (Burnette et al, 2011). Briefly, a cytoskeleton-stabilizing live-cell ex-

traction 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. 

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-

Actinin-2-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) (Paszek et al., 2012). EGFP-Talin-H-18 was a 
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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. 

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 
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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.  

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 5-3), 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 
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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 circles). No outliers were removed from the analysis. For western blot graphs, error bars 

represent standard error of the means. 

Key Resources 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Mouse monoclonal anti-alpha actinin 2 (Clone 

EA-53) 

Sigma A7811 

Mouse monoclonal anti-paxillin BD Biosciences 610051 

Rabbit polyclonal anti- DIAPH1 Bethyl 

Laboratories 

A300-078A 

Mouse monoclonal anti-FAK BD Biosciences 610088 

Rabbit monoclonal anti-pFAK Y397 Abcam Ab81298 

Mouse monoclonal anti-Titin (9 D10) DHSB  9D10 

Goat anti-mouse 488 LifeTechnologies A11001 

Goat anti-rabbit 488 LifeTechnologies A11034 

Goat anti-mouse 568 LifeTechnologies A11004 

Goat anti-rabbit 568 LifeTechnologies A11036 

   

Bacterial and Virus Strains  

   

Biological Samples   

Bovine Serum Albumin RPI A30075-100.0 

   

Chemicals, Peptides, and Recombinant Proteins 

Phalloidin Alexa Fluor 488 Life Technologies A12379 

Phalloidin Alexa Fluor 568 Life Technologies A12380 

FAK inhibitor PF-573228 Sigma PZ0117 

PBS, 10X, Ca2+/Mg2+ free Gibco 70011-044 
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Paraformaldehyde, 16% Electron 

Microscopy 

Sciences 

15710 

PBS, 10X, with Ca2+/Mg2+ Corning 46-013-CM 

0.5% Trypsin Gibco 15400-054 

0.1% Gelatin Sigma ES-006-B 

Dimethyl Sulfoxide Sigma 276855 

Vectashield with DAPI Vector H-1200 

Triton X-100 Fisher Scientific BP151100 

   

Critical Commercial Assays 

Mix-N-Stain Antibody Labeling kit Biotium 92233 

   

Deposited Data 

   

Experimental Models: Cell Lines 

iCell cardiomyocytes2 kit Cell Dynamics 

International 

CMC-100-012-

000.5 

   

Experimental Models: Organisms/Strains 

   

Oligonucleotides 

SMART Pool siRNA against human FAK  

5’-AAACGUCGAAAAUUGAUUG-3’,5’-

AAACGUCGAAAAUUGAUUG-3’, 5’-

CAGCAUUUCGUCAUAAGGC-3’, 5’-

AGACAACCCAACUUCAAAG-3’  

Horizon Discovery E-003164-00-

0005 

SMART Pool siRNA against human DIAPH1 

5’- CUGUCUUUGAAUCCAACAC-3’, 5’-

CACUAAUAAUAAAUAACCA-3’, 5’-

UGAUAUUGAAGCCAAAAGC-3’, 5’-

AAGUCAUCCAUCUCCAUGC-3’ 

Horizon Discovery E-010347-00-

0005 
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SMART Pool siRNA against human VCL 

5’-UUCGAAUUUUGAUUGAAGC-3’, 5’-

CAACCUUAAUAAAUGCUGG-3’, 5’-

AGUCUAUGGAGGCCAAUGC-3’, 5’-

ACAAAUCCUAGCUUAUAAA-3’ 

Horizon Discovery E-009288-00-

0005 

   

Recombinant DNA 

mApple-Lifeact Addgene 54747 

mEmerald-Lifeact Addgene 54148 

mCherry-Paxillin Addgene 55114 

mCherry-Alpha-actinin-2  Addgene 54974 

Talin Head-mEGFP Addgene 56448 

Talin-mEGFP Addgene 56446 

   

Software and Algorithms 

MATLAB code to analyze Z-line length and 

adhesion area 

This study  

Fiji (Fiji Is Just ImageJ) NIH  

Nikon Elements Nikon  

   

Other 
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Figure 5-S1- 3D organization of actin structures using SIM 

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 5-1E. 
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Figure 5-S2- Deconvolution widefield microscopy of actin filaments in hiCMs 

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 

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 

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. 5-3, panel D. 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. 5-3, panel E. D) Quantification of distance of titin localization from the cell 

edge. si-Vinculin: n= 21 cells, N= 3 independent experiments. The si-Scr dataset is the same as Fig. 5-

3, panel F. E) Western blot for FAK knockdown using a single siRNA. Tubulin was used as a loading 
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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. 5-3, panel D. 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. 5-3, panel E. 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. 5-3, panel F. 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. 5-3, panel D. 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. 5-3, panel E. 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. 5-

3, panel F. 
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Figure 5-S5- Full length talin expression in hiCMs 

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 5-11- Effects of FAK inhibition and increased FN concentration on Z-lines and 

adhesions 

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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Chapter 6- The role of FAK signaling in myofibril mechanics 
 

Taneja, N., Bersi, M.R., Rasmussen, M.L., Gama, V., Merryman, W.D., Burnette, D.T. 

2020. Cytoskeleton (in press) 

 

Introduction 
 

The functional unit of contraction within striated muscle is the myofibril, which is comprised of 

sarcomeres arranged in series. Sarcomeres are complex protein assemblies, the core of which 

comprises “thick” muscle myosin-II filaments interacting with “thin” actin filaments. The barbed 

ends of actin filaments from adjacent sarcomeres are cross-linked by α-actinin-2 to form the 

sarcomere borders known as Z-discs (Knoll et al., 2011). Interactions between the multiple 

components within sarcomeres ultimately determine their mechanical properties. For example, 

the giant protein titin spans half the length of the sarcomere, with its N-terminal domain binding 

the Z-disc and its C-terminal domain extending to the M-line (Maruyama, 1997). The complete 

list of factors controlling the mechanical properties of myofibrils continues to be elucidated. 

Titin has long been established as a major contributor to the myofibrillar mechanical properties 

required for proper heart function. The PEVK domain of titin behaves like a molecular spring, 

generating passive tension within the myocardium against stretch, as experienced in the heart 

during peak diastole (Granzier and Irving, 1995; Granzier and Labeit, 2004). Furthermore, 

interactions between actin and the titin PEVK domain lead to viscous damping of myofibrils by 

impeding actin filament sliding (Kulke et al., 2001; Linke and Fernandez, 2002). At longer 

length scales, viscous damping in the myocardium is thought to be provided by collagen fibrils 

in the extracellular matrix (ECM) (Granzier and Irving, 1995). Previous studies have 

demonstrated that faster shortening of myofibrils has a higher energetic cost (Gibbs and 

Chapman, 1985; He et al., 2000). Thus, viscous damping reduces this energetic cost of 

contraction and contributes to an overall increased efficiency of energy consumption in the 

heart (Caporizzo et al., 2018).  

Cardiomyocytes interact with the ECM at specialized sites called costameres, which anchor 

the Z-lines closest to the cell membrane to the extracellular matrix (Samarel, 2005). We have 

previously established a role for cell-ECM adhesion in myofibril assembly, using human iPSC-

derived cardiomyocytes (hiCMs) as a model system (Taneja et al., 2020b). Cell-ECM sites 
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transmit mechanical forces from immature myofibrils (muscle stress fibers) to the substrate, 

promoting their maturation.  

Focal adhesion kinase (FAK) is a key regulatory protein present at cell-ECM sites which 

regulates adhesion formation and turnover (Parsons et al., 2000). A role for FAK in contributing 

to heart mechanics has also been well established in vivo. Cardiac specific knockout of FAK 

results in an ability to respond to increased load in the heart (DiMichele et al., 2006; Peng et 

al., 2006). On a mechanistic level, FAK performs both scaffolding and signaling functions 

(Sulzmaier et al., 2014). FAK phosphorylates a variety of targets, including itself at Tyr397, 

which is required for adhesion disassembly (Sulzmaier et al., 2014). Inhibition of this auto-

phosphorylation using the inhibitor PF-228 results in stabilization of focal adhesions (Slack-

Davis et al., 2007; Taneja et al., 2016). Treatment of hiCMs with PF-228 results in stabilization 

of focal adhesions, longer Z-line lengths and increased incorporation of titin (Taneja et al., 

2020b). However, the effect of stabilization of adhesions by FAK on the mechanical properties 

of myofibrils remains unknown.  

In non-muscle cells, FAK regulates actin cytoskeleton stability and cell stiffness (Fabry et al., 

2011; Mierke et al., 2017). Stress fibers that are attached on either end to the ECM have 

higher tension compared to those that are not directly coupled to the ECM (Lee et al., 2018). 

Given the role of FAK in regulating cellular mechanics, and its role in load adaptation in the 

heart, here we specifically investigate its role in modulating the mechanical properties of 

myofibrils at the cellular level. Using laser-assisted dissection of myofibrils, we show that 

inhibition of FAK results in increased myofibril viscosity. We further show that these changes in 

mechanics are not mediated by changes in electrophysiology. 
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Results and Discussion 
 

Laser ablation is a widely used biophysical tool to assay the mechanical properties of 

cytoskeletal systems, such as stress fibers, epithelial cell-cell junctions and myofibrils 

(Fernandez-Gonzalez et al., 2009; Lee et al., 2018; Taneja et al., 2020b). We have previously 

used this technique to interrogate cortex mechanics during cell division, as well as testing 

mechanical coupling between cell-ECM adhesions and myofibrils (Taneja et al., 2020a; Taneja 

et al., 2020b). Myofibrils are considered complex mechanical systems. Conceptually, they can 

be thought of as a series of springs and dashpots (sarcomeres), which lend both elasticity and 

viscosity to the mechanical response, respectively. We used an existing mechanical framework 

to estimate these properties using the dynamics of myofibril retraction following laser-assisted 

dissection (Lee et al., 2018).  

We have previously described the dynamics of myofibril assembly using hiCMs as a model 

system (Fenix et al., 2018). hiCMs are transcriptionally similar to neonatal or embryonic 

cardiac myocytes (DeLaughter et al., 2016; Kuppusamy et al., 2015). As such, they lose their 

myofibrils upon trypsinization, and re-form them within 24 hours after plating (Fenix et al., 

2018). We plated hiCMs on glass coverslips coated with fibronectin and allowed them to 

spread overnight. We then performed laser-assisted dissection of pre-formed myofibrils (Figure 

6-1). Similar to the response of stress fibers, the newly created ends of the myofibrils retracted 

away from each other, reaching a steady-state separation over ~60 seconds. Kymographs 

were used to track the retraction profile of each end (Figure 6-1). Note, the hiCMs continued to 

beat during the duration of myofibril retraction (see horizontal lines in kymograph, Figure 6-1, 

panel B). Using a custom MATLAB script based on edge detection, we segmented the 

retracting ends of the myofibril and fitted the trajectories to a standard Kevin-Vogt viscoelastic 

solid framework widely used for stress fibers and cell-cell junctions in non-muscle cells 

(Fernandez-Gonzalez et al., 2009; Kumar et al., 2006; Lee et al., 2018). 
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Figure 6-1- Laser-assisted dissection to assess mechanical properties of myofibrils  

A) Representative control hiCM at 16 hours post re-plating. Yellow arrowhead shows ablation site. 

Dotted white rectangle was used to create montage of myofibril retraction over 60 seconds. B) 

Kymograph showing retraction profile of myofibril shown in (A). C) Schematic showing different 

parameters obtained from analysis of the kymographs using custom code in MATLAB.  
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We obtained estimates for both linear velocity (vL) and instantaneous velocity (vI), which are 

related to the release of myofibril tension (Figure 6-1). Faster retraction velocity is indicative of 

higher myofibril tension. The asymptotic distance (Da) is the maximal distance between the two 

retracting ends as they reach a steady-state separation. As a proof-of-concept, we turned to 

investigating the effect of the inhibition of actomyosin contractility by blebbistatin on the 

mechanical properties of myofibrils. Actomyosin contractility is known to be the primary driver 

of active tension generation in both muscle and non-muscle systems (Gordon et al., 2000; 

Murrell et al., 2015). 

We expressed Lifeact-mApple (actin filament marker) in hiCMs and allowed them to spread 

overnight prior to treatment with the myosin II ATPase inhibitor blebbistatin (Straight et al., 

2003). We noted that myofibril contraction was immediately attenuated upon addition of 

blebbistatin, as previously demonstrated (Fedorov et al., 2007). Furthermore, we found that 

66.7% of cells contained at least one myofibril that adopted a bent or buckled shape upon 

blebbistatin treatment (Figure 6-2). Laser-mediated dissection resulted in an initial separation 

followed by progressive retraction of the dissected myofibril ends. We found a significant 

increase in the initial separation (D0) immediately following dissection (2.37 ± 0.23 µm for 

control versus 3.08 ± 0.22 µm for blebbistatin, p=0.036). Consistent with the idea that myosin II 

ATPase activity is required for active tension generation, both linear velocity and instantaneous 

velocity were significantly decreased upon dissection of blebbistatin-treated myofibrils (Figure 

6-2). To assess the viscoelastic properties of myofibrils, we also calculated the viscous 

relaxation time (τ). Longer relaxation times are indicative of higher viscous damping, while a 

shorter relaxation time is indicative of lower viscous damping within the myofibril. We found a 

significant decrease in both the asymptotic distance as well as relaxation time upon 

blebbistatin treatment (Figure 6-2). Taken together, this data indicates that our laser mediated 

dissection approach recapitulates current models of myofibril contractility.  
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Figure 6-2- Myofibril dissection upon blebbistatin treatment 

A) Representative hiCM at 16 hours post re-plating treated with 100 µM blebbistatin. Yellow arrowhead 

shows ablation site. Dotted white rectangle was used to create montage of myofibril retraction over 60 

seconds. B) Kymograph showing retraction profile of myofibril shown in (A). C) Retraction profile of 

control versus blebbistatin treated cells. Shaded regions show confidence intervals while solid line 

shows the average. D) Linear velocity, instantaneous velocity, asymptotic distance, and relaxation time 

in control versus blebbistatin-treated cells. n= 13 control hiCMs, 12 blebbistatin-treated hiCMs, N=3 

experiments. Error bars represent standard error of the means. Exact p values stated in graphs. 
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We then turned to investigating the role of FAK inhibition of the mechanical properties of 

myofibrils. We expressed Lifeact-mEmerald in hiCMs and allowed them to spread overnight 

prior to treatment with two different doses of two different inhibitors of FAK kinase activity, PF-

228 and Defactinib (Kang et al., 2013; Slack-Davis et al., 2007). Expression of Lifeact tagged 

with mApple or mEmerald did not have any effects on any of the measured parameters in 

control hiCMs. Either PF-228 or Defactinib treatment did not attenuate hiCM beating. 

Furthermore, we found no significant difference in the initial separation distance (D0) 

immediately following dissection. Both PF-228 and Defactinib treatment resulted in a small, but 

significant decrease in both the linear velocity and instantaneous velocity of retraction, 

suggesting a decrease in tension (Figure 6-3). No changes in the asymptotic distance were 

observed (Figure 6-3). Furthermore, we found a significant increase in the relaxation time with 

Defactinib following dissection, suggesting an increase in the viscous damping experienced by 

the myofibril. PF-228 only had an effect on relaxation time with the higher concentration 

(Figure 6-3). 

A previous study in non-muscle cells has shown that PF-228 can activate BK Ca channels (So 

et al., 2011). We therefore wanted to confirm the changes in cardiomyocyte mechanics were 

caused by changes in material properties of the myofibril, rather than potential effects of FAK 

inhibition on electromechanical properties of the hiCMs. That is, we wanted to test whether 

FAK inhibition caused changes in myocyte excitability, which could then affect sarcomere 

contraction through excitation-contraction coupling and as a result, retraction dynamics. To 

that end, we performed electrical recordings of hiCMs using Microelectrode Array (MEA) 

technology (Figure 6-4). This non-invasive label free approach allows the measurement of field 

potentials in thousands of cells (Asai et al., 2010). We found that inhibition of FAK kinase 

activity using either PF-228 or Defactinib had no effect on the beat period, spike amplitude and 

field potential duration (Figure 6-4). Taken together, our results suggest that FAK inhibition 

alters the viscoelastic properties of myofibrils through altered mechanical signaling rather than 

changes in the electrophysiological properties of the cells.  
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Figure 6-3- Myofibril dissection upon FAK inhibition 

A) Representative hiCM at 16 hours post re-plating treated with 3 µM PF-228. Yellow arrowhead shows 

ablation site. Dotted white rectangle was used to create montage of myofibril retraction over 60 

seconds. B) Kymograph showing retraction profile of myofibril in PF-228 (shown in (A)) and Defactinib 

treated hiCMs. C) Retraction profile of control versus PF-228 and Defactinib treated cells. Shaded 

regions show confidence intervals, solid line shows the average. D) Linear velocity, instantaneous 
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velocity, asymptotic distance, and relaxation time in control versus PF-228 and Defactinib  treated cells. 

n= 18 control hiCMs, n=15 1 µM PF=228 treated, n=24 3 µM PF-228-treated,  n=11 2.5 µM Defactinib 

and n=14 5 µM Defactinib treated hiCMs, N=3 experiments. Error bars represent standard error of the 

means. Exact p values stated in graphs. 
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Figure 6-4- Electrophysiology upon FAK inhibition 

A) Schematic showing experimental workflow. See Methods for further details. B) Beat period, spike 

amplitude and field potential duration upon treatment of hiCMs with PF-228 or Defactinib measured 

using Axion MEA system. N=3 independent experiments with 3 technical replicates (wells) per 

experiment for PF-228 and 2 technical replicates for Defactinib. Each technical replicate comprises 

recordings from 16 electrodes from 20,000 cells. Error bars show standard error of the means.  
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In this study, we use laser-mediated myofibril dissection as a tool to assess the viscoelastic 

properties of myofibrils. The interpretation of such data requires mechanical descriptions of 

myofibril contraction. As such, we have employed a standard Kelvin-Voigt element commonly 

used to describe stress fibers or cell-cell junctions in non-muscle cells (Fernandez-Gonzalez et 

al., 2009; Kumar et al., 2006). Using this framework, we found a good agreement between 

model fit and measured retraction dynamics of control and treated hiCMs. We further validated 

our approach by performing myofibril dissection experiments on blebbistatin-treated hiCMs. 

We found a decrease in tension as indicated by decreased linear and instantaneous velocity 

measurements. We also noted a decrease in the viscosity (as indicated by decreased 

relaxation time). Blebbistatin treatment attenuates myofibril contraction and as such, the 

myofibril showed minimal separation following the initial ablation. Since relaxation time is an 

estimate of the time to reach the asymptotic distance, this indicates blebbistatin-treatment 

significantly reduces the viscous damping of the myofibril response. This would indicate 

actomyosin contractility endows myofibrils with their viscoelastic mechanical response, 

however additional techniques would be necessary to fully assess viscosity in the absence of 

actomyosin contractility. 

Interestingly, we also found that blebbistatin treated hiCMs displayed bent conformations of 

myofibrils that relaxed immediately following laser-assisted dissection. This relaxation 

correlated with an increase in the initial separation distance immediately following myofibril 

dissection. It is well-appreciated that myofibrils have passive elasticity that is independent of 

actomyosin contractility and largely dependent on titin (Linke and Fernandez, 2002). The 

instantaneous relaxation of the myofibril upon dissection and lack of any subsequent retraction 

is suggestive of this kind of elastic response.  

In this study, we have found a role for FAK signaling in determining the viscoelastic properties 

of the myofibril. The precise mechanism by which FAK inhibition increases myofibril viscosity 

remains unclear. Previous studies have implicated actin-titin interactions, collagen fibrils and 

microtubule tyrosination as potential regulators of myofibril viscosity (Caporizzo et al., 2018; 

Granzier and Irving, 1995; Kulke et al., 2001). We have previously found that FAK inhibition 

results in stabilization of cell-ECM adhesions, which leads to increased incorporation of titin 

(Taneja et al., 2020b). Therefore, one possible mechanism could be due to increased actin-titin 

interactions mediated by increased cell-ECM adhesion. Alternatively, FAK inhibition may be 

altering microtubule stability by altering tyrosination, as has been reported previously in 
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fibroblasts (Palazzo et al., 2004). These hypotheses are not mutually exclusive and future 

studies will be required to elucidate the exact mechanism(s) by which FAK regulates myofibril 

mechanics. 
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Materials and Methods 
 

Cell Culture 

Human induced pluripotent stem cell derived cardiomyocytes (hiCMs) were purchased fully 

differentiated from Cell Dynamics International (Cat. CMM-100-012-000.5). hiCMs were 

thawed in proprietary Plating Medium according to the manufacturer’s instruction in 96-well 

tissue culture plates at 50,000 cells per well. Cells were subsequently maintained using 

manufacturer-provided proprietary Maintenance Medium in a cell culture incubator at 37°C and 

5% CO2. Media was exchanged every 2 days as recommended by the manufacturer. 

Exogenous expression was performed using Viafect (Promega, Cat. E4981). 200 ng of 

plasmid DNA was used to transfect one well of a 96-well culture plate according to the 

manufacturer’s instructions.  

For ablation experiments, one well of hiCMs (50,000 cells) was re-plated onto 35 mm dishes 

with 10 mm glass bottom well (CellVis, Cat. D35-10-1.5-N) as described in detail previously 

(Fenix et al., 2018). The growth substrate was coated with 10 µg/mL fibronectin (Corning, Cat. 

354008) for one hour prior to use. Briefly, cells were washed twice with 100 µl washes of PBS, 

followed by incubation in 40 µl of 0.1% Trypsin for 2 minutes at 37°C.  The well was rinsed with 

the trypsin and cell detachment was confirmed using a brightfield microscope. Following 

trypsinization, 160 µl of Maintenance Media was added to the well and cells were collected for 

centrifugation. Cells were spun at 200 x g for 3 minutes. The supernatant was removed, and 

the pellet was resuspended in 200 µl of Maintenance Media and plated on the fibronectin-

coated coverslip. Cells were allowed to spread for 16 hours prior to ablation. At this time point, 

myofibrils are on the dorsal surface of the cell (Fenix et al., 2018).  

For experiments using the Axion bioanalyzer, hiCMs were thawed onto a 48-well CytoView 

MEA plate (Axion Biosystems, Cat. M768-tMEA-48B) coated with 50 μg/mL fibronectin at 

20,000 cells per well. Cells were cultured for 10 days prior to experimental treatments.  

Chemicals 

FAK inhibitor PF-228 (PZ0117) and blebbistatin (B0560) were purchased from Sigma. 

Defactinib (S7654) was purchased from Selleckchem. Treatment was performed for 2 hours 

prior to laser-assisted dissection.  

Plasmids 
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Plasmids used in the study are available from Addgene. mApple-Lifeact-7 (Addgene  plasmid  

#  54747) and mEmerald-Lifeact-7 (Addgene  plasmid  #  54148) were gifts from  Michael  

Davidson. 

Laser-assisted dissection 

Focused laser mediated myofibril dissection was performed as described previously. Myofibril 

dissection 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. Dissection was performed using a 100 mW UV 

laser (Coherent technologies) at 50% power, using a dwell time of 500 μs for a total period of 1 

second using a Stimulation Line ROI of 2 µm length. Cells were maintained at 37°C and 5% 

CO2 using a Tokai Hit stage incubator. Three pre-ablation images were acquired at 2 second 

intervals. Following ablation, images were acquired using continuous acquisition at a net 

acquisition rate of 138 ms per frame. For the Defactinib experiments, the frame rate was 1 

second.  

Laser-assisted dissection data analysis 

To quantify myofibril mechanical properties, individual myofibrils were subjected to laser-

assisted dissection to induce separation. Following visible separation, kymographs were drawn 

along the separation axis to visualize the time-varying end-to-end distance. Using a custom 

edge detection algorithm based on the Canny filter, edge profiles were defined based on 

gradients in the kymograph image and the separation distance 𝐿𝐿(𝑡𝑡) was computed as one-half 

of the distance between the upper and lower edge profiles at each image frame. Separation 

profiles were then fit to a standard Kelvin-Voigt viscoelastic solid model of the form, 

𝐿𝐿(𝑡𝑡) = 𝐷𝐷0 + 𝐷𝐷𝑎𝑎 �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑡𝑡
𝜏𝜏
�� 

to identify two viscoelastic parameters: the asymptotic distance Da and the relaxation time 

constant 𝜏𝜏. Note that the asymptotic distance parameter has been shown to be correlated with 

elastic energy dissipation, whereas the relaxation time constant is representative of the ratio of 

viscosity to elasticity in the material. Hence, increasing 𝜏𝜏 indicates a more viscous response 

and vice-versa. Additionally, any initial damage induced by the laser was accounted for by 

defining an offset distance 𝐷𝐷0.  

 Impedance assays  
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The Axion Biosystems analyzer was used to measure contractility and impedance in hiCMs as 

described previously (Rasmussen et al., 2020). Recordings were taken for 5 minutes at 

baseline and after two hours of drug treatment. Cell were maintained at 37°C and 5% CO2 

during recording. Cells were assayed using the standard cardiac analog mode setting with 

12.5 kHz sampling frequency to measure spontaneous cardiac beating. The Axion instrument 

was controlled using Maestro Pro firmware version 1.5.3.4. Cardiac beat detector settings are 

as follows:  Beat Detection Threshold 300 μV; Min. Beat Period 250 ms; Max. Beat Period 5 s; 

Synchronized Beat Maximum Propagation Delay 30 ms; Minimum Active Channels Ratio 

50.00%; Running Average Beat Count 10. 

Statistical analysis 

Statistical analysis was performed in GraphPad and Excel. The comparison of retraction 

parameters was performed using students T-test while comparison of electrophysiological 

properties was performed using two-way ANOVA. All error bars represent standard error of the 

means.   
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Chapter 7- Summaries and Future Directions 
 

Chapter 2- Summary 

 

Cells must be able to constantly monitor their extracellular environment to make critical 

decisions such as cell cycle progression and cell fate determination. Cell-ECM and cell-cell 

adhesions are the two primary structures that are highly adapted for mechanotransduction. 

Numerous studies in epithelia have established the importance of cell-cell adhesion during cell 

division. For instance, these studies have shown how epithelial cells preserve epithelial barrier 

function during the remodeling of cell-cell junctions during mitosis (Guillot and Lecuit, 2013). 

The role of cell-ECM adhesion during cytokinesis in epithelia has largely been ignored since 

these adhesions are thought to completely disassemble during cytokinesis. In support of this, 

the cleavage furrow ingresses from the basolateral side in most epithelial cells. Our results 

have shown that epithelial cells in monolayers still respond to changes in ECM composition 

and integrin signaling. We show that increase in cell-ECM adhesion either using FAK inhibition 

or increasing fibronectin concentration results in increased ingression from the apical side. 

These results have implications in cancer, where tumors are often found to be stiffer. This 

increased stiffness is likely to strengthen cell-ECM adhesion during mitosis, potentially causing 

stress at apical junctions. This could disrupt epithelial integrity and promote metastasis, both of 

which are hallmarks of cancer.  

Cell-ECM adhesion during cytokinesis in single cells has also been largely understudied 

despite early observations that adherent cells ingress primarily from the dorsal side. Most 

studies instead focused on retraction fibers. Our results have shown that cells actively regulate 

their focal adhesions through the paxillin-vinculin-FAK axis during cytokinesis. We further 

showed that the extent of cell-ECM adhesion also regulates the XZ orientation of the mitotic 

spindle and the placement of the older centrosome. These results have important implications 

in cell fate regulation. Stem cells require a specialized extracellular environment termed as 

“stem cell niche” to maintain stemness. This niche usually comprises specialized cells as well 

as ECM and is therefore a combination of chemical and physical cues. Our study establishes a 

link between sensing of physical cues and placement of the older centrosome, which is a key 

cell fate determinant.  
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Chapter 2- future directions 

 

Our results have generated several interesting hypotheses and questions. An interesting future 

avenue of investigation would be to determine the molecular mechanisms underlying the 

regulation of spindle orientation by cell-ECM adhesions. There are several non-mutually 

exclusive mechanisms that could contribute to this regulation. 

i) Contribution of cortical contractility: In cells cultured on highly adhesive substrates, 

we observed that the daughter cell with more mitotic focal adhesions was flatter and 

contained a mitotic centrosome that was closer to the substrate. It is possible that 

cortical contractility on top of the cell is simply pushing down on the spindle. This 

could be tested using a combination of patterned substrates with asymmetric 

adhesive islands and treating single daughter cells with blebbistatin. 

ii) Astral pulling: Alternatively, asymmetric distribution of adhesions at the bottom of the 

cell could create a physical cue that activates astral pulling pathways. There is also 

an inherent asymmetry between the two mitotic centrosomes that occurs do the 

nature of centrosome duplication during S-phase of the cell cycle (Fu et al., 2015). 

The mother (older) mitotic centrosome has been shown to have distinct microtubule 

organizing and signaling activities compared to the daughter mitotic centrosome 

(younger) (Hung et al., 2016; Piel et al., 2000). Given this asymmetry, it is interesting 

to speculate how different signals from two centrosomes might affect spindle-

positioning pathways. For example, Plk1 signaling from centrosomes has been 

shown to negatively regulate the recruitment of cortical dynein (Kiyomitsu and 

Cheeseman, 2012). In addition, the mother centriole protein, Cenexin, a known Plk1 

scaffold, also is an integral component in modulating appropriate spindle orientation 

(Soung et al., 2009). 

iii) Actin clouds: The mechanical link between the actin cytoskeleton and the spindle 

may be mediated by a population of actin that communicates with or even is 

regulated by the centrosome. Indeed, the subcortical actin cloud, which is nucleated 

from centrosomes, has been implicated as a potential link between the actin cortex 

and the spindle (Kwon et al., 2015). Specifically, the actin cloud may act as a conduit 

to transfer mechanical forces from the cortex to the spindle. Biophysical studies 
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could shed light on the dynamics and mechanical properties of actin clouds, and 

how they influence the positioning of the spindle.  
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Figure 7-1- Subcortical actin during metaphase and cytokinesis 

SIM images of HeLa cells at metaphase (A) and cytokinesis (B) stained with Phalloidin to visualize actin 

filaments. The top panel is scaled so that the cortical actin is visible, while the bottom panel is scaled so 

that the sub-cortical population of actin filaments is visible. Scale bar: 10 µm. 
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Chapter 3- Summary 

 

Our results showing that MIIA is the sole myosin-II paralog that drives the retraction of 

membrane blebs has important implications for processes such as cell migration and cell 

division, both of which can be influenced by the dynamics of bleb retraction. Furthermore, we 

found that the ability to drive membrane bleb retraction depends on both the motor activity of 

MIIA as well as its rapid turnover. It was previously suggested that turnover of the motor is 

required for the bleb cortex to remodel as it undergoes cycles of retraction (Fritzsche et al., 

2013). Interestingly, the non-helical tailpiece of MIIA heavy chain also contributed to turnover 

rate of the motor. This suggests that motor disassembly through phosphorylation of the non-

helical tailpiece acts as an additional layer of regulation. The upstream kinases that regulate 

this process in a physiologically relevant manner remain to be elucidated.  

One potential kinase that has been implicated in the assembly state of MIIB is PKC. It was 

recently proposed that regulation of motor disassembly by heavy chain phosphorylation sets a 

set point level of MIIB that is incorporated into myosin filaments (Schiffhauer et al., 2019). The 

levels of PKC in different cell lines appeared to be correlated with the proportion of MIIB in 

filaments versus in the cytoplasmic pool. It would be interesting to further investigate this mode 

of regulation with respect to driving blebbing-regulated processes. Development of biosensors 

of PKC activity would be required to test whether heavy chain phosphorylation is an actively 

regulated process or remains fixed in different cell lines. Similarly, biosensors of other putative 

kinases such as TRPM7 or Casein Kinase II could reveal new insight into this additional layer 

of regulation of myosin activity.  

 

Chapter 3- Future Directions 

 

Blebs are one of the least studied cellular protrusions and understanding their physiological 

functions is an area of active interest in the field. Given our findings relating to paralog specific 

roles in driving bleb retraction, it would be interesting to investigate the impact of differential 

paralog expression in different cancer cell lines in the context of bleb-based migration. 

Previous studies have shown that bleb-based migration is optimal under conditions of low 
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adhesion in a three-dimensional environment (Bergert et al., 2015). Therefore, cancer cell lines 

selected based on myosin paralog expression could be screened for their bleb-based 

migratory capacity in three-dimensional matrices such as collagen or Matrigel. We would 

predict that cell lines high in MIIA expression would be able to migrate better in three-

dimensional matrices. Furthermore, it would be interesting to explore the signaling pathways 

altered in cancer cells for their role in regulating myosin assembly through heavy chain 

phosphorylation. Indeed, multiple putative kinases have been implicated in cancer. These 

kinases and their role in heavy chain phosphorylation could therefore be targeted in cancer 

therapies. 
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Chapter 4- Summary 

 

 

In this study, we have established a new mechanism by which the contractile state of the actin 

cortex can be regulated, namely through the composition of myosin-II hetero-filaments. It was 

previously demonstrated in vitro that addition of just 6 MIIB hexamers to 24 MIIA hexamers 

allowed the bipolar filament to undergo processive movement on actin filaments (Melli et al., 

2018). Our results thus reveal a fundamental behavior of myosin-II at the actin cortex. MIIA, 

based on its high ATPase activity and fast turnover is adapted at generating high surface 

tension within the actin cortex. Interestingly, this increase in cortex tension has different 

outcomes depending on network architecture. At the cleavage furrow, where actin filaments 

are more ordered and bundled, addition of MIIA to hetero-filaments drives increased myosin 

stacking and faster cleavage furrow ingression. At the polar cortex, which is more isotropic, 

increased cortex tension results in a higher probability of bleb initiation. MIIB on the other hand 

has lower ATPase activity and slower turnover, suggesting a hetero-filament containing higher 

number of MIIB filaments is more likely to act as a cross linker in the actin cortex and maintain 

network stability under increased load. A balance between the two activities, determined by the 

relative amount of MIIA and MIIB in filaments is required to maintain mechanical equilibrium in 

the cell during cytokinesis. We found that deregulation of this balance, such as by removal of 

MIIB, had disastrous consequences for the cell, with increased polar blebbing and spindle 

oscillation induced chromosome missegregation. 

 

Chapter 4- Future Directions 

 

These results open multiple lines of investigation that could be pursued further. These are 

summarized below. 

i) Feedback between contractility and myosin-II filament composition: Cell lines display 

a wide variation in myosin-II paralog expression. For instance, some cell lines such 

as Cos7 do not express MIIA, while some HeLa subtypes (HeLa-Clontech) do not 

express MIIB. However, all these cell lines are capable of proliferation without 
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defects. This suggests that multiple mechanisms exist to regulate contractility. 

Therefore, cell lines that only express MIIA likely down-regulate contractility through 

other mechanisms. Possible mechanisms include either a basally reduced level of 

MIIA incorporated into filaments through heavy chain phosphorylation, increased 

phosphorylation of Tyr 118 on the regulatory light chain, down-regulation of MIIA 

expression overall, reduced ROCK activity, or altered actin architecture. Identifying 

the pathways that cells use to sense contractility will yield new insights into cortical 

mechanics. 

ii) Effect of myosin-II activity on actin turnover and architecture: While our data strongly 

supports that MIIA activity increases cortex instability by increasing cortex tension, 

how it achieves this at the nanoscale is less clear. There is preliminary evidence that 

knockdown of MIIB in HeLa cells leads to increased actin turnover. In contrast, in 

HAP1 MIIA-KO cells, expression of MIIA slowed actin turnover. Therefore, a 

thorough and comprehensive study measuring actin turnover in cell lines containing 

different levels of MIIA and MIIB could yield insight into how MIIA- or MIIB- 

containing hetero-filaments affect actin stability. A commonly used technique to 

assay actin architecture is scanning electron microscopy (SEM). While SEM does 

not reach the resolution needed to identify single actin filaments, it can be used to 

quantify the pore size of the cortex, which can be used to estimate the viscoelastic 

properties of the cortex (Bovellan et al., 2014). Therefore, it would be interesting to 

test for instance how the actin network architecture is altered in cells with high levels 

MIIB in hetero-filaments. This could then be related back to the mechanical 

properties such as cortex tension and stiffness measured using micropipette 

aspiration.  

iii) Using enucleated cells as models for cellular organization: We found that MIIB 

depleted cells show dramatic blebbing, which can induce spindle oscillation 

mediated chromosome missegregation. This creates a binucleated cell and an 

enucleated. Our preliminary data suggests that these contain organized actin 

structures such as stress fibers. It would be interesting to further explore whether 

these cells inherit spindle poles or any microtubules, and how they organize their 

organelles in the absence of a nucleus and a microtubule organizing center.  
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Figure 7-2- Role of MII contractility in cortical turnover 

Averaged curves are shown for the recovery kinetics of actin-mRFP following FRAP experiments during 

metaphase. The grey curve shows MIIB knockdown, the blue curve shows control cells, and the orange 

curve shows MIIA knockdown cells. On the right, the mobile fractions in HeLa cells and HAP1 cells are 

shown. For HeLa cells: n= 7 control cells, 5 MIIA knockdown cells and 6 MIIB knockdown cells over 3 

experiments. For HAP1 cells: n= 11 myh9 KO cells, 11 KO cells expressing MIIA-mEGFP and 8 

parental HAP1 cells over 2 experiments. Error bars show standard deviation for HAP1 cells and 

standard error of the mean for HeLa cells. 
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Chapter 5- Summary 

 

In this study, we have elucidated the role of cell-ECM adhesion in myofibril assembly using 

human iPSC-derived cardiac myocytes as a model system. A role for cell-ECM during myofibril 

assembly has been proposed for decades but the precise mechanism by which this occurs 

remains poorly understood. In contrast to the recently proposed model where cell-ECM 

adhesions act as the nucleation site for myofibrils, we have revealed using live imaging that 

this observation was merely an artifact of imaging the ventral plane. Instead, cell-ECM 

adhesions were required for the transition of muscle stress fibers to myofibrils. We found that 

cell-ECM adhesions act as mechanosensitive structures that allow the buildup of the force 

generating capacity of the muscle stress fiber by increasing substrate coupling during the 

maturation process. As a proxy for substrate coupling, we showed that extent of adhesion 

negatively correlated with the rate of rearward translocation of muscle stress fibers. We 

establish the required for cell-ECM adhesion in driving myofibril maturation using multiple 

perturbations, such as modulation of fibronectin concentration, knockdown of FAK, 

overexpression of the head domain of talin, knockdown of vinculin and inhibition of FAK kinase 

activity. In all cases, there was a strong correlation between the extent of adhesion and the 

average length of Z-lines.  

Importantly, we also found that the formin DIAPH1 was required to mediate the coupling 

between adhesions and muscle stress fibers through the nucleation of specialized connecting 

fibers called dorsal stress fibers. Interestingly, the overall actin architecture was highly 

reminiscent of non-muscle cells, where dorsal stress fibers mediate the connection between 

focal adhesions and actin arcs. A previous study from the lab also showed that the 

organization of muscle stress fibers is similar to actin arcs, albeit with some mechanistic 

differences. Muscle stress fibers do not require the Arp 2/3 complex to form, and instead 

require the formin FHOD3. This study therefore adds to the mounting evidence that cells  have 

repurposed the existing contractile machinery to perform specialized functions such as cell 

migration and muscle contraction. Future studies could explore the upstream regulatory 

pathways that control formin function, as well as the evolution of contractile networks, 

specifically what factors allow the divergence of stress fibers in muscle versus non-muscle 

cells. 
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Chapter 5- Future Directions 

 

i) Regulation of DIAPH1 and mechanics of dorsal stress fibers: While the current 

results establish the requirement of adhesions in myofibril assembly, multiple 

molecular mechanisms remain to be elucidated. The formin DIAPH1 was required to 

nucleate dorsal stress fibers that couple muscle stress fibers and cell-ECM 

adhesions. Some interesting future lines of investigation could explore the upstream 

regulatory pathways that activate DIAPH1 at adhesion sites. Furthermore, the 

mechanism by which an actively elongating dorsal stress fiber physically associates 

with the muscle stress fiber as it moves away from the edge of the cell remains 

unknown. Live super-resolution imaging of actin filaments and adhesions using iSIM 

could yield insights into this process.  

ii) The nanoscale architecture of the transition zone: Using an N-terminal antibody of 

titin, we found that titin forms “rings” around α-actinin puncta present in MSFs. On 

the other hand, myofibrils are characterized by straight stripes of titin. The region 

where this transition occurs also coincides with the present of co-filaments of MIIB 

and β-CMII. Therefore, understanding the nanoscale architecture of this region 

would likely yield insight into the structural changes that occur when an MSF 

transitions into a myofibril. Importantly, which structural change is mechanically 

regulated by coupling to the substrate? These studies will require live super-

resolution imaging complemented by ultrastructural techniques such as STED 

microscopy or Platinum Replica Electron Microscopy.  

iii) Role of cell-substrate adhesion on myofibril remodeling: Myofibril assembly is only 

the initial step required for force generation at the tissue level. Myofibrils across 

multiple cells should be able to generate force along a polarized direction. How this 

occurs at the level of a single myofibril is not understood. Previous modeling and 

biophysical studies have suggested that stress fibers assemble and mature along 

the axis of greatest physical stress. Our results suggest that adhesions could serve 

as the structures that sense this axis of principal stress, and through dorsal stress 

fibers relay this information to newly assembled myofibrils. This idea is also 

consistent that increased force generation requires increased buildup of order in a 

contractile system. Based on phalloidin intensity, a muscle stress fiber contains less 
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actin, and is also inherently less ordered than a myofibril. To acquire its higher force 

generating capacity, the forces generated by the nascent myofibril must be balanced 

by resistive forces. Cell-ECM adhesions could serve as an adaptive load bearing 

structure during this process. To gain insight into this process, long term imaging of 

cardiomyocytes under different adhesive conditions or using patterned substrates 

would be required.  

iv) Role of cell-cell adhesion on myofibril assembly and remodeling: Cardiomyocytes in 

both developing and adult organisms also form cell-cell contacts in addition to cell-

ECM contacts. The role of cell-cell adhesion has been explored and investigated 

previously, but how and when cardiac myocytes form the first cell-cell adhesions 

remains unknown. Given the complex nature of cell-cell adhesions in mature 

myocytes, where the intercalated disc comprises gap junctions mediated by 

connexins, adherens junctions mediated by N-cadherin, and desmosomes mediated 

by intermediate filaments. There are several unanswered questions regarding cell-

cell adhesion formation in cardiomyocytes. What is the order of assembly of these 

three different types of junctions in culture and in vivo? How does cell shape and 

myofibril organization get altered upon formation of the first cell-cell contacts in 

culture and in vivo? What is the individual contribution of the three classes of cell-cell 

junctions to mechanotransduction? Experiments combining cardiac myocytes 

derived from iPSCs expressing fluorescently tagged reporters at the endogenous 

locus of cell-cell adhesion proteins such as  N-cadherin, β-catenin, Cx43 and 

desmoplakin, and in vivo imaging of developing zebrafish hearts will be necessary to 

address these questions.  
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Chapter 6- Summary 

 

In this study, we have provided an additional source of regulation of the viscoelastic properties 

of the contracting cardiomyocyte, namely through FAK signaling. Previous studies have 

implicated collagen, actin-titin interactions, and microtubule tyrosination in the regulation of 

myofibril viscosity (Caporizzo et al., 2018; Granzier and Irving, 1995; Kulke et al., 2001). We 

show that acute inhibition of FAK signaling reduces the elastic component of myofibrils and 

increases viscous dampening during myofibril contraction . FAK is a major integrator of 

physical cues and interacts with multiple cellular pathways (Geiger et al., 2009). Indeed, it has 

been a target for cancer therapies for decades. FAK is also implicated in the hypertrophic 

response required for load adaptation in the heart. Our results thus have important implications 

for the potential cardiotoxic effects of these FAK inhibitors. Alteration of the mechanical 

properties of contracting myocytes is likely to have adverse effects on heart function. Future 

studies should address the mechanisms by which FAK regulates myofibril viscosity. 

 

Chapter 6- Future Directions 

 

i) Mechanisms underlying the increased viscosity of myofibrils upon FAK inhibition: 

There are multiple hypotheses that can be proposed that can explain this behavior of 

myofibrils upon FAK inhibition. Previous studies have shown that FAK inhibition can 

alter microtubule tyrosination, which has already been implicated in regulating 

myofibril viscosity. Alternatively, FAK inhibition may be altering actin-titin 

interactions. In support of this idea, FAK inhibition leads to faster incorporation of 

titin into muscle stress fibers at early points in cell spreading. A quantitative analysis 

of titin in myofibrils upon acute FAK inhibition would be required to test this 

hypothesis. 

ii) Role of component turnover in myofibril mechanics: It is possible that acute FAK 

inhibition may not alter titin incorporation in fully formed myofibrils. Instead, the effect 

of FAK inhibition may be mediated by alteration of component turnover, such as that 

of sarcomeric actin, titin and α-actinin that could alter actin-titin interactions. In 

support of this hypothesis, our preliminary data has shown that FAK inhibition 
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slowed down the turnover of α-actinin at Z-lines of fully formed myofibrils (Figure 7-

3). Fluorescence Loss after Photo-activation experiments would be required with 

cardiac actin and titin to investigate the role of component turnover during this 

process. 

iii) Role of myosin-II ATPase activity in myofibril mechanics: In this study, we found that 

inhibition of myosin-II ATPase activity using blebbistatin resulted in buckling of 

myofibrils suggesting that they store elastic energy despite inhibition of myosin 

activity. Upon ablation of a single myofibril, the entire network underwent 

straightening. Further investigating this interesting phenotype could yield insight into 

the role myosin-II contractility has in maintenance of myofibrils. 
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Figure 7-3- FAK inhibition slows α-actinin-2 turnover at Z-lines 

Shown are images of hiCM expressing α-actinin-2 tdEos before (top) and after (bottom) 

photoconversion. Yellow circle shows stimulation ROI. Unconverted tdEos is shown in gray and 

converted tdEos is shown in magenta. The mobile fraction and half life from decay curves is shown on 

the right for control myocytes versus myocytes treated with 3 µM PF-228. n= 9 control cells and 7 PF-

228 treated cells. The code for curve fitting was written by Abigail Neininger. Scale bar: 10 µm.  
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Overall Conclusions and Perspectives 

 

In this collection of studies on cell division and cardiomyocyte contraction, some common 

threads, and basic organizational principles of actomyosin networks have emerged. The ability 

to generate contractile force at a membrane tethered actomyosin network to drive cell shape 

changes is a fundamental feature of all animal cells. This implies that actomyosin networks are 

ancient structures that have undergone multiple rounds of divergent evolution as organisms 

have evolved more diverse cell types and tissues. The studies described above have 

extensively focused on the role and regulation of myosin-II at the mammalian actin cortex.  

Myosin-II has been studied for over a century. Elegant biochemical studies have revealed the 

mechanochemical cycle of myosin-II and multiple levels of regulation it can undergo. However, 

each of these mechanisms has been studied either in isolated contexts in vitro or at the level of 

cellular scale functions such as cell division and migration. Our studies have revealed a highly 

complex regulatory machinery that controls the contractile activity of myosin-II at the actin 

cortex. For instance, myosin-II activity can be tuned to both cross-link a network to sustain 

tension, or actively generate it and cause network instability through the composition of 

myosin-II hetero-filaments (Chapter 4). Phosphorylation of the heavy chain of myosin-II can 

alter its turnover at the cortex and hence its ability to remodel an actively retracting membrane 

bleb (Chapter 3). Myosin-II turnover is also regulated by its motor domain itself, with higher 

ATPase activity of MIIA driving its faster turnover (Chapter 3). We have also shown that two 

upstream kinases, MLCK and ROCK differentially regulate myosin-II turnover at the mitotic 

cortex. ROCK inhibition prevents the cortical recruitment of myosin-II, while MLCK inhibition 

prevents its turnover (Figure 7-4). Differential phosphorylation states of the Regulatory Light 

Chain can thus play a role in regulating the contractility of the motor. More recently, a study 

also showed a role for the phosphorylation of Tyr155 of the RLC being inhibitory to the myosin-

II assembly (Aguilar-Cuenca et al., 2020). This regulation was controlled by presence of 

growth factors (Aguilar-Cuenca et al., 2020). Role for other types of modification of myosin-II 

will continue to emerge. Therefore, a systems level understanding of myosin-II regulation at 

the transcriptional and post-transcriptional levels in different cellular contexts should be the 

goal of future studies.  
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Our studies have also shed light on how this actin cortex is repurposed to perform very 

different functions, but still retain some mechanical principles in these systems. During cell 

division, a balance between contractile forces generated by the contractile ring, and adhesive 

forces generated by focal adhesions drive the generation of the three-dimensional shape of the 

cleavage furrow as well as the orientation of the mitotic spindle (Chapter 2). In a migrating cell, 

the balance between contraction of actin arcs is balanced by adhesive forces of focal 

adhesions to generate cell flattening (Burnette et al., 2014). In a spreading cardiac myocyte, 

contractile forces generated by muscle stress fibers and balanced by focal adhesions to 

facilitate the maturation of these structures into myofibrils (Chapter 5). Interestingly, despite 

having different components, flow rates and regulatory mechanisms, both muscle stress fibers 

and arcs have a similar mechanical configuration- a force generating stress fiber, anchored to 

a load bearing focal adhesion via a non-contractile axially spanning stress fiber. We speculate 

that this mechanical configuration may be a more widely applied apparatus in force generating 

system. This hypothesis would suggest that similar connections should exist between the 

contractile ring and focal adhesions. We attempted to localize dorsal stress fiber like 

connection from the contractile ring to the substrate in dividing cells but found that even SIM 

was unable to resolve these structures. Higher resolution techniques may be necessary to 

resolve the nanoscale architecture of the interface between the contractile ring and adhesions. 
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Figure 7-4- MLCK regulates turnover while ROCK regulates recruitment 

A) Localization of MIIA heavy chain and phosphorylated regulatory light chain (S19) during cytokinesis 

in control, ML-7 treated and Y27632 treated cells. Images are displayed using Fire LUT. B) 

Quantification of cortical enrichment of MIIA heavy chain in control, ML-7 treated and Y27632 treated 

cells. n= 42 DMSO treated, 52 ML-7 treated and 38 Y27632 treated cells over 3 experiments. C) 

Recovery kinetics of MIIA at the metaphase cortex following FRAP. D) Tukey plots showing half-life of 

MIIA recovery upon FRAP. n= 15 DMSO treated,13 ML-7 treated,15 si-Scr and 15 si-MYLK cells over 3 

experiments. Scale bar: 10 µm. 
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