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Abstract 

Dynamic processes such as morphogenesis and tissue patterning require the 

precise control of many cellular processes, especially cell migration. Historically, these 

processes are thought to be mediated by genetic and biochemical signaling pathways. 

However, recent advances have unraveled a previously unappreciated role of 

mechanical forces in regulating these homeostatic processes in of multicellular systems. 

In multicellular systems cells adhere to both deformable extracellular matrix (ECM) and 

other cells, which are sources of applied forces and means of mechanical support. Cells 

detect and respond to these mechanical signals through a poorly understood process 

called mechanotransduction, which can have profound effects on processes such as cell 

migration. These effects are largely mediated by the sub cellular structures that link cells 

to the ECM, called focal adhesions (FAs), or cells to other cells, termed adherens 

junctions (AJs).  

Overall this thesis is comprised of my work on identifying a novel force 

dependent function of vinculin, a protein which resides in both FAs and AJs - in 

dynamic process of collective migration. Using a collective migration assay as a model 

for collective cell behavior and a fluorescence resonance energy transfer (FRET) based 

molecular tension sensor for vinculin I demonstrated a spatial gradient of tension across 

vinculin in the direction of migration. To define this novel force-dependent role of 
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vinculin in collective migration I took advantage of previously established shRNA based 

vinculin knock down Marin-Darby Canine Kidney (MDCK) epithelial cells. 

 The first part of my thesis comprises of my work demonstrating the 

mechanosensitive role of vinculin at AJ’s in collectively migrating cells. Using vinculin 

knockdown cells and vinculin mutants, which specifically disrupt vinculin’s ability to 

bind actin (VinI997A) or disrupt its ability to localize to AJs without affecting its 

localization at FAs (VinY822F), I establish a role of force across vinculin in E-cadherin 

internalization and clipping. Furthermore by measuring E-cadherin dynamics using 

fluorescence recovery after bleaching (FRAP) analysis I show that vinculin inhibition 

affects the turnover of E-cadherin at AJs. Together these data reveal a novel 

mechanosensitive role of vinculin in E-cadherin internalization and turnover in a 

migrating cell layer, which is contrary to the previously identified role of vinculin in 

potentiating E-cadherin junctions in a static monolayer.  

For the last part of my thesis I designed a novel tension sensor to probe tension 

across N-cadherin (NTS).   N-cadherin plays a critical role in cardiomyocytes, vascular 

smooth muscle cells, neurons and neural crest cells. Similar to E-cadherin, N-cadherin is 

also believed to bear tension and play a role in mechanotransduction pathways. To 

identify the role of tension across N-cadherin I designed a novel FRET-based molecular 

tension sensor for N-cadherin. I tested the ability of NTS to sense molecular tension in 

vascular smooth muscle cells, cardiomyocytes and cancer cells. Finally in collaboration 
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with Horwitz lab we have been able to show a role of tension across N-cadherin in 

synaptogenesis of neurons.  
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1. An introduction to mechanotransduction in 
collective cell migration 

In various physiological and patho-physiological processes such as gastrulation, 

tissue patterning, wound healing and cancer metastasis cells move in groups, a 

phenomenon known as collective migration (Friedl & Gilmour, 2009; Weijer, 2009). 

Historically these processes were thought to be regulated by biochemical and genetic 

cues, but recent advances in the field of mechanobiology has revealed a key role of 

mechanical stimuli, such as stiffness of the environment and applied forces, in 

regulating cell behavior. The ability of cells and tissues to respond to mechanical stimuli 

is mediated by a poorly understood process termed mechanotransduction (Bazellieres et 

al., 2015). To better understand these physiological and patho-physiological processes 

and the factors affecting these processes we need to first understand the basis of cell 

migration and factors affecting cell migration. 

 

1.1 Cell Migration 

The ability of cells to move in vitro settings as well as within living tissues is 

referred to as cell migration. Cell migration is a highly organized, multistep process that 

occurs in unicellular as well as multicellular organisms. Defects in this process have 

severe implications. For instance, cell migration is a pivotal process in development and 
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homeostasis of multicellular organisms. Normal physiological processes such as 

morphogenesis, tissue patterning, and immune responses as well as pathological 

conditions such as wound healing, cancer metastasis, atherosclerosis and arthritis, all 

require organized cell migration (Lauffenburger & Horwitz, 1996). During gastrulation 

large sheets of cells migrate collectively to form three separate germ layers (Ridley et al., 

2003). Subsequently, cells from these specific germ layers migrate to their destination 

location to differentiate into specialized cells to make up tissues and organs. In fully 

developed adult organisms, cell migration is required for renewal of skin and intestinal 

layers, where epithelial cells have to migrate from the basal layer and crypts to 

disseminate into entire tissues (Ridley et al., 2003). Thus a complete understanding of 

the fundamental mechanisms of cell migration is necessary for the development of 

effective therapeutic approaches for treating many disease states and as well as efforts to 

recapitulate developmental processes to create engineered tissues for approaches in 

regenerative medicine.  

Over the past several years we have developed a better understanding of the key 

molecular components involved in cell migration but we are just beginning to 

understand how these individual components work together in an integrated dynamic 

manner. To better understand cell migration, a holistic approach of understanding 

biochemical, physical and mechanical properties of multicomponent assemblies and 
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structures involved in migration is needed. Cell migration is an integrated processes 

requiring spatiotemporal regulation of biochemical and biomechanical gradients for 

assembly and disassembly of structural modalities(Lauffenburger & Horwitz, 1996). Cell 

migration can occur in multiple different modes such as mesenchymal, amoeboid and 

collective cell migration. However there are several key processes that are relatively 

conserved between these various modes. These individual modes can be used to 

conceptualize cell migration as a cyclic process. In the case of mesenchymal migration 

(Fig 1.1) the cyclic steps include cellular polarization and protrusion generation, 

attachment and stabilization of adhesion contacts, translocation of cell body in the 

direction of migration, and dissociation of the rear of the cell. 

1.1.1 Cell Polarization 

It is important to understand that the migration of single cell in a particular 

direction is not long lasting and hence it is characterized as a random walk. For cells to 

migrate in a particular direction there needs to be generation of spatial asymmetry 

enabling the cell to turn intracellular forces into a net translocation of the cell body 

(Vicente-Manzanares & Horwitz, 2011). For generation of asymmetry their needs to be a 

clear demarcation of cell front and cell rear, which is achieved by polarization. It is not 

possible for a single cell to maintain the asymmetry in one direction of migration for a 

long time unless external cues such as chemical gradient from soluble (Chemotaxis) or 
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substrate-bound (Haptotaxis) ligands is provided, forcing the cell to migrate in that 

direction. Detection of relevant gradients leads to asymmetry in the activity and 

concentration of intercellular enzymes often referred to as cellular polarization (Fig 1.1, 

step 1). For instance, Phosphotidylinositol-3 kinase (PI3 kinase) an enzyme, which is 

required for the conversion of Phosphotidylinositol, 4,5-bisphosphate (PIP2) into 

Phosphotidylinositol, 4,5-triphosphate (PIP3), is localized at the leading edge whereas 

phosphate and tensin homolog (PTEN) an enzyme which converts PIP3 into PIP2 is 

localized at the cell rear (Gerisch, Schroth-Diez, Muller-Taubenberger, & Ecke, 2012).  

This asymmetric localization is thought to be particularly relevant in the initiation of 

cellular protrusion. 
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Figure 1-1: Steps involved in cell migration 

Step 1. Cell polarization, Step 2. Cell protrusion formation, Step 3. Formation 

of new adhesions, Step 4. Deadhesion of focal adhesions from the rear end and 

translocation of cell body. 
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1.1.2 Cell Protrusion 

In addition to the enzymatic asymmetry there is also morphological assymetry. 

Morphological asymmetry is achieved by mechanical polarization often achieved by the 

generation of large broad lamellipodia or spike-like fillipodia in the direction of 

migration (Fig 1.1, step 2). Lamellipodia structures mainly function to push the plasma 

membrane forward, while the main function of fillipodia is sense the environment 

surrounding cells (Lauffenburger & Horwitz, 1996; Vicente-Manzanares & Horwitz, 

2011). Distinct forms of actin polymerization drive the formation of these structures. 

Specifically, lamellipodia are formed by dendritic branching network of actin filaments, 

whereas fillipodia are formed by long parallel bundles of actin filaments. Branched actin 

network are formed by the Arp2/3 complex, which nucleates the formation of filaments 

along the sides of pre-existing filaments. In contrast the formation of linear actin 

filaments enables the formation of filipodial protrusions. While the formation of 

filipodia is subject to extension regulation several proteins play particularly key roles. 

Formins are localized to the protruding tip of filipodia and play a key role in the 

formation of linear actin filaments.  Ena/VASP proteins also augment the formation of 

filipodia, likely through preventing the capping and branching of actin filaments(Ridley 

et al., 2003). 
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1.1.3 Formation of Adhesive Contacts 

Stabilization of the protrusion of the plasma membrane is mediated by the 

formation of new adhesive contacts at the leading edge of a migrating cell (Fig 1.1, step 

3). Most often, these adhesive contacts involve new linkages with the extracellular 

matrix (ECM), and are largely mediated by transmembrane proteins called integrins. 

Integrins are heterodimeric proteins consisting of α (alpha) and β (beta) subunits and can 

only bind to specific corresponding ECM ligands. For example, α5β1 integrin can bind 

only to fibronectin, whereas α1β1 can only bind to collagen. Furthermore, the adhesive 

state of integrin is highly regulated through distinct conformational changes. Integrin 

heterodimers can exist in a “bent” conformation with low affinity for the ECM or an 

“extended” conformation with significant affinity for the ECM. Integrins are bi-

directional machines, and their conformation is regulated by both extracellular and 

intracellular processes (Shimaoka, Takagi, & Springer, 2002). Furthermore the ligation of 

integrins is a potent activator of many intracellular signaling pathways, including 

several that are critically important in cell migration. The process of integrin 

bidirectionality can be distinguished as either the engagement of integrins by ECM 

leading to activation of intracellular signaling pathways termed outside-in signaling or 

the activation of integrins through intracellular signaling regulating binding to ECM 

referred to as inside-out signaling. Both processes are pertinent to cell migration.  
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Individual adhesion sites mature over time to form larger and more stable 

adhesions known as focal adhesions (Discussed in greater detail in section 1.3.3), which 

link integrins to the force-generating actomyosin cytoskeleton.  Interference reflection 

microscopy (IRM) as well as video tracking of integrins shows that the nascent 

adhesions are formed at the leading edge of the cells. Initially these nascent adhesions 

appear at the lamellar front of the cell where they grow in size and intensity, ensuring 

the mechanical stability of newly formed protrusions (Ridley et al., 2003). 

1.1.4 Translocation of cell body/dissociation of rear end 

For a cell to be able to generate protrusive lamellipodia and migrate in a 

particular direction they need to generate protrusive forces as well as contractile forces, 

which enables forward movement of cell body. These contractile forces arise from the 

acto-myosin machinery and Rho GTPase signaling (Lauffenburger & Horwitz, 1996). For 

cell body to move forward there needs to be dissociation of the trailing edge from the 

substratum (Fig 1 step 4). Several mechanisms are involved in this process. For example, 

some adhesion receptors (i.e. integrins) can be dispersed from the cell membrane, 

actively endocytosed or even physically ripped off from the cell (Palecek, Schmidt, 

Lauffenburger, & Horwitz, 1996). Myosin contractility is intimately involved in all of 

these processes and is also required for pulling the rear end forward.  
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Taken together, the steps involved in single cell migration can provide us 

insights into the more complex, physiological mode of cell migration: collective cell 

migration. 

 

1.2 Collective Cell Migration 

In many biological processes, such as gastrulation, wound healing, cancer 

metastasis, cells migrate together as a collective unit maintaining longer range of 

persistence (Friedl & Gilmour, 2009). Collective migration is a highly integrated 

multistep process where cells migrate together in sheets, clusters, streams, sprouts or 

other multicellular arrangements to orchestrate complex processes such as embryonic 

morphogenesis, tissue repair and diseases like cancer. While single cell migration has 

elucidated many key principles, collective migration is a distinct process and cannot be 

understood as a group of cells merely happening to be moving in the same direction at 

the same time. For instance collectively migrating cells often move faster, exhibit 

enhanced directionality, and are more robust to perturbation or obstacles than cells 

moving as single cells. Different modes of collective migrations have been observed in 

different processes. For example sheet migration is observed during gastrulation and 

wound healing, whereas neural crest cells and cancer cells migrate in streams and 

sprouts. The original classification of collective cell migration focused on group of cells 
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capable of moving while maintaining robust cell-cell contact. However, this definition 

does not readily account for cells migrating in streams, which often exhibit dynamic cell-

cell contacts. Thus the most current definition of collective migration is a “collection of 

cells moving together and affecting one another while doing so”(Rorth, 2012).  

To better understand the underlying mechanisms utilized by collectively 

migrating cells, it is convenient to characterize the different modes of collective 

migration. For simplicity purposes modes of collective migration have been broken 

down into three categories; sheet migration, cell streams, and cell sprouting. 

 

1.2.1 Modes of Collective Migration 

Cell sheet migration: Cell sheet migration is the most widely studied mode of 

collective migration both in vitro systems and in vivo systems. It’s characterized by 

extremely well established junctions coordinating the expansion of cell sheet over a free 

surface (Fig 1.2). This type of migration is observed in wound healing or morphogenesis 

(Chuai, Hughes, & Weijer, 2012). In vitro sheet migration has been modeled by either the 

scratch wound assay or, more recently, by using non-invasive stencils or the droplet 

method. 

Cell streams/cluster migration: Cell streams also known as cluster migration are 

loosely associated clusters of cells migrating together in one direction (Fig 1.2). Unlike 
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sheet migration, cell streams demonstrate transient cell contacts and transient leader 

cells but they exhibit a general direction of migration. Neural crest cells, and other 

mesenchymal cells including cancer cells exhibit this mode of migration (Rorth, 2012; 

Theveneau & Mayor, 2011a). 

Cell sprouting: Another mode of collective migration is by cell sprouting or 

branching. The direction of migration is established by tip cells which branches out and 

are involved in sensing the environment and directing the polarity for the neighboring 

cells to follow the tip cells in outward sprouting (Fig 1.2). This mode is mainly observed 

in the branching of endothelial cell from existing vasculature.  

In all three different modes of collective migration, the most important common 

characteristics are maintenance of cell-cell contacts, directionality and the presence of 

leader cells.  
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Figure 1-2: Modes of collective cell migration 

A. Cell Sheet migration observed in epithelial cells, B. Cell cluster migration 

observed in neural crest cells and cancer cells, C. Sprouting of cells observed during 

in endothelial cells while branching of blood vessels. 
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1.2.2 Role of “Leader Cells” 

Although a group of collectively of migrating cells is usually composed of 

homotypic population of cells (originating from one cell type), two distinct cell states 

have been observed. One relatively rare population of cells assume a “Leader cell” state 

while the rest of the population is characterized as “followers”(Rorth, 2012).   In the case 

of directed collective migration the free edge of a collectively migrating epithelium often 

becomes destabilized by the formation of protrusions where a cell initially similar to its 

neighboring cells suddenly becomes a “leader cell” pulling forward its “follower cells” 

with higher speed as compared to neighboring cells. Precise answer to the question of 

what makes these leader cells different from their neighboring cells lies in the 

morphological and biochemical regulation of these cells. 

A leader cell is morphologically distinct from other neighboring cells with a fan 

shaped protrusion called lamellipodia and is positioned in the front free edge of the 

migrating island (Omelchenko, Vasiliev, Gelfand, Feder, & Bonder, 2003). Leader cells 

are not only morphologically distinct but they also express distinct set of genes which 

are not required for general motility, such as expression of chemokine receptor Cxcr4b 

in the leader cells of migrating lateral line primordium of zebrafish (Haas & Gilmour, 

2006). The importance of leader cells for the migration of the collective has been 

demonstrated by the ablation studies. In these studies leader cells are  laser ablated 
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resulting in the complete halt of migration in chains of migrating glial cells (Aigouy, Van 

de Bor, Boeglin, & Giangrande, 2004).  

Depending on the type of collective migration, the exact topology and number of 

leader cells varies. In 2D epithelial sheet migration, there are many leader cells observed 

at the front free edge, as opposed to the single “tip cell” observed in the sprouting 

morphogenesis (Rorth, 2012). Moreover the leaders and followers interchange their 

positions and functionality, which is evident in the neural crest migration as well as in 

the sprouting where the tip (leader) cell exchanges position and function with the stalk 

(follower) cell.  

Although the formation of leader cells has been observed at the free edge of the 

layer, conflicting evidence has emerged regarding the mechanical regulation of 

collective cell movement. Traction force mapping by Trepat et al, showed a global tensile 

state of an expanding epithelial sheet contradicting the theory of the leader cells 

generating guidance cues and driving forces for the cells behind (Trepat et al., 2009a). 

This study showed that although there are higher forces at the free front edge, the cells 

behind are also under high tensile state and are not just getting pulled forward. In spite 

of this contradicting evidence it is clear that cells in collective context, migrate in a 

coordinated fashion in one direction.  
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To better understand the physiology of collective migration, a number of assays 

have been utilized that allow researchers to study particular modes of migration or 

isolate particular chemical or physical signals known to regulate cell migration. As we 

frequently employ these assays, we outline some recent advances that have been made 

in the assays to study collective cell migration. 

1.2.2 Common Assays to Study Collective Cell Migration 

To better understand the complex process of collective cell migration, it is 

necessary to delineate the overlapping factors such as morphogenetic gradients as well 

underlying complexities in biochemical and mechanical regulations. Hence researchers 

have developed controlled, well-defined in vitro systems, which enable them to 

extrapolate information in a reductionist manner. The following sections provide 

descriptions of a few examples of widely-utilized collective migration assays. 

1.2.2.1 Wound Healing Assays 

Scratch wound assay: - To recapitulate process of wound healing and study cell 

sheet migration in vitro, one of the most common experimental assay is the scratch assay 

or wound-healing assay (Ashby & Zijlstra, 2012; Riahi, Yang, Zhang, & Wong, 2012). 

Cells are plated in a confluent monolayer and “scratched” to mimic wounding. As cells 

begin to migrate to fill the gap, various aspects of the migratory behaviors such as the 

time required by the cells to fill the gap, correlation length, and persistence of migration 
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are monitored. Being an inexpensive and easy to use technique makes it a widely used 

tool to analyze the effects of drugs and altered genetic and molecular mechanisms on the 

collective migration of cells. Although it is widely adaptable and easy to use ECM 

coating on the surface could be damaged during the scratch process causing the release 

of chemokines, making the results difficult to interpret. There could also be added 

variability in size and geometry of wound between different sets of experiments.  

There are several variations in the scratch assay, which involve alternative 

scratch mechanisms and cell patterns. The most widely used tool to create scratch is the 

pipette tip, however silicone tip and Teflon wedges are also used. In order to reduce the 

variability, scratch making devices such as drill presses are used, which also allows 

creation of circular voids in addition to the rectangular voids and it is most often 

employed in high throughput assays.  

Stamp wound assay: - Instead of scrapping off the cells from a confluent 

monolayer, in the stamp wound assay, a polydimethylsiloxane (PDMS) mold is used to 

create stamps in a densely populated cell surface, by pressing a weight against the mold. 

Once the mold is lifted, it leaves behind the cell debris in the shape of the stamp, into 

which the neighboring cells migrate. This assay is relevant to study a wounded 

physiology where the environment of damaged cells is recapitulated (Riahi et al., 2012).  
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Electrical cell-impedance sensing (ECIS): - The most popular alternative to the 

traditional scratch assay is the ECIS assay. This assay measures changes in the 

impedance in the electric field caused by the changes in cell and an electrode-containing 

substrate. Cells are plated in high density on the electrode-containing substrate, which is 

coated with ECM proteins. To create the void for cell migration, pulses of high voltage 

are passed resulting in cell death in the middle of the monolayer. This creates a circular 

void into which neighboring cells migrate over the electrode, resulting in the impedance 

due to the changes in the rate of migration.  

Although the ECIS has several advantages over the scratch assay one of the 

major disadvantage is the diversity in cell behaviors such as changes in cell density and 

adhesion, which change the impedance. This is indistinguishable from the migration 

related change in impedance (Riahi et al., 2012).  

Optical wounding via laser ablation: - Use of ultraviolet lasers is now very 

common in microsurgeries and migration studies. These lasers successfully ablate cell 

monolayers as well as a single cell to create a void. These lasers can be used to create a 

cell free area in vitro as well as in vivo as observed in drosophila embryos. Although it 

has been already used in several cell migration and cell tension studies the popularity of 

this technique is hindered due to its cost and maintenance of sophisticated optics (Riahi 

et al., 2012). 
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1.2.22 Cell Exclusion Methods 

Figure 1-3: Common Assays to study collective migration 

A. Scratch Assay performed by scrapping off cells from a confluent monoloayer. B. 

Stamp assay performed by pressing a stamp against cell monolayer leaving behind 

cell bebris, thereby creating a free space for cells to migrate. C. Electrical cell 

impedence sensing performed by plating cell on top of ECM coated electrode. D. Air 

interface barrier assay performed by plating cells in a droplet of media . E. Solid 

barrier performed by placing PDMS solid mold before plating the cells and F. Optical 

laser cell ablation is performed by shining ultraviolet laser to ablate cells. 
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Physical barrier assay:-Instead of removing cells to create a cell free area, an 

alternative method is to exclude cells from settling into the area.  A variety of methods 

have been introduced in past few decades for creating a cell free area by exclusion. This 

assay involves the placement of a physical barrier before seeding the cells, to block the 

space from the cells. After the cells become confluent within the space created by the 

barrier, this barrier is lifted to release the free space and initiate migration(Ashby & 

Zijlstra, 2012). These barriers can be solid or liquid. In earlier studies these barriers were 

made of nickel or stainless steel, which are not biocompatible. Modern solid barriers are 

made of biocompatible elastomers and rely on force generated from wedging, 

autoadhesion, or magnetism, to be held in place and prevent protrusions and migration 

of cell.  

This assay overcomes some of the aforementioned issues of scratch wound assay 

since in such assays, free space is created in a monolayer of cells without actually 

injuring the monolayer. The key advantage of these assays is reproducibility. Consistent 

initial conditions can be easily maintained in each experiment. Several biocompatible 

materials are used to create physical barrier such as Teflon and PDMS microstencils.  

In addition to solid barriers there are several other techniques to create barrier 

such as degradable gel-droplets and liquid barriers, which will not be discussed here. 
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Air interface as a barrier: - One of the simplest approaches is to plate cells in a 

medium as a droplet on an ECM coated dry surface. In this case, the air interference acts 

as a barrier against the surface tension of the medium. Once the cells adhere to the 

surface after ~ 30 mins, medium is added to re-immerse the surrounding dry area as 

well as the droplet, thus preventing the drying out of the droplet and exhaustion of the 

nutrients (Riahi et al., 2012). In contrast to the assays described thus-far, which create a 

void for cells to fill, this assay creates an outwardly-migrating layer of cells. 

Air-interference techniques are advantageous in that they are the least invasive 

and do not require any additional tools or fabrication. The only disadvantage of this 

technique is the variability in the patterned area and the cells used must be capable of 

adhering in the short period of time. 

With the emergence of various novel assays to study collective migration now 

we can make significant advances in understanding how cells sense and respond to the 

biochemical and biomechanical cues from its microenvironment.  

For over a decade, the molecular mechanisms of cell signaling triggered by 

soluble factors has been the center of cell biology research. In addition relatively recent 

studies have demonstrated the critical role of mechanical stimuli on cell signaling and 

behavior (mechanobiology). To better understand collective cell migration we need take 
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an integrated approach taking into account both the biochemical and biophysical 

regulation of collective cell migration.  

 

1.3 Mechanotransduction 

In multicellular organisms, development is driven by coordinated cellular 

proliferation and differentiation along with changes in cell shape, alignment and 

migration. Any deviations in these coordinated cell behaviors can result in a variety of 

diseases such as cardiovascular diseases and congenital birth defects  (Jaalouk & 

Lammerding, 2009). These coordinated behaviors are dictated by cells ability to sense its 

microenvironment. Until recently, it was thought that cells largely perceive their 

microenvironment through soluble biochemical signals. Recent studies have shown that 

cells not only sense biochemical signals, but are also strongly driven by mechanical cues 

such as ECM stiffness or confined adhesiveness (Engler et al., 2004; Yoshikawa, Yasuike, 

Yagi, & Yamada, 1999). Cells sense and respond to their surroundings through a poorly 

understood process called mechanotransduction. Mechanotransduction is a process of 

sensing, transmitting and converting mechanical stimuli into electrochemical or 

biochemical signals, which then regulate a large variety of downstream processes.  

This process of mechanotransduction can modulate wide range of cellular 

functions including migration, proliferation and differentiation amongst others. Recent 
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evidence using model organisms demonstrate the physiological importance of 

intercellular forces during tissue morphogenesis. In Drosophilla embryos, germband 

extension is governed by pulsed, actomyosin-dependent contractile forces, which 

require alpha-catenin to couple to DE-cadherin-based cell–cell junctions (Rauzi, Lenne, 

& Lecuit, 2010). Similarly, regulation of planar cell polarity has been elegantly 

demonstrated by contraction of the wing hinge region subjecting wing-blade epithelial 

cells to anisotropic tension in the proximal-distal axis. This tension results in precise 

patterns of oriented cell elongation, cell rearrangement and cell division that elongate 

the blade proximo-distally and realign planar polarity with the proximal-distal axis 

(Aigouy et al., 2010).  

Furthermore, differential myosin-dependent cortical tension directs cell sorting 

in the germ layer of embryos, whereas coordinated actomyosin-based tension at the 

anterior–posterior boundary maintains tissue segmentation later in development (Farge, 

2011).  

In adulthood, mechanosensing and mechanotransduction are required for tissue 

homeostasis. Interference in the mechanotransduction process through changes in ECM 

stiffness or mutations affecting mechanosensing can result in diseases such as 

atherosclerosis, cancer etc (Jaalouk & Lammerding, 2009). Thus, determining the 
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molecular mechanisms mediating mechanotransduction will aid efforts to develop 

strategies to prevent and treat many poorly understood diseases.  

Cells use several structural components including adhesion junctions to sense the 

mechanical stimuli. Adhesion structures include Focal adhesions (FA) through which 

cells attach to their extra cellular matrix (ECM) and Adherens junctions (AJ) through 

which cell attaches to the neighboring cell. AJs as well as FAs are important in normal 

development, as genetic deletion of N-cadherin (a transmembrane receptor at AJs) or 

vinculin (scaffolding protein at FAs) lead to embryonic lethality with several 

developmental defects including neural tube and heart defects (Radice et al., 1997; Xu, 

Baribault, & Adamson, 1998). These structures are discussed in greater details in the 

following subsections (1.3.2 & 1.3.3).  

On a more fundamental level, mechanotransduction can be understood through 

a core principle of biochemistry, that protein structure dictates protein function. For 

instance, post-translational modifications, such as tyrosine or serine phosphorylation, 

have been shown to alter both protein structure and function. Often, phosphorylation 

augments or inhibits protein-protein interactions (PPIs) to regulate biochemical-

signaling pathways (Nishi, Hashimoto, & Panchenko, 2011). Similarly, many proteins 

are readily deformable by physiologically-relevant forces, exposing the cryptic binding 

sites for other scaffolding proteins, thereby reinforcing certain load bearing sub-cellular 
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structures or activating downstream biochemical signaling pathways. Recent 

experiments have shown that forces as low as 2-10 pN can cause conformational changes 

that alter PPIs (del Rio et al., 2009). A single or a few myosin motors can generate this 

range of forces, suggesting that force-induced conformation changes are common within 

load-bearing sub-cellular structures. Specific examples of force-sensitive cryptic binding 

sites include the force-exposed sites in talin and alpha catenin allowing binding of 

vinculin, and cryptic kinase substrate domains, such as p130CAS, which undergoes 

force-dependent phosphorylation by Src-family kinases (SFK) (Sawada et al., 2006). In 

general, there are many fundamental similarities between phosphorylation-based and 

force-induced changes in protein conformation and function. For instance, both 

mechanisms are spatiotemporally varying, lead to reversible changes, can be controlled 

through both external stimuli and internal cell signaling pathways, and play key roles in 

the assembly of FAs and AJs. Thus, to a large extent, applied force can be thought of as 

analogous to post-translation modifications such as protein phosphorylation. In spite of 

these similarities progress towards understanding mechanotransduction mechanisms 

has been limited due to inability to study force sensitive PPIs in cells or embryos using 

currently available technologies.  
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1.3.1 Tools to Visualize Forces 

1.3.1.1 Traction Force Microscopy (TFM): Measuring whole cell force generation 

The most widely used technique to measure cellular force generation is traction 

force microscopy (TFM). TFM can be used to probe the entire force output of a cell or 

study the spatiotemporal variations in cell contractility. Traditionally, TFM is focused on 

lateral displacements of the substrate in response to cytoskeletal-generated forces by 

quantifying the displacement of beads embedded in a polyacrylamide (PA) gel or by 

measuring the deflection of flexible polydimethylsiloxane (PDMS) posts. Both 

techniques allow for modification of substrate stiffness. More recent advances in TFM 

techniques have allowed visualization of forces in three dimensions, accounting for 

normal and rotational application of force, showing that cells can exert forces of similar 

magnitude in all directions.  

 Using TFM technique, several studies demonstrated a spatio-temporal 

distribution of forces in the direction of migration. These studied demonstrated that 

nascent FAs at the leading edge exert transient strong forces for the cells to move 

forward, whereas mature FAs serve as the anchor to the substrate (Beningo, Dembo, 

Kaverina, Small, & Wang, 2001). 



 

 

27 

Similarly, using TFM on a collectively migrating sheet of epithelial cells, Trepat 

et al demonstrated that large traction forces are observed not only at the leading edge 

but also many rows behind the leading edge suggesting long-range cell-cell mechanical 

cooperation (Trepat et al., 2009a). Nonetheless, average traction stress exerted by cells on 

the substrate decays slowly with the distance from the edge over several cell diameters, 

keeping values larger than zero. Furthermore by applying Newton’s third law to balance 

the accumulated stress within the cell sheet they show that stress transmitted through 

cell–cell junctions increases as a function of the distance from the edge. These combined 

findings clearly demonstrate a cohesive, coordinated, global tensile state guiding the 

movement of an epithelial sheet. 

1.3.1.2 Tension Sensors: Molecular scale visualization of protein loading 

Although TFM provides a broad overview of cellular force output, the recent 

development of FRET-based molecular tension sensors, allows us to visualize the spatial 

and temporal variation of the forces experienced by specific proteins inside living cells. 

To measure the tension within proteins, these biosensors take advantage of the strong 

distance dependence of FRET to measure displacements within the proteins of interest 

(Grashoff et al., 2010). Most tension sensors are based on a module, comprised of two 

fluorophores separated by an elastic linker, which can be inserted into a target protein. 

As load is applied across the protein, donor and acceptor fluorophores separate and 
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FRET decreases. By measuring the spatiotemporal distribution of loads through 

individual proteins in AJs, FAs and other cytoskeletal structures, one can start to unravel 

the mechanisms underlying mechanically-sensitive phenomena such as adhesion 

assembly and disassembly. 

In single cells, using tension sensor inserted in vinculin, a FA protein, Hoffman et 

al demonstrated a spatiotemporal gradient of load across vinculin in the direction of 

migration, and a correlation between FA assembly and disassembly with the load across 

vinculin (Grashoff et al., 2010). Recently this tool has been applied to several different 

proteins of interest such as E-cadherin, VE-cadherin and actinin to name a few (Borghi et 

al., 2012; Conway & Schwartz, 2015; Ye et al., 2014).  

We have used this tool to visualize spatio-temporal variation of molecular load 

in collectively migrating cells. 

In addition to the above-mentioned tools, other mechanobiology studies directly 

apply forces to AJ or FA structures using magnetic beads, although the range of forces is 

significantly lower, making this approach generally more attractive for single molecule 

studies. Common single-molecule force spectroscopy techniques include optical 

tweezers, magnetic tweezers and atomic force microscopy (Baumgartner et al., 2000; 

Neuman & Nagy, 2008). 
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To better understand the process of cellular mechanotransduction we need to 

develop a deeper understanding of the mechanosenstive subcellular structures such as 

AJs and FAs.  

 

1.3.2 Adherens Junctions 

Adherens junctions (AJs) provide a crucial signaling and mechanical hub that 

couple cells and enable long-range dynamic connectivity necessary for force 

transmission. Traditionally AJs were thought to passively resist large external forces 

such as those associated with morphogenetic tissue movements (e.g. epiboly in the early 

embryo) or tissue stresses from muscle activity, or mechanical trauma. In contrast to 

their appearance as relatively static mechanical barrier, we have recently come to 

appreciate the dynamic nature of AJ complexes. Embryonic processes such as separation 

of distinct germ layers (Kim, Jen, De Robertis, & Kintner, 2000), cell shape changes and 

rearrangement, conversion of cell states from epithelial to mesenchymal (Gumbiner, 

2005) and long range migration of certain specialized cells to form neurons and 

cardiomyocytes all require AJs to be dynamic (Theveneau & Mayor, 2011b). In adults 

cadherins are involved in regulating the plasticity of neuronal synapses, replenishing 

gut lining, and regulating the passage of solutes in endothelial cells (Schneider et al., 

2010; Seong, Yuan, & Arikkath, 2015).   
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1.3.2.1 Structure and Composition of Adherens Junctions 

AJs are multiprotein complexes composed of 3 classes of proteins:  

1. Transmembrane adhesion receptors (cadherins and nectins) 2. Cytoplasmic 

protein complex, that links the receptors to the cytoskelton and mediates cell signaling 

(catenins, afadin and vinculin). 3. The cytoskeletal network to which the adhesion 

complex is anchored (actin).1. Transmembrane receptors cadherins and nectins: 

Cadherins are calcium dependent transmembrane proteins forming homophillic 

coupling between the neighboring cells through their extracellular domains. Functioning 

of cadherins is dependent on calcium ion binding to their extracellular domains, hence 

the name cadherin. Classical cadherins are type I, single pass transmembrane 

glycoproteins named after the tissue in which they are prominently expressed. These 

include E-cadherin (epithelium), N-cadherin (neuronal), P-cadherin (Placental) and VE-

cadherin (vascular endothelial). Each classical cadherins have five extracellular domain 

repeats (1-5) whereas their cytoplasmic domain interacts with catenin family of proteins 

amongst other scaffolding proteins, which link cadherins to cytoskeleton (Shapiro et al., 

1995). The cytoplasmic tail plays a role in cadherin clustering, as well as links cadherin 

to the cytoskeleton, which makes cytoplasmic domain a key regulator in adhesion 

strengthening (Dufour, Mege, & Thiery, 2013). The other adhesion receptors found at 
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adherens junctions are nectins, calcium independent adhesion molecules. The 

extracellular domain of nectins contains three IgG-like motifs, which can form 

homophilic or heterophilic interactions with other nectins or nectin-like molecules 

(Niessen & Gottardi, 2008). The cytoplasmic domain of nectins contains a C-terminal 

PDZ binding motif. Nectins recruit afadin, an actin binding protein, to its cytoplasmic 

tail, which can bind to other signaling molecules such as ZO-1, Ras/Rap family GTPase, 

and α-catenin. Together, the cadherin/catenin and nectin/afadin complexes mediate 

strong adhesion between adjacent cells and dynamically regulates adherens junctions 

under different physiological conditions. 

 

2. Catenin complexes: 

p120-catenin, binds to the juxtamembrane domain (JMD) of the cadherin 

cytoplasmic tail . The JMD is the most highly conserved cadherin domain. p120-Catenin 

is required for cadherin stability at the membrane, by modulating cell membrane 

trafficking and degradation (Yap, Niessen, & Gumbiner, 1998). The mechanism by 

which p120-catenin regulates cell surface E-cadherin levels is not well understood. p120-

Catenin binding may mask a region in the E-cadherin cytoplasmic tail that is recognized 

by the endocytic machinery, and/or p120-catenin can modulate small GTPases activity, 
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which can indirectly influence cadherin dynamics (Reynolds & Roczniak-Ferguson, 

2004).  

β-catenin or plakoglobin interact tightly in a mutually exclusive fashion with the 

so-called catenin-binding domain (CBD) of cadherins, and mediate the physical 

connection of the cadherin complex with the actin cytoskeleton through a-catenin and 

vinculin . β-catenin has also been shown to enhance transport of E-cadherin from the 

endoplasmic reticulum to the cell surface (Y. T. Chen, Stewart, & Nelson, 1999).  Alpha-

catenin, a vinculin homologue, binds to β-Catenin as well as it directly binds to actin 

cytoskeleton (Dufour et al., 2013). Ability to alpha-catenin to link cadherins to actin a 

cytoskeleton has now been challenged due to its inability to simultaneously bind β-

Catenin and actin in vitro(Yamada, Pokutta, Drees, Weis, & Nelson, 2005).  

Together, these 'catenins' regulate dynamic cell-cell adhesion by modulating 

events such as cadherin turnover, cadherin clustering and the strength of the cadherin 

connection with the actin cytoskeleton (Nelson & Nusse, 2004; Yap, Brieher, Pruschy, & 

Gumbiner, 1997). Although catenins are group of proteins involved in regulating 

cadherins, there are far more proteins involved in regulation of cadherins. One of these 

proteins, vinculin, is of particular interest because of its previously published 

mechanosensitive role at focal adhesions as well as its importance in establishing cell-

cell junctions in cardiomyoctes. 
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Figure 1-4: Adherens Junctions 

  

AJs are composed of transmembrane receptor cadherins. Cytoplasmic tail of 

cadherins interacts with other scaffolding proteins such as p120 catenin, catenin, 

catenin, & vinculin amongst other proteins. catenin and vinculin help cadherins 

to connect with actin cytoskeleton. 
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1.3.2.2 Role of cadherins in Cell Sorting 

Historically cadherins had been shown to play a critical role in cell sorting. 

Townes and Holtfreter famously demonstrated that cells from the three germ layers of 

the early vertebrate embryo rely on differential cell ‘affinity’ to organize these layers 

during normal development (Steinberg & Gilbert, 2004). Steinberg et al further advanced 

this differential adhesion hypothesis (DAH), and proposed that the cell segregation 

phenomena arise from tissue surface tensions that in turn arise from differences in 

intercellular adhesiveness (Foty & Steinberg, 2005). They also showed that in the L-cell 

aggregates, expressing different levels of cadherins, the surface tensions are a direct, 

linear function of cadherin expression level. Differential expression of the cell adhesion 

molecule cadherin is sufficient to drive cell sorting. On the contrary to DAH theory 

Harris et al proposed a Differential Surface Contraction (DSC) model in which cortical 

tension rather than adhesion between cells per se, could drive cell sorting (Harris, 1976). 

While the debate in the cadherin field between these two models is still ongoing, both 

cadherins’ adhesion ability and its ability to regulate cortical tension are likely critical in 

the process of cell sorting. 
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1.3.2.3 Role of Cadherins in Collective Cell Migration 

In addition to cell sorting, cadherins play a crucial role in collective cell 

migration. During collective migration cell-cell junctions are formed and dynamically 

remodeled. Formation of new junctions is a 3-step process: Initiation, expansion and 

stabilization. During initiation, protrusions such as lamellipodia are sent out to sense the 

local environment, including nearby cells. When the protrusions on two neighboring 

cells collide, cadherins present on their surface are engaged in homophilic binding 

(Theveneau & Mayor, 2012). Cadherin engagement results in a transient peak in Rac 

activity followed by peak in Rho activity. This results in inhibition of lamellipodia at the 

point of contact sending the protrusions in the opposite direction. At the point of 

contact, branched actin is progressively converted to actomyosin bundles parallel to cell 

cortex. This builds up of actomyosin cortical tension is the main driving force in the 

expansion of cell-cell junctions. There is a gradual decrease in membrane activity and 

actin turnover as the region of contact grows larger. This helps in the stabilization and 

maturation of junctions. The balance between junctional maturity vs disassembly 

requires fine-tuning of RhoGTPase activity, although the molecular details of this fine-

tuning remains elusive (Theveneau & Mayor, 2012). 

Cadherins have been shown to play an important role in directed migration of 

epithelial tissue, which can migrate as a sheet, streams or sprouts (See Section 1.2.1 for 
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modes of collective migration). The abundance of research on migration of epithelial 

sheets in 2D-cultures has highlighted the importance of E-cadherin in maintaining 

intercellular coordination while inhibition of E-cadherin results in randomness (L. Li et 

al., 2012). Another study using drosophila as a model organism demonstrated the 

function of E-cadherin in maintaining the positive feedback loop with Rac and actin 

assembly to stabilize forward-directed protrusion and directionally persistent 

movement (Geisbrecht & Montell, 2002).   

 

1.3.2.4 Cadherin turn-over 

Cell surface regulation of E-cadherin is critical for maintaining a fine balance 

between the integrity and plasticity of epithelial tissues. E-cadherin is a potent regulator 

of cell-adhesion, a powerful tumor suppressor, a determinant of cell polarity and a 

partner to catenin signaling molecule. One way to control the multi-functionality of E-

cadherin is by controlling its turnover at the cell surface. Observations such as altered 

cadherin adhesivity and cell surface levels during tumorigenesis and would healing 

have greatly heightened our appreciation for dynamic nature of cadherin junctions 

(Delva & Kowalczyk, 2009). Realization that cadherins can be removed from the cell 

surface to alter the adhesivity of cells came from the studies addressing calcium 

dependency of cadherins. Ever since then a growing body of evidence regarding the 
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mechanisms and pathways of E-cadherin trafficking both to and from the cell surface 

has emerged. During the trafficking to and from the cell surface, cadherin-catenin 

complexes are dynamically assembled and dissembled. Association of β-catenin with the 

E-cadherin occurs early in the biosynthetic pathway and generally the two proteins are 

-

catenin enter the complex later, only when it is at the basolateral cell surface (Bryant & 

Stow, 2004). First major site for sorting and regulation of E-cadherin is the trans-golgi 

network (Lock, Hammond, Houghton, Gleeson, & Stow, 2005). A highly conserved 

dileucine motif found in the juxtamembrane region of most cadherins serves as a 

putative sorting signal (Miranda et al., 2001). In the absence of this motif E-cadherin-β-

Catenin complex is missorted resulting in the disruption of polarity. These dileucine 

motifs are typically recognized by specific adaptor complexes at the TGN or at the 

plasma membrane to assemble clathrin coated vesicles for basolateral or endocytic 

trafficking. Like other transmembrane receptors cadherins are internalized by selective 

recruitment into specific endocytic pathways including clathrin-mediated endocytosis, 

caveolae-mediated endocytosis, and internalization routes that are independent of both 

clathrin and caveolae, including lipid raft-mediated endocytosis and macropinocytosis.  

Clathrin mediated internalization requires an association of cadherin with an 

adaptor complex that couples cadherin to clathrin during coated pit assembly. Adaptor 
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proteins that bind cadherin tails and mediate internalization are being identified. In case 

of VE-cadherins, β-arrestins serve as the key adaptor to couple cadherins with endocytic 

machinery (Hebda et al., 2013). β-arrestin interaction with VE-cadherin is dependent 

upon the presence of a serine residue in the cadherin tail that is a target for p21-activated 

kinase (PAK), downstream of Rac activation by VEGF (Gavard & Gutkind, 

2006). Consistent with this, disabled-2 (Dab2) and AP-1B selectively recruit E-cadherin 

for endocytosis. Dab2 recruits apical surface E-cadherin into a clathrin-mediated 

endocytic pathway for regulating polarity, whereas AP-1B indirectly interacts with E-

cadherin through type Iγ phosphatidylinositol phosphate kinase (PIPKIγ) (Ling et al., 

2007; Yang, Cai, Roland, Smith, & Xu, 2007). This interaction appears to regulate both E-

cadherin endocytosis and recycling. Patients suffering from gastric carcinogenesis 

display mutation in the binding site for PIPKIγ in the E-cadherin tail (Yabuta et al., 

2002).  

In A431 cells as well as in Keratinocytes, E-cadherin is endocytosed through a 

caveolae-mediated pathway. Note that unlike clathrin and caveolae dependent 

internalization, desomosomal cadherin, desmoglein-3 is internalized in a mechanism 

independent of clathrin, caveolin, and dynamin, suggesting lipid raft mediated 

endocytosis (Delva & Kowalczyk, 2009). Cadherins can also be internalized though 

macropinocytosis, although this pathway seems to predominantly affect non-junctional 
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pools of cadherin (Bryant et al., 2007). In some systems, it seems that endocytosis is the 

dominant mode of E-cadherin dynamics within AJs. Measurements combining 2P-

microscopry FRAP showed that cadherin does not exhibit dynamics consistent with 

diffusion in AJs (de Beco, Gueudry, Amblard, & Coscoy, 2009). Instead the dynamics 

follow a first order turn-over process that is rate limited by endocytosis. 

Pharmacological inhibitors of endocytosis such as dynasore or MiTMAD, inhibit 

cadherin dynamics. Additionally, by applying a perpendicular force on the individual 

junctions, it has been shown that E-cadherin turn over increases, implying the load 

sensitivity in cadherin dynamics. Furthermore, VE-cadherin dynamics can be regulated 

by RhoGTPases, which are primary regulators of cytoskeletal tension (Daneshjou et al., 

2015).  

Although the compendium of trafficking machinery proteins in E-cadherin 

trafficking is recently getting uncovered, this list is undoubtedly incomplete because 

many aspects of cadherin trafficking have yet to be elucidated. 

One such under explored aspect of cadherin trafficking is proteolytic clipping of 

cell surface cadherins. E-cadherin is initially transcribed as a 130 kDa protein with a pro-

domain which undergoes maturation in the Golgi network through proteolytic cleavage 

by a subtilisin-like proprotein convertase(Ozawa & Kemler, 1990). Once processed, the 

mature 120 kDa E-cadherin is translocated to the plasma membrane. While pro-E-
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cadherin can integrate into the plasma membrane, it lacks adhesive ability(Ozawa & 

Kemler, 1990). However, mature E-cadherin can be further processed by multiple 

proteases into a variety of extracellular and intracellular fragments with biological 

activities. It is generally accepted that the clipping of the extracellular and intracellular 

domains is sequential, by multiple metalloproteases containing a disintegrin domain 

(ADAM), Matrix Metalloproteases (MMPs), and other transmembrane proteases. 

The cleavage of full length E-cadherin by a variety of proteases such as MM9, 

MMP7 (matrilysin), MMP3 (stromelysin)(Davies, Jiang, & Mason, 2001; Lochter et al., 

1997; Noe et al., 2001; Symowicz et al., 2007), plasmin(Hayashido et al., 2005; Ryniers et 

al., 2002), kalllikrein(S. K. Johnson, Ramani, Hennings, & Haun, 2007), MT1-

MMP(Covington, Burghardt, & Parrish, 2006), ADAM10, and ADAM15 results in the 

shedding of the 80kD extracellular N-terminal fragment (NTF) also known as soluble E-

cadherin or sEcad. This initial cleavage also results in the generation of a first C-terminal 

fragment (CTF1) that contains the transmembrane and cytoplasmic domains of the 

molecule. CTF1 can also undergo further processing by the Presenilin-1 (PS-1) complex 

in the juxta-membrane region, releasing the cytoplasmic domain (CTF2) along with any 

associated proteins. Additionally, the cytoplasmic domain of E-cadherin can be cleaved 

by caspases (Steinhusen et al., 2001) and calpain (Rashid et al., 2001; Rios-Doria et al., 

2003). Calcium influx can also trigger the sequential proteolytic degradation of E-
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cadherin, which leads to loss of -catenin from junctions (Ito et al., 1999). Notably, 

mechanical scrapping of the cells could also enhance the proteolytic cleavage of E-

cadherin.  

Furthermore, these cleaved NTF/sEcad, CTF1 and CTF2 fragments can each 

perform diverse biological activities. Ectodomain shedding was first discovered in the 

conditioned media of MCF7 mammary carcinoma cells. Following this discovery of 

sEcad several investigators observed elevated levels of shed ectodomain in patient’s sera 

from wide variety of invasive cancer (David & Rajasekaran, 2012). The very first 

function attributed to sEcad was disruption of cell-cell contacts (Wheelock, Buck, 

Bechtol, & Damsky, 1987). In certain cells, stimulating with sEcad can induce MMP 

expression, thereby promoting migration (Nawrocki-Raby et al., 2003). sEcad has been 

shown to bind to full length E-cadherin or it can also bind to several growth factor 

receptors leading to ligand less activation. sEcad has been shown to interact with HER2 

and HER3 receptors belonging to EGFR family, thereby promoting proliferation and 

migration. Interestingly EGFR signaling also affects sEcad generation (Grabowska, 

Sandhu, & Day, 2012). Cleavage of E-cadherin also leads to disassembly of the cadherin-

catenin complex, releasing -catenin to potentiate the oncogenic Wnt signaling 

(Maretzky et al., 2005). 



 

 

42 

Notably, these cleavage events are not limited to E-cadherin. Other cadherins 

such are N-cadherin, P-cadherin and VE-cadherin also undergo proteolytic cleavage 

during physiological events such as retinal ganglion differentiation, vascular smooth 

muscle cell proliferation, endothelial cell apoptosis or during pathophysiological events 

such as Ischemia and cancer (Covington, Bayless, Burghardt, Davis, & Parrish, 2005; 

Herren, Levkau, Raines, & Ross, 1998; Ribeiro et al., 2010).  

Overall, cadherin dynamics regulate a lot of physiological processes such as 

migration, proliferation and apoptosis. Any interference in cadherin dynamics can lead 

to misregulation of these processes resulting in manifestation of disease state. 

Elucidating how mechanical cues affect cadherin dynamics can lead to better 

understanding of the etiology of various diseases such as cancer, ischemia, and 

atherosclerosis. 

 

1.3.2.5 Mechanosensitivity of Adherens Junctions 

Lately there is increasing evidence showing the similarity between the 

mechanosensing ability of AJ’s and FA’s. Cells when plated on surface coated with 

cadherin extracellular domain triggered cell spreading and clustering of cadherins into 

linear streaks in line with actin bundles similar to FAs. It has also been shown that forces 

exerted on substratum for cells adhering via N-cadherin are only slightly lower as 
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compared to forces exerted through integrins. Myosin has been implicated in both 

cadherin strengthening and clustering. Myosin VI plays a role in late stage adhesion 

maturation and also recruits vinculin to the junctions (Schwartz & DeSimone, 2008). 

Direct evidence for force across cadherins came from FRET based tension sensors 

inserted within E-cadherin and VE-cadherin (Borghi et al., 2012; Conway & Schwartz, 

2015). At the mesoscopic level, force across cadherins has been demonstrated, by the 

recoil that occurs when adherens junctions are cut with lasers (Hoffman & Yap, 2015). 

Ablation of contractility by using inhibitors also results in inhibition of tension at 

cadherins. Mechanotransduction for AJs is currently best understood to entail force-

induced changes in the conformation of –catenin which further recruits vinculin by 

exposing cryptic binding sites (Yonemura, Wada, Watanabe, Nagafuchi, & Shibata, 

2010). It is now important to access the role of force across cadherins in regulating 

downstream signaling events, eventually affecting the cellular behavior.  

1.3.3 Focal Adhesions 

In order to move, cells must produce directional forces. In single cells this is 

mediated by spatial differences in cytoskeletal force generation and transmission of 

forces to the ECM through FAs. FAs are one of the primary subcellular structures that 

allow cells to respond to complex mechanical stimuli from the ECM. 
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1.3.3.1 Structure and composition of focal adhesions 

Cells bind to the ECM through transmembrane receptors, called integrins, which 

are heterodimeric proteins comprised of and  subunits whose binding affinity for 

ECM proteins is conformationally regulated by extracellular signals, intracellular 

signals, and mechanical forces. For FAs to form, ECM serves as ligand for the integrins 

expressed by the cell. Following integrin activation, structural and signaling scaffolds 

form on the intracellular face of integrin tails. These include cytoskeletal linkers (e.g. 

talin, vinculin, zyxin, and actinin), adaptor proteins (e.g. paxillin and p130Cas), and 

signaling molecules (e.g. tyrosine kinases, like Src), eventually linking to the actin 

cytoskeleton. Recently using advanced super-resolution microscopy tools such as 

iPALM, researchers sought to map nanoscale-organization of focal adhesion proteins. 

The results from this work demonstrated extremely well demarcated, partially 

overlapping, stratified architecture, in which integrins and actins are separated by 

~40nm focal adhesion core region The positions of these various proteins likely define 

their functional roles in FA signaling and dynamics. Within this FA core region, integrin 

signaling proteins are positioned close to the membrane, while other proteins (notably 

actin binding proteins such as actinin) are localized to distinctly higher vertical 

positions. Vinculin is spread out between layers, and overlaps both actin and lower 

layers in the FA core region, positioning vinculin at the key sites for regulating force 
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transmission and transduction within FAs. Apart from vinculin, several other proteins 

including adapter proteins, signaling molecules, and cytoskeleton linker proteins make 

FAs a mechanosensitive biochemical-signaling hub.  

As described above the cell migration cycle consists of cell polarization, 

protrusion formation, and new adhesion formation, translocation of cell body and 

dissociation of rear end. For these steps to occur there needs to be spatio-temporal 

reorganization of actin cytoskeleton and all the organelles. Soon after the membrane 

protrusions are formed novel focal contacts are formed for adhesion of the protrusion to 

the substratum.  Both externally applied or internally generated forces from myosin are 

known to induce FA assembly. This process is a critically important mechanosensitive 

event that governs cellular migration, as the presence of assembling FAs is a defining 

characteristic of the leading edge of a migrating cell. These assembling FAs exert higher 

traction forces as compared to bigger mature FA’s at the rear end of the cell. This spatial 

profile is also observed in collective migration, where leading edge of a migrating layer 

exert higher traction forces as compared to the layer behind. 

Similar to other load-bearing structures such as AJs, forces within FAs can also 

dramatically influence three-dimensional protein conformation, and therefore function, 

giving rise to mechanosensitive behaviors. Using a vinculin tension sensor to visualize 

spatio-temporal patterns of molecular tension across vinculin, a strong correlation has 
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been demonstrated between vinculin tension and FA assembly/disassembly. A number 

of other mechanosensitive events have been observed at FAs, such as the stretch-

induced phosphorylation of the substrate domain in p130CAS (Sawada et al., 2006) and 

the exposure of cryptic vinculin binding sites in talin after stretch (del Rio et al., 2009). In 

total, FAs enable the dynamic, biochemically and biophysically regulated, transmission 

of force and bidirectional signaling across the plasma membrane.  

Together, during collective migration there is integration of biochemical and 

biomechanical cues from both these mechanosensitive structures. Both FAs and AJs have 

overall similar organization, with transmembrane receptors, Integrins and cadherins 

serving as mechanosensors, scaffolding proteins present at cytoplasmic tail serving as 

signaling molecules and cytoskeletal linker connecting them to actin cytoskeleton. In 

addition to the similarity in their overall architechture, there are also several proteins, 

which localize to both these structures, such as Zyxin, Vasp, actinin, and Vinculin. 

Vinculin has been previously demonstrated to bear load at FAs, and has been shown, to 

be actively recruited to structures under load.  
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1.4 Vinculin 

1.4.1 Significance of Vinculin 

Vinculin is an actin binding mechanical linker protein, linking FAs and AJs to the 

actin cytoskeleton (Peng, Nelson, Maiers, & DeMali, 2011). Importance of vinculin is 

evident by its indispensable role in embryonic development (Xu et al., 1998). Genetic 

inactivation of Vinculin in C.elegans leads to paralysis and defects in muscle architecture 

implicated to be due to reduced mechanical stability or turnover of contact 

sites(Barstead & Waterston, 1991). Vinculin null embryos die at E9.5, and exhibit heart 

and neural tube defects attributed to defects in cell adhesion and cell migration, essential 

cell behaviors for normal morphogenesis and development (Xu et al., 1998). Vinculin has 

been shown to have an effect on cell migration depending on cell type. Cells derived 

from Vinculin null embryos migrate faster on 2D substrates in wound healing assay 

whereas Vinculin knock down epithelial cells decreases the rate of wound closure 

(Sumida, Tomita, Shih, & Yamada, 2011; Thievessen et al., 2013). The significance of 

Vinculin in mechanical stability and tissue organization of heart has been demonstrated 

by generating Vinculin null heterozygous animals and through heat specific conditional 

Vinculin knock out, which lead to cardiomyopathies and/or tachycardia (Zemljic-Harpf 

et al., 2004). Loss of vinculin has been found in the development of many cancers, such 

as squamous carcinoma, rhabdomyosarcoma, and breast cancer, implying that vinculin 
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may have anti-tumor effects (Goldmann, Auernheimer, Thievessen, & Fabry, 2013; T. Li 

et al., 2014). Recent studies confirmed this finding, as vinculin inhibited multiple 

processes associated with malignant tumors, including invasion, metastasis and 

apoptosis (T. Li et al., 2014).  

1.4.2 Discovery of Vinculin 

Discovery: Vinculin was originally isolated by two different groups Geiger and 

Burridge independently from chicken-gizzard smooth muscle and living fibroblasts in 

1979 as a molecule that is localized at the end of stress fibers and is in close proximity 

with -actinin (Feramisco & Burridge, 1980; Geiger, 1979). Name vinculin originated 

from the Latin word vinculum – meaning a bond signifying a union or unity. The 

subsequent years saw a surge of interest in this new protein and within 10 years cloning 

of full length chicken vinculin in 1988 paved the way for numerous experiments aimed 

at better understanding this protein’s function. Structural organization of the protein 

suggests that the molecule arose from gene duplication. Human, mouse, chicken, 

zebrafish, drosophila and C.elegans Vinculin alignment shows strikingly high degree of 

conservation in this protein. Human Vinculin is 99% identical to mouse Vinculin and 

95% identical to chicken Vinculin. This conservation across various species suggests the 

functional importance of this protein. 
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1.4.3 Vinculin structure and its binding partners 

For many years Vinculin has been thought to comprise of a globular head domain 

linked to a rod shaped tail domain with a flexible proline rich linker (Bakolitsa et al., 

2004). Recent discovery of Vinculin crystal structure has shed light onto the complexity 

of Vinculin protein structure. The crystal structure of vinculin reveals Vinculin head and 

tail domains are comprised of alpha helixes linked together with a proline rich linker 

strap.  

The vinculin head (residues 1-835) is comprised of D1-D3 region of two four-helix 

bundles connected by a long, centrally-shared -helix. Several proteins bind to the 

vinculin head domain. Head domain is primarily responsible for localization to specific 

sites with many of its binding partners as focal adhesion and cadherin junction proteins.  

These include talin, -catenin, -catenin, -actinin and IpaA. Among these, only talin 

binds to vinculin exclusively in focal adhesions. Both -catenin, -catenin bind vinculin 

exclusively in adherens junctions, and -actinin binds in both subcellular locales. IpaA is 

a Shigella invasin and is thus present in mammalian cells only upon bacterial infection. 

IpaA co-localizes with vinculin at the site of Shigella infection and facilitates bacterial 

entry.  

 

Vinculin’s ability to link adhesion receptors to the cytoskeleton puts Vinculin in a 

unique position along the mechanotransduction pathway. The linker region is the 
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smallest of the three regions consisting of only 61 amino acid residues. Following the 

linker is a strap (residues 878-890) that packs against the first two helices of the vinculin 

tail. This region contains binding sites for actin binding proteins such as Arp2/3, Vasp, 

Vinexin and Ponsin. Linker region due to its poly proline rich sequence provides the 

flexibility for head –tail domains to interact. 

The last domain is the tail domain (aa 896 to 1066), which is the most studied 

region due to its ability to bind actin cytoskeleton. It contains five anti-parallel α-helices 

(H1-H5) and features two basic elements on the domain surface: a basic ladder formed 

primarily by the H3 side chains, and a basic collar that surrounds a C-terminal, 5-residue 

hairpin. There are two actin binding sites, one located at residues 925-952 and the other 

located at 1050-1056. Other binding partners that interact with Vinculin tail are Paxilin, 

PIP2 and PKC. 

1.4.4 Vinculin conformation 

Vinculin’s ability to localize to key mechanosensitive sites and connect them to 

actin cytoskeleton raises an interest in understandings how the molecular action of 

vinculin may be regulated. First major attempt in this direction was made by using 

rotary shadowing electron microscopy demonstrating that native vinculin can undergo 

an intramolecular interaction where its head and tail domains bind each other in a 

“closed” conformation (R. P. Johnson & Craig, 1994). Following advancement in the field 

of structural biology demonstrated that this conformation entails tight hydrophobic 
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interaction between the head and tail domain by the pincer action of these domains.  

Importantly this closed conformation masks the binding sites for other binding partners 

of vinculin. As compared to full length vinculin the isolated vinculin head domain 

readily binds to several ligands such as talin and -actinin (Peng et al., 2011). Similarly, 

the isolated vinculin tail domain binds to paxillin, PIP2 and cross-links actin filament 

(Peng et al., 2011). In addition to the inhibitory effects of the closed conformation on the 

binding of head and tail ligands, it also negatively affect the binding of a number of 

proteins normally recruited to the proline-rich linker, including vinexin, VASP and 

components of the Arp2/3 complex (Peng et al., 2011). These observations led to a model 

whereby vinculin exists in two conformations: an autoinhibited or closed conformation 

in which the binding sites for a number of ligands are masked, and an open or active 

conformation in which the binding sites are exposed (Leerberg & Yap, 2013). To 

visualize the spatial profile of vinculin in these two conformation, Chen and collegues 

developed innovative tool of FRET based conformation sensor (H. Chen, Cohen, 

Choudhury, Kioka, & Craig, 2005). They placed two flourophores, donor ECFP and 

acceptor EYFP within vinculin linker region to demonstrate that the closed conformation 

of cytoplasmic vinculin differ from the adhesive pool of vinculin. 

1.4.5 Functional impact of Vinculin  

Vinculin’s pivotal role in development and homeostasis has attracted a lot of attention 

from researchers for several years now. Given its sites of actions, its link to cytoskeleton 
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and its two different conformations raised an important question on its ability to sense 

cytoskeletal tension and regulate biochemical signaling. Vinculin’s binding partners and 

its role in FA maturation indicates that it is critical for force transmission and adhesion 

reinforcement. The use of vinculin deficient (Vin -/-) cells in comparison to wild-type 

cells or Vin -/- cells reconstituted with various vinculin mutant constructs has enabled 

elucidation of the function of vinculin at FAs. The presence of vinculin is necessary for 

FAs to fully engage the F-actin cytoskeleton, generate large traction forces (Dumbauld et 

al., 2013; Thievessen et al., 2013), and adhere strongly to the ECM. Additionally, vinculin 

plays an important role in regulating nascent adhesion formation and turnover at the 

leading edge of a cell as well as FA growth, though FAs still form in the absence of 

vinculin (Thievessen et al., 2013)(Thievessen et al., 2013)(Thievessen et al., 

2013)(Thievessen et al., 2013)(Thievessen et al., 2013)(Thievessen et al., 2013)(Thievessen 

et al., 2013). Furthermore, reduced cytoskeletal tension using biochemical inhibitors 

leads to an increase in the exchange rate of vinculin, indicating that its localization at 

FAs is stabilized by cytoskeletal forces (Dumbauld et al., PNAS 2013).  

Finally, work done using the FRET-based vinculin tension sensor has shown that 

vinculin acts as a molecular switch to determine whether a FA assembles or 

disassembles in response to applied loads. The highest tension across vinculin was 

found in FAs that were assembling and growing, while disassembling FAs tended to 

have lower vinculin tension (Grashoff et al., 2010)(Grashoff et al., 2010)(Grashoff et al., 
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2010)(Grashoff et al., 2010)(Grashoff et al., 2010)(Grashoff et al., 2010)(Grashoff et al., 

2010. This suggests that vinculin is critical in regulating FA growth and dynamics. It was 

also shown that reduction of cytoskeletal tension using biochemical inhibitors reduces 

tension across vinculin, confirming that vinculin is engaged and loaded by the actin 

cytoskeleton. Altogether, there is ample evidence to indicate that vinculin plays a major 

role in mechanotransduction at FAs.  

Although the role of vinculin in cadherin biology is less studied as compared to 

its contributions to integrin biology, all the available information to date suggests that 

vinculin has a similar function in cadherin-dependent cell–cell junctions (le Duc et al., 

2010). More direct evidence that vinculin can influence cadherin function came from 

studies analyzing interaction between immobilized cadherin ligands and cells depleted 

of vinculin showing impaired adhesion and ability to spread on cadherins in the absence 

of vinculin (Leerberg & Yap, 2013). Similar to FAs vinculin was recruited to adhesive 

cortex upon active mechanical stimulation by magnetic twist cytometry. Furthermore, 

the localization of vinculin to cadherin junctions can be inhibited by agents that block 

myosin II, showing its dependence on contractility. Vinculin has been shown to 

potentiate E-cadherin mechanosensing (le Duc et al., 2010).  A common model proposes 

that forces expose vinculin-binding sites in upstream proteins — -catenin in cadherin 

junctions (Dufour et al., 2013)and talin in integrin adhesions (Humphries et al., 

2007).Thus, vinculin is the common effector of several mechanosensitive systems.  
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1.5 Focus of this thesis  

One of the goals of this thesis is to identify novel mechanosensitive regulatory 

mechanisms that influence collective migration. Vinculin, an actin binding protein, 

localizes to both FAs and AJs, the two primary mechanosensitive structures involved in 

this process. As vinculin’s mechanosensitive regulation of FA dynamics has been 

extensively studied, this work is focused on vinculin’s role at AJs. 

For the first part of this thesis, vinculin’s force dependent regulation of AJ 

dynamics is explored. By using collective migration of epithelial cells as a model of 

spatiotemporally regulated forces, the force sensitive role of vinculin at AJs was 

explored.  

For the first part of this thesis, vinculin’s force dependent regulation of AJ 

dynamics is explored. By using collective migration of epithelial cells as a model of 

spatiotemporally regulated forces, force sensitive role of vinculin at AJs was explored.  

For the Second part of the thesis I designed a novel tension sensor to visualize 

force across N-cadherin. Recently using FRET based molecular tension sensor, E-

cadherin and VE-cadherin tension has been visualized. N-cadherin plays a significant 

role in variety of specialized cells such as neurons, cardiomyocytes, and vascular smooth 

muscle cells. Defects in N-cadherin regulation have severe implications such as cancer, 

ischemia, Parkinson’s to name a few. Although biochemical role of N-cadherin signaling 

has been widely studied, mechanosensitive role of N-cadherin remains unexplored. To 



 

56 

enable visualization of N-cadherin tension in these specialized cells, I designed a novel 

tension sensor for N-cadherin. 
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2. Mechanosensitive role of vinculin in regulating 
junctional plasticity during collective migration of 
epithelial cells 

Manuscript is being prepped for submission to Nature Communications 

2.1 Abstract 

 Epithelial tissues require a fine balance between integrity and plasticity to carry 

out critical processes such as gastrulation, wound healing and tissue remodeling, which 

can be regulated by adherens junctions (AJs) dynamics. AJs are mechanosensitive 

structures but the molecular determinants involved in force transmission are still 

controversial. Here we uncover a novel role of vinculin at AJs in regulating E-cadherin 

dynamics and collective cell migration, in a force-dependent manner. In a migrating 

epithelial cell layer we observed a spatial gradient of tension across vinculin at AJs in the 

direction of migration, which correlates with the gradient of E-cadherin internalization. 

Perturbations in vinculin’s expression, ability to bear tension or localization to AJs, 

disrupts E-cadherin internalization and turnover at AJs. Together this data reveals a 

novel mechanosensitive role of vinculin, at AJs, which is distinct from the previously 

identified role of tension across vinculin in focal adhesion assembly.  

2.2 Introduction 

To mediate diverse physiological, pathological, and developmental processes, 

various cell and tissue types exhibit distinct responses to mechanical loads, including 

both externally applied forces and those associated with the actomyosin cytoskeleton 
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(Guillot & Lecuit, 2013; Hoffman & Yap, 2015). For instance, the ability of cells and 

tissues to resist applied loads is thought to be critical in morphogentic movements 

driven by apical constriction (Martin, Gelbart, Fernandez-Gonzalez, Kaschube, & 

Wieschaus, 2010) as well as a key determinant of cell permeability (Daneshjou et al., 

2015; Z. Liu et al., 2010). In other contexts, the force-induced rearrangement of cells is 

critically important. Pertinent examples include morphogentic movements driven by cell 

intercalation or convergence-extension (Bertet, Sulak, & Lecuit, 2004; Collinet, Rauzi, 

Lenne, & Lecuit, 2015) as well as collective cell migration (Kuriyama et al., 2014). The 

mechanisms mediating these distinct responses to mechanical loads are poorly 

understood, preventing a complete understanding of the role of mechanical forces in the 

emergence, alteration, and homeostatic maintenance of tissue structure and function. 

In multi-cellular systems, responses to mechanical stimuli are largely controlled 

by the sub-cellular structures that mediate physical connections between cells, termed 

adherens junctions (AJs) (Hoffman & Yap, 2015; Nelson, Dickinson, & Weis, 2013; 

Padmanabhan, Rao, Wu, & Zaidel-Bar, 2015). These structures are large, multi-

component complexes that link the force-generating actomyosin cytoskeleton of 

neighboring cells. The linkages between cells are mediated by cadherins, which are 

transmembrane receptors that form strong homophilic interactions through coupling of 

their extracellular domains. The intracellular domain of cadherin is indirectly linked to 

the actin cytoskeleton through a complex milieu of proteins, the molecular details of 
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which are currently emerging (Hazan, Kang, Roe, Borgen, & Rimm, 1997; Kemler, 1993; 

Knudsen, Soler, Johnson, & Wheelock, 1995; McCrea, Turck, & Gumbiner, 1991; 

Nagafuchi, Takeichi, & Tsukita, 1991). Proteins having a demonstrated role in mediating 

physical linkages between cadherins and the cytoskeleton include α-catenin, β-catenin, 

and vinculin, as well as several others. 

In contrast to their appearance as relatively static structures adherens junctions 

are intrinsically dynamic. This is apparent on short time scales (tens of seconds) where 

constituent components readily exchange with cytoplasmic pools (de Beco, Perney, 

Coscoy, & Amblard, 2015) . On longer time scales more drastic changes, including 

assembly, disassembly, and rearrangements, are readily apparent in some systems, 

particularly during morphogenetic movements during development or tissue 

remodeling in mature tissues (Takeichi, 2014). Furthermore, AJs are intrinsically 

mechanosensitive, displaying force-dependent composition and dynamic properties 

(Borghi et al., 2012; Conway et al., 2013; de Beco et al., 2015; Leckband, le Duc, Wang, & 

de Rooij, 2011; Leerberg & Yap, 2013).  Mechanical forces play a role in both the 

assembly and disassembly of AJs (de Beco et al., 2009; de Beco et al., 2015; Z. Liu et al., 

2010). Specifically, a basal amount of mechanical load is required for, and can enhance 

AJ assembly, a process referred to as adhesion strengthening. In contrast, larger loads, 

often induced by activation of the force-generating actomyosin machinery, are known to 

lead to the disassembly of AJs. This data suggests that the diverse responses to 
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mechanical load observed at the tissue level are due to differential force-sensitive effects 

in AJs. For instance, adhesion strengthening is likely important in processes where cells 

and tissues resist mechanical loads, and force-induced cell rearrangements likely involve 

the disassembly or enhanced turnover of AJs. However, the molecular mechanisms 

mediating these diverse responses are not well-understood.     

Given structural similarities and similar roles, key mechanosensitive mechanisms 

elucidated in the sub-cellular structures that mediate physical linkages between the cell 

and extracellular matrix, termed focal adhesions (FAs), are often pertinent to AJs as well. 

Previous work in FAs has established that the mechanical linker and actin-binding 

protein vinculin plays a key role in mechanosensitive processes. Specifically, in FAs 

vinculin acts as a mechanical “clutch”, enabling transmission of forces generated by the 

actomyosin cytoskeleton through FAs into the ECM (Thievessen et al., 2013). Like AJs, 

FAs can either exhibit enhanced stability or enhanced disassembly in response to 

applied loads (Balaban et al., 2001; Choi et al., 2008). The ability of vinculin to support 

mechanical loads was found to be a key determinant in force-induced dynamics of FAs 

(Carisey et al., 2013; Grashoff et al., 2010; Spanjaard & de Rooij, 2013). Specifically, if in 

response to applied load, vinculin is tensed, FAs assembled. However, when loads 

experienced by FAs are not transmitted to vinculin, then enhanced FA disassembly is 

observed. Thus, the mechanical loading of vinculin is a force-sensitive molecular switch 

that regulates the dynamics of FAs.   
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Vinculin also plays a key role in the formation and maintenance of AJs (Leerberg 

& Yap, 2013; Peng, Cuff, Lawton, & DeMali, 2010). Vinculin regulates E-cadherin 

trafficking, binds to β-catenin and α-catenin, and is a primary linkage between AJs and 

the actomyosin cytoskeleton (Dufour et al., 2013; Peng et al., 2010). Furthermore, 

vinculin has been shown to be preferentially recruited to AJs under mechanical load and 

is required for local adhesion strengthening of cadherin-mediated linkages (le Duc et al., 

2010; Sumida et al., 2011; Thomas et al., 2013). Thus, vinculin has a documented role in 

mediating force transmission and adhesion strengthening in AJs. To date, there have 

been few studies regarding the role of vinculin in the force-mediated disassembly of AJs.  

In this study, we probe the role of vinculin in regulating the mechanical loads 

experienced by dynamic processes within AJs, specifically its ability to act as a force-

sensitive molecular switch controlling AJ dynamics. To analyze a simple multi-cellular 

system with spatio-temporally varying forces, we focus on collectively migrating islands 

of epithelial cells. We find that vinculin load is a key regulator of AJ turnover, consistent 

with a role as a force-sensitive molecular switch. In accordance with the role of vinculin 

in FAs, substantial vinculin load is associated with stable AJs. Surprisingly, and in 

contrast to its role in FAs, very large forces across vinculin are associated with the 

enhanced turnover of AJs due to enhanced proteolytic clipping and internalization of E-

cadherin. Furthermore, we show this force-dependent internalization is functionally 

relevant and required for optimal collective cell migration.     
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2.3 Results 

2.3.1 Vinculin load spatially varies within collectively migrating 
epithelial cells 

In contrast to fully-developed tissues, as well as confluent cell monolayers (Hur 

et al., 2012), studies using Fourier-transform traction microscopy and monolayer stress 

microscopy have shown that the mechanical loads supported by AJs in collectively 

migrating cell layers are highly varying and spatiotemporally regulated (Tambe et al., 

2011; Trepat et al., 2009b). Notably, the spatial dependence of the mechanical loads 

across AJs in a collectively migrating layer is particularly striking, showing a substantial 

increase in load across AJs as distance increases from the leading edge (Trepat et al., 

2009b). However, which components of AJs supports these loads and the pertinent 

biological functions of these loads in mediating collective cell migration are just starting 

to be revealed (Hoffman & Yap, 2015). Recently, we and others have developed a variety 

of Forster Resonance Energy Transfer (FRET)-based sensors that are capable of reporting 

the molecular forces experienced by specific proteins in living cells (Grashoff et al., 2010; 

Hoffman, 2014). As shown in Fig. 2.1A, the tension sensors used in this work are 

comprised of two fluorescent proteins, mTFP1 and Venus A206K, capable of undergoing 

FRET linked by an extensible poly-peptide linker. When subject to tension the linker 

extends, causing a reduction in FRET (Fig. 2.1A). Previous work using a FRET-based 

tension sensor for vinculin (VinTS) revealed a key role of vinculin-load in determining 

whether FAs assemble or disassemble in response to mechanical forces (Grashoff et al., 
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2010). To enable analogous studies of protein-specific forces within AJs, which are most 

commonly studied in epithelial cells, lenti-viral based methods were used to stably 

express the VinTS (Fig: 2.1A) in Madin-Darby Canine Kidney (MDCK) cells. VinTS is 

expressed as a stable protein with the expected molecular weight (Fig. 2.2 A) and VinTS 

localizes to FAs (Fig. 2.2 B) as well as AJs as expected (Fig. 2.2 C). 

To begin to elucidate the effects of spatio-temporally varying mechanical loads 

on vinculin tension within AJs, MDCK cells stably expressing VinTS were studied in a 

collective cell migration assay (Fig. 2.1B). Following a previously published protocol 

(Trepat et al., 2009b), cells were plated as a droplet so that, over the course of three days, 

they form cell islands of approximately 2000 microns in diameter that migrate 

collectively. To probe the spatial distribution of vinculin tension within a collectively 

migrating layer, FRET imaging of AJs was performed at the leading edge (defined as 0-

200 μm from the free edge of the migrating island), at the internal region proximal to the 

leading edge (200-400 μm from the edge) and at the center of the island (> 1000 microns 

from the edge). Based on this data and previous work (Rothenberg, Neibart, LaCroix, & 

Hoffman, 2015), FRET efficiencies of 28% are considered unloaded.  Consistent with 

previous work probing the forces experienced by vinculin in confluent layers (Leerberg 

et al., 2014), significant loads were found across vinculin throughout the island. In 

contrast to measurements of the total forces at AJs (Tambe et al., 2011; Trepat et al., 

2009b) and the distribution of vinculin within the cell layer (Fig. 2.1C, D) we observed a 
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decrease in the tension experienced by vinculin at AJs (i.e. increase in FRET efficiency) 

with increasing distance into the layer (Fig. 2.1E, F). No loading was observed for the 

VinTS localized to the cytoplasm (Fig. 2.3A-D). This finding is consistent with previous 

work showing that vinculin exists in an auto-inhibited, unloaded conformation in the 

cytoplasm (Case et al., 2015; Grashoff et al., 2010; Hernandez-Varas, Berge, Lock, & 

Stromblad, 2015). Furthermore, there is no dependence of VinTS on the local 

concentration of the sensor (Fig. 2.3E), indicating a lack of intermolecular FRET and it 

enabling comparisons of cells with varying expression levels. Additionally, we find that 

tension across vinculin in FAs decrease with distance into the layer (Fig. 2.4), which 

resembles traction force measurements in similar systems (Trepat et al., 2009a). This 

result is consistent with the role of vinculin as a major mechanical linkage within FAs 

which is preferentially loaded at the leading edge of migrating cells (Grashoff et al., 

2010) as well as measurements of the loads exerted by FAs in collectively migrating 

islands (Tambe et al., 2011; Trepat et al., 2009b). In total, these data demonstrate the 

functionality of VinTS in migrating MDCK cells, that vinculin tension is spatially-

varying within collectively migrating layers, and that the spatial variation of vinculin 

tension in AJs is distinct from the measurements of the total loads supported by AJs.  
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Figure 2-1: Spatial distribution of load across vinculin tension in the AJs of 

collectively migrating epithelial cells 

To elucidate the effects of spatio-temporally varying mechanical loads on vinculin 

tension within AJs, MDKC cells stably expressing VinTS were studied in a collective 

cell migration assay. (A) Schematic of the vinculin tension sensor (VinTS). (B) 

Schematic of the island-based migration assay. (C) Representative images of the 

distribution of VinTS at the edge and at the center of migrating islands. Images are 

contrast matched, leading to the artificial appearance of over-exposed pixels. We 

note that all pictures are 16-bit and substantially below the saturation limit. (D) 

Quantification of the distribution of VinTS within AJs throughout the migrating 

islands. (E) Representative images of the FRET Efficiencies reported at the edge and 

center of a migrating island. (F) Quantification of the distribution of FRET 

Efficiencies reported by VinTS within AJs in collectively migrating islands. Dashed 

line is indicative of FRET Efficiency for an unloaded tension sensor and shows that 

all groups are reporting significant vinculin tension. Data is compiled from 41 

images for the leading edges, 30 images for the edge middle, and 20 images for the 

the middle of the layer taken from 4 independent experiments. * indicates p<0.05 as 

indicated by a Dunnett’s test compared to the >1000m group. Scale bar indicates 50 

μm. 
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Figure 2-2: Expression and localization of VinTS in MDCK cells 

(A) Western blot analysis showing VinTS was expressed as a stable protein 

with the expected molecular weight. (B) Immunofluorescent staining 

showing the localization of endogenous vinculin at the focal adhesions 

and adherens junctions in collectively migrating MDCK cells. (C) 

Collectively migrating MDCK cells expressing VinTS imaged in the 

Acceptor Channel. The localization of VinTS is indistinguishable from 

endogenous vinculin staining, consistent with proper expression of VinTS 

in MDCK cells. 
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Figure 2-3: Vinculin tension sensor functions as expected in collectively 

migrating MDCK cells 

(A) A representative image of the distribution of VinTS as indicated by the 

intensity of the acceptor channel within the center of migrating island. This region of 

the migrating island was chosen as it had the largest amount of cytosolic signal. 

Automated images analysis was used to segment images into AJs and cytosolic 

elements. (B) The distribution of the FRET efficiency in AJs. (C) The distribution of 

the FRET efficiency in the cytosol. (D) Quantification of the FRET efficiency of VinTS 

localized in AJs and in a soluble pool. The dotted line indicates the unloaded FRET 

Efficiency, which is indistinguishable from the FRET efficiencies observed in the 

cytosolic pool, but different from that observed in the AJs. (E) A plot of FRET 

efficiency as a function of brightness, or Vinculin concentration. Pixels from all 

images were binned by acceptor intensity. Points show mean + standard error for 

data in each bin. 
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Figure 2-4: Spatial dependence of FRET efficiency reported by Vinculin 

tension sensor at FAs 

(A) Representative image of the distribution of VinTS at the leading edge of 

collectively migrating cell layer. (B) Distribution of VinTS at an interior region > 100 

μm from the leading edge. (C) Quantification of the amount on VinTS in FAs at 

various regions in a collectively migrating layer. (D) Representative image of the 

FRET efficiency reported by VinTS in FAs at the leading edge of a collective 

migrating cell layer. (E) Distribution of VinTS FRET Efficiency at an interior region > 

100 μm from the leading edge. (F) Quantification of the VinTS FRET Efficiency in FAs 

at various regions in a collectively migrating layer.  * = p < 0.05. Scale bar represents 

50 μm. 
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2.3.2 Reduction of Vinculin expression results in a preferential loss 
from AJs in dynamic collectively migrating epithelial cells 

As we observed a distinct distribution of vinculin tension from measurements of 

total forces exerted upon AJs, we sought to create a system where the biological function 

of the mechanical loading of vinculin at AJs during collective migration could be 

elucidated. To do so, we used previously published MDCK cells stably expressing 

shRNA for vinculin (VinKD cells) (Sumida et al., 2011) in collective migration assay. 

Previous work in epithelial cells within confluent monolayers, has shown that inhibition 

of vinculin expression results in a non-uniform loss of vinculin from various sub-cellular 

compartments (Peng et al., 2010; Sumida et al., 2011) with contradicting findings. Since 

there has been contradicting evidence on the non-uniform reduction of vinculin in 

epithelial cells, and it has been shown previously that applied forces affects vinculin 

localization (le Duc et al., 2010; Yonemura et al., 2010), we sought to determine if the 

non-uniform loss of vinculin from various sub-cellular compartments is maintained at 

the leading edge of a collectively migrating cell layer. First through western blot 

analysis, we confirmed that total vinculin protein levels were 75% reduced in VinKD 

cells as compared to WT cells (Fig. 2.5A, B). To determine the subcellular distribution of 

vinculin at the edge of the migrating cell layer, WT and VinKD MDCK cells were used in 

the collective cell migration assay and then subjected to immunofluorescent labeling of 

vinculin. Largely consistent with previous work (Peng et al., 2010; Sumida et al., 2011), 

we observed an almost complete loss of vinculin in the cytosol, a drastic reduction in 
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vinculin at the AJs (Fig. 2.5 C, E, G) and a less severe effect at the FAs (Fig. 2.5 D, F, H). 

In total, these data are consistent with the premise that the observed differences between 

WT and VinKD cells in this system are likely due to loss of vinculin at the AJs. 
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Figure 2-5: Vinculin levels at AJs and FAs in migrating WT and VinKD 

MDCK cells 

 To probe the effect of shRNA on total as well as subcellular pool of vinculin 

in VinKD cells we performed western blot analysis as well as immunoflorescence 

staining of WT and VinKD cells. (A) Representative Western blot for total vinculin 

levels in WT and VinKD cells (B) Quantification of western blot for total vinculin 

levels. Representative image of vinculin at AJ in WT MDCK cells (C) and VinKD 

MDCK cells (D). Representative image of vinculin at FAs in WT MDCK cells (E) and 

VinKD MDCK cells (F) Quantification of vinculin at AJs (G) and Quantification of 

vinculin at FAs (H) 
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2.3.3 Reduction of Vinculin expression alters composition of AJs 

To identify proteins that have vinculin-dependent functions within the AJs of 

collectively migrating cells, we sought to identify proteins that displayed altered 

localization to AJs in response to reduction of vinculin expression. Based on work in 

static epithelial monolayers, we probed the AJ localization of E-cadherin, p120 catenin, 

β-catenin and α-catenin in collectively migrating cells (W. Meng & Takeichi, 2009). 

Specifically, we used Western Blot analysis to probe the total expression of these 

proteins (Fig. 2.6), and we developed a simple image analysis routine that enabled 

automated identification and segmentation of AJs for determination of the amount of 

protein at these structures (Fig. 2.7). Using a polyclonal antibody to the extracellular 

domain of E-cadherin to label AJs revealed a small but significant decrease in E-cadherin 

junctional localization (Fig. 2.8A-C), similar to the reduction in total expression (Fig. 2.6) 

in response to vinculin knockdown (Peng et al., 2010). Next we probed p120-catenin, 

which surprisingly showed increased localization to AJs with no change in total 

expression (Fig. 2.8 D-F and Fig. 2.6) To further probe the localization of other catenins, 

cells were co-stained with p120 catenin and either α- or β-catenin, imaged, and then AJs 

were computationally isolated (Fig. 2.7). Surprisingly, β-catenin junctional localization 

was unchanged although the overall protein expression level was reduced in VinKD 

cells (Fig. 2.8 G-I, Fig. 2.6), while α-catenin localization and expression remained 

unchanged in response to vinculin knockdown (Fig. 2.8 J-L, Fig. 2.6). Furthermore, no 
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changes in the expression of -catenin, also known as plackoglobin, which can 

functionally replace β-catenin, were observed in response to vinculin knockdown (Fig. 

2.9 A, B). Finally, pan-cadherin antibody staining demonstrated a similar trend as to 

changes in E-cadherin expression in response to vinculin knockdown by Western blot 

analysis (Fig. 2.9 C, D), suggesting the observed alterations were not due to a change in 

expression of other cadherin isoforms. For immunofluorescent staining experiments, we 

note that observed trends were the same whether the samples were permeabilized using 

saponin (Fig. 2.8), which only temporally alters the membrane, or Triton-X (data not 

shown), which is a more non-selective detergent that permanently alters the membrane 

(Jamur & Oliver, 2010). Overall, this data suggests that changes in vinculin expression 

affect the apparent cortical ratio of the E-cadherin-catenin complex in collectively 

migrating cells. 
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Figure 2-6: Total levels of junctional proteins in WT and VinKD MDCK 

cells 

To probe the total levels of junctional proteins in WT and VinKD cells 

western blot analysis was performed. Representative Western blots for cadherin-

catenin complex proteins indicating levels of (A) E-cadherin as probed with a poly-

clonal antibody for the ectodomain. (B) p120-catenin., (C) β-catenin, and (D) α-

catenin. 
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Figure 2-7: Schematic of segmentation algorithm for AJs 

(A) The image of a junctional protein for which intensity at the junctions 

needs to be analyzed. This image is referred to as primary stain. (B) The junctional 

mask generated on this primary stain image using a segmentation algorithm. (C) The 

junctional mask applied to the primary stain, leading to segmentation of the AJs and 

allowing determination of the amount staining in these structures. 
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Figure 2-8: Effect of vinculin knock down on the localization of 

components of the cadherin-catenin complex 

Wild type MDCK cells (A, D, G, J ) and vinculin knock down MDCK cells (B, 

E, H, K) were stained for E-cadherin,  p120-catenin , α-catenin , β-catenin and the 

localization to adherens junctions were quantified (C,F, I, L).  ** = p < 0.01, ***= p < 

0.001. Quantifications are indicative of at least 5-11 images per staining conditions. 

Scale bar represents 100 μm. 
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Figure 2-9: Effect of vinculin knock down on the overall expression of 

cadherins and Plackoglobin 

To investigate the possibility of compensatory effects by other catenin or 

cadherins in VinKD cells, levels of plackoglobin and other cadherins were probed 

using western blot analysis. Representative Western blot for plackoglobin and pan-

cadherin levels in WT and VinKD cells (A, C) and quantification of plackoglobin  and 

pan-cadherin levels for 3 different experiments (B, D). 

 



 

78 

 

2.3.4 Reduction of Vinculin regulates E-cadherin processing within 
AJs 

Since ours as well as previously observed findings (Peng et al., 2010) 

demonstrate that reduction in vinculin levels affect E-cadherin cell surface levels, we 

decided to further probe the role of vinculin in E-cadherin turnover. E-cadherin turnover 

can be regulated by multiple pathways, including widely studied endocytic vesicular 

trafficking pathway (Bryant & Stow, 2004; Paterson, Parton, Ferguson, Stow, & Yap, 

2003; Yi, HH, Williams, & Leung, 2008) as well as relatively less studied, proteolytic 

clipping of surface E-cadherin (Maretzky et al., 2005){McGuire, 2003 #1177}, .  Since we 

observed an altered cortical ratio of cadherin-catenin complex with respect to E-

cadherin-p120 levels in VinKD cells, we expected altered E-cadherin clipping in VinKD 

cells. E-cadherin can be cleaved by several enzymes, including matrix 

metalloproteinases (MMPs) and a disintegrin and metalloproteinases (ADAMs) (Ito et 

al., 1999; Maretzky et al., 2005). These enzymes cleave E-cadherin within the 

extracellular domain, generating a soluble E-cadherin fragment of 80 kDa, termed sEcad, 

and a cytoplasmic fragment, referred to as CTF1 (Fig. 2.10A), that remains localized to 

the plasma membrane without further processing (Wheelock et al., 1987). These 

fragments have been shown to exhibit altered interactions with other AJ component 

proteins, particularly the catenins in confluent cells (Ito et al., 1999). Therefore, to probe 

the role of vinculin in regulating the surface levels of E-cadherin in migrating islands in 
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term of its cleavage and internalization we used monoclonal antibodies specific for the 

cytoplasmic and the ectodomain of E-cadherin, respectively (Fig. 2.10D). Previous work 

demonstrating E-cadherin clipping has been carried out in confluent monolayer of cells.  

To investigate the role of vinculin in E-cadherin clipping in MDCK cells, we 

probed the levels of E-cadherin cytodomain in confluent and migrating layer of cells. A 

reduction in the amount CTF1 normalized to the total amount of full length E-cadherin 

is observed in VinKD cells, indicating a clipping defect, in confluent layer as well as 

migrating islands (Fig. 2.10 C, F). The fact that this defect is also observed in confluent 

layers (Fig. 2.10B, C) indicates that irrespective of spatio-temporally varying forces 

(observed in migrating layers), vinculin assists in E-cadherin clipping. Further 

supporting this idea, a reduction in the amount sEcad is found in the media of VinKD 

cells (Fig. 2.10 B). Finally, to determine if MMPs are involved in this system, we utilized 

the general MMP inhibitor GM6001 (Maretzky et al., 2005). In the presence of GM6001, 

we observed reduction in CTF1 levels in WT cells, but MMP inhibition had no further 

effect on E-cadherin cleavage in VinKD cells (Fig. 2.10 B, C). In total, these data 

demonstrate that the reduction of vinculin expression inhibits the MMP-dependent 

cleavage of E-cadherin in confluent and collectively migrating cells.  
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Figure 2-10: Vinculin knock down cells have defect in the clipping of E-

cadherin 

To determine the role of vinculin in E-cadherin clipping, western blot analysis 

was performed on confluent as well as migrating islands of MDCK WT and VinKD 

cells. The E-cadherin extracellular and cytoplasmic domains were probed with 

monoclonal antibodies specific for these regions. (A) Schematic of E-cadherin, the 

pertinent protein domains, and the MMP cleavage cite. (B) Western blots showing 

amount of full length E-cadherin and CTF1 in the cell lysates of confluent WT and 

VinKD MDCK cells as well as the amount of sEcad in the media of confluent cells. n 

=3 independent experiments. (C) Quantification of the amount CTF1 in confluent WT 

and VincKD MDCK cells. (D) Schematic showing localization of the various E-

cadherin antibodies used in this study.  (E) Western blots of the amounts of full 

length E-cadherin and CTF1 in collectively migrating WT and VinKD MDCK cells 

with and without the presence of a broad spectrum MMP inhibitor GM 6001. (F) 

Quantification of the amount of CTF1 in collectively migrating WT and VinKD 

MDCK cells with and with GM60001.  n = 3 independent experiments.  A Tukey post-

hoc test was performed to analyze the significance. Groups not connected by the 

same letter are significantly different from each other with p < 0.05. 
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2.3.5 Reduction of Vinculin inhibits E-cadherin internalization 

Since E-cadherin is readily trafficked through multiple membrane compartments 

in the cell, we sought to determine if the cyto- and ecto-domains of E-cadherin exhibited 

distinct localization patterns in collectively migrating cells that depended on vinculin 

expression. To do so, we visualized E-cadherin localization using the same domain-

specific antibodies that were used previously. In WT cells (Fig. 2.11A, E), antibodies for 

the cytoplasmic and the extracellular domain labeled the AJs as well as vesicular 

compartments, which could be quantified independently using a simple, automated 

image analysis approach (see Methods and Fig. 2.15). In VinKD MDCK cells (Fig. 2.11 B, 

F), we saw a 30% reduction in E-cadherin at AJs (Fig. 2.11 C, G) as compared to WT cells, 

which is consistent with previous findings (Peng et al., 2010), but a more dramatic 80% 

reduction in vesicular E-cadherin (Fig. 2.11 D, H), regardless of the domains probed. 

Although previous reports of such vesicular labeling of E-cadherin exist (Le, Yap, & 

Stow, 1999), we ensured that such labeling was not an artifact of non-specific antibody 

binding (Fig. 2.12) or just specific to MDCK cells (Fig. 2.13). Additionally, the 

permeabilization technique did not affect cyto-domain labeling, but had an effect on 

ecto-domain labeling (Fig. 2.14). These vesicular compartments are likely to be 

associated with cadherin trafficking and diverse intracellular roles. Consistent with this 

idea, a fraction of the vesicular compartments labeled by the E-cadherin cyto-domain 

specific antibody co-localized with transferrin receptor (Fig. 2.16), a key marker 
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associated with the main recycling pathway of E-cadherin, as well as lysozomes, a 

primary degradation compartment (Fig. 2.17). In conclusion, these observations indicate 

that reduced vinculin expression inhibits the internalization of the E-cadherin within 

collectively migrating cells.   
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Figure 2-11: Vinculin knock down leads to a change in localization of E-

cadherin domains 

To visualize subcellular localization of E-cadherin domains, WT and VinKD cells 

were probed with domain specific antibodies for E-cadherin. (A) Localization of E-

cadherin Ecto-domain in WT and (B) VinKD MDCK cells. Quantification of the 

amount of E-cadherin ecto-domain staining in the (C)  AJs and(D) vesicles of WT and 

VinKD cells. Localization of E-cadherin cyto-domain in (E) WT and(F) VinKD cells. 

Quantification of the amount of E-cadherin cyto-domain staining in the (G) AJs and 

(H) vesicles of WT and VinKD cells. As vinculin KD lead to a loss in the number as 

well as amount of vesicles, a vesicular index defined as the apparent area times the 

brightest of vesicles was used to quantify staining in these structures. Data is 

compiled from 7-13 images per staining condition.   *** = p < 0.005, ****= p < 0.001, 

***** = p < 0.0005. Scale bar represents 50 μm. 
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Figure 2-12: Specificity of E-cadherin cytodomain antibody 

WT MDCK cells transiently expressing E-cadherin C-terminally tagged with 

mCherry (A), stained with E-cadherin cyto-domain antibody (B), and merged to 

show colocalization (C). VinKD MDCK cells expressing E-cadherin cherry (D), 

stained with E-cadherin cyto-domain antibody (E), and merged to show 

colocalization (F). 
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Figure 2-13: Cell type specificity of E-cadherin Cyto-domain 

antibody 

(A) To ensure that the perinuclear vesicular localization of E-cadherin cyto-

domain is not specific to just the MDCK cells another epithelial cell line, A431 

cells, was probed with E-cadherin cyto-domain antibody. (B) To ensure that 

the vesicular staining is not an artifact of non-specific antibody staining, 

A431D cells, which lack expression of all classical cadherins, were utilized to 

demonstrate the lack of non-specific staining. The inset shows a region of the 

image with contrast set 20 times brighter. 
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Figure 2-14: Effect of permeabilization on the apparent visualization of the 

E-cadherin domains 

To investigate the effect of permeabilization on apparent visualization of the 

E-cadherin domains, WT and VinKD cells were probed with the domain specific 

antibodies for E-cadherin using Triton-X or Saponin as the permeabilizing agent. 

Permeabilization dependent staining was observed with the E-cadherin ecto-domain 

specific antibody (A-D), but not the E-cadherin cyto-domain specific antibody (E-H).  
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Figure 2-15: Schematic of segmentation algorithm for vesicles and AJs 

Example of edge and vesicle detection using a custom-written segmentation 

algorithm. Images are stained for markers that localize to AJs (E-cadherin ecto-

domain) and vesicles (E-cadherin cyto-domain), (A) and (C) respectively. Using our 

segmentation algorithm based on size, shape, and intensity thresholding, edge and 

vesicle masks are created from the representative stains (B) and (D) respectively. 

These masks are then integrated to form the combined edge and vesicle detection 

mask (E) 
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Figure 2-16: Partial colocalization of cyto-domain E-cadherin vesicles with 

fluorescently labelled Transferrin 

To determine a trafficking pathway for CTF1 fragment of E-cadherin in WT 

and VinKD cells, fluorescently labeled transferrin uptake assay was performed in 

WT and VinKD cells and the cells were co-stained with the E-cadherin cyto-domain 

specific antibody. Representative images of fluorescent transferrin labelled WT (A) 

and KD (D) cells co-stained with E-cad Cyto (B, E) and merged images (C, F). 
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Figure 2-17: Partial colocalization of cyto-domain E-cadherin vesicles with 

fluorescently labelled lysozome marker 

To determine a potential degradation pathway for CTF1 fragment of E-cadherin in 

WT and VinKD cells, lysozome were labeled with the lysotracker dye and co-stained 

with the E-cadherin cyto-domain specific antibody. Representative images of 

lysozomes labelled with lysotracker for WT (A) and KD (D) cells co-stained with E-

cad Cyto (B, E) and merged images (C, F). 
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2.3.6 Vinculin’s ability to bind actin, localize to AJs and bear load 
enhances E-cadherin internalization 

Next we sought to determine if either vinculin’s ability to scaffold other 

junctional components or its ability to bear force is necessary for the internalization of E-

cadherin. Since probing the C-terminal region of E-cadherin can provide a cumulative 

picture of E-cadherin trafficking which includes full length as well as cleaved fragments 

of E-cadherin, as compared to probing extracellular domain of E-cadherin which on 

clipping can either diffuse away or be internalized, we decided to selectively use the E-

cadherin cyto-domain specific antibody for further analysis. Also, the signal from the 

cytoplasmic domain-specific antibody is more robust and independent of 

permeabilization protocols. Vinculin tension at AJs (Fig. 2.1) and the amount vesicular 

E-cadherin staining (Fig. 2.11, Fig. 2.18) are both higher near the leading edge of 

collectively migrating island, suggesting that vinculin tension at AJs drives E-cadherin 

internalization.  To test this idea, VinKD MDCK cells were stably reconstituted with 

shRNA resistant full length vinculin mCherry (VinC) or shRNA resistant vinculin 

variants harboring point mutants that inhibit actin binding (VinCI997A) or localization 

to AJs (VinCY822F) and E-cadherin internalization was probed using the cyto-domain 

specific E-cadherin antibody (Fig. 2.19). Expression of WT VinC rescued internalization 

of the E-cadherin cytoplasmic domain in cells expressing the construct as well as 

neighboring untransfected VinKD cells (Fig. 2.19 A-C), demonstrating at least a partial 

role for non-cell autonomous regulation of E-cadherin localization. However, neither the 
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actin binding mutant (Thompson et al., 2014) (VinCI997A, Fig. 2.19 D-F) nor the AJ 

localization mutant (Bays et al., 2014) (VinCY822F, Fig. 2.19 G-I) exhibit this response, 

indicating that vinculin localization to AJs and its ability to bind actin augment E-

cadherin localization to vesicular structures in collectively migrating cells.  

The binding of actin is thought to be required for the loading of vinculin, 

suggesting a key role in the forces transmitted by vinculin in regulating the localization 

of E-cadherin. To directly assess the role of force in E-cadherin internalization we plated 

WT and VinKD cells on deformable substrates and applied a constant, ~10% uniaxial 

stretch for 10 mins. This resulted in the enhanced vesicular accumulation of E-cadherin 

in both WT and VinKD cells (Fig. 2.20), demonstrating a key role for applied forces.  

As during collective cell migration forces originate from intrinsic cell 

contractility, we probed the activation state of RhoA, a primary regulator of myosin 

activity, using pull-down assays and analyzed the amount of phosphorylated myosin 

regulatory light chain (pMLC) at the leading edge of collectively migrating WT and 

VinKD MDCK cells. RhoA was shown to be slightly more active in VinKD than WT cells 

(Fig. 2.21A), and increased pMLC was observed at the edge of collectively migrating 

VinKD cells (Fig. 2.21B). These data show that the activity of the actomyosin network is 

higher in VinKD cells then MDCK cells. Furthermore, in conjunction with the fact that 

the application of external load augments localization of E-cadherin to vesicular 
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structures, these data suggest that vinculin’s primary role in the regulation of AJ 

turnover is to transmit forces to AJs. 
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Figure 2-18: Spatial profile of vesicular E-cadherin cytodomain in WT 

MDCK cells and A431 cells 

To determine the correlation between spatial distribution of vinculin tension and E-

cadherin internalization, we probed the spatial distribution of the E-cadherin 

cytodomain within the migrating island. Spatial distribution of E-cadherin 

internalization in WT MDCK cells as indication by E-cadherin cytodomain antibody 

labeling at the leading edge (A), and middle of the layer (B). Spatial distribution of E-

cadherin internalization in WT A431 cells stained with E-cadherin cyto-domain 

antibody from the leading edge till the middle of the layer (C) 
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Figure 2-19: Localization of E-cadherin cytodomain to vesicles requires 

vinculin:actin interaction and the localization of vinculin to AJs 

A-C. To demonstrate that vinculin is sufficient for E-cadherin internalization, 

a shRNA resistant form of wild type vinculin labelled with the fluorescent protein 

mCherry was stably expressed in VinKD cells.  The previously observed E-cadherin 

internalization defect in VinKD cells was rescued by expression of shRNA resistant 

VinC, restoring localization of E-cadherin cytodomain to vesicles. Representative 

images include (A) VinKD cells stained with E-cadherin cytodomain antibody, (B) 

VinC expression, (C) Merged images. To demonstrate the requirement of 

vinculin:actin interaction for E-cadherin internalization, VinKD cells were 

transduced with the mutated form of shRNA-resistant vinculin (vinculin I997A) 

with a diminished affinity for actin (D-F) VinI997A did not rescue the E-cadherin 

internalization defect in VinKD cells. (D) VinKD cells expressing VinI997A stained 

with E-cadherin cyto-domain antibody, (E) VinI997A expression, (F) Merged image. 

To demonstrate the requirement of vinculin localization to AJs for E-cadherin 

internalization, VinKD cells were transduced with a mutated form of shRNA-

resistant vinculin (vinculin Y822F) which shows reduced localization to AJs  (G-I). 

VinY822F did not rescue the E-cadherin internalization defect in VinKD cells. (G) 

VinKD cells expressing VinY822F stained with E-cadherin cyto-domain antibody, 

(H) VinY822F expression, and (I) merged image. 
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Figure 2-20: Exogenous force enhances localization of E-cadherin 

cytoplasmic domain to vesicles 

To assess the role of force in E-cadherin internalization, cells were plated on 

deformable substrates and constant stretch was applied (see methods for details). 

Representative images of the localization of E-cadherin cyto-domain in unstretched 

(A) and stretched (B) WT MDCK cells. C) Quantification of increased localization of 

E-cadherin to vesicles in stretched WT cells. Representative images of the localization 

of E-cadherin cyto-domain in unstretched (D) and stretched (E) VinKD MDCK cells. 

(F) Quantification of increased localization to E-cadherin to vesicles in stretched cells. 

(G) Quantification of increased localization of E-cadherin to vesicles in stretched 

VinKD cells. .   *** = p < 0.005, ****= p < 0.001, ***** = p < 0.0005. 
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Figure 2-21: RhoA signaling is slightly more active in VinKD cells as 

compared to WT cells 

To assess the contractile state of the WT and VinKD cells, we probed RhoA 

activity in confluent WT and VinKD cells using Rho-pulldown assays. (A) 

Quantification of active RhoA levels in WT and VinKD cells. (B) To assess the 

contractile state of WT and VinKD cells in collectively migrating cells, we probed the 

levels of phosphorylated Myosin Regulatory Light chain (pMLC).  
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2.3.7 Vinculin affects E-cadherin turnover at AJ’s in collectively 
migrating cells 

Mechanical loading (de Beco et al., 2015) and endocytosis (de Beco et al., 2009) 

have been shown to be primary determinant of E-cadherin turnover. To test the role of 

vinculin in E-cadherin turnover we performed FRAP analysis on WT and VinKD MDCK 

cells transiently expressing E-cadherin mCherry at the leading edge of collectively 

migrating cells. We observed the emergence of a significantly immobile fraction of E-

cadherin upon the reduction of vinculin expression, which is consistent with the 

existence of a portion of E-cadherin that cannot be removed from the membrane due to 

defects in internalization (Fig. 2.22).  
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Figure. 2-22: Vinculin dependent E-cadherin dynamics 

To test the role of vinculin in E-cadherin turnover we performed FRAP 

analysis on WT and VinKD MDCK cells transiently expressing E-cadherin mCherry 

at the leading edge of collectively migrating cells.  A) FRAP recovery curves of E-

cadherin Cherry at AJ expressed in either WT MDCK (n = 10 junctions) or VinKD 

MDCK (n = 11 junctions). B) Quantification of the recovery fraction at t = 600 s (p < 

0.005, Student's t-test). All error bars represent standard errors. 
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2.3.8 Vinculin dependent E-cadherin internalization is required for 
effective collective migration 

To determine if vinculin tension dependent E-cadherin internalization has a 

physiological role in collective cell migration we probed migration speed of WT, VinKD, 

and VinKD cells expressing various forms of vinculin using the expanding droplet 

collective migration assay. Optical flow analysis was used to quantify migration speeds 

(Vig, Hamby, & Wolgemuth, 2016). Consistent with previous work in endothelial cells 

(Vitorino & Meyer, 2008), VinKD cells exhibits substantially reduced migration speed 

(Fig. 2.23). Expression of vinculin constructs was found to be heterogeneous. Images of 

mCherry fluorescence were used to identify cells expressing the vinculin construct. 

These regions were isolated in the optical flow map and utilized for analysis. Analysis 

using randomly generated masks on WT and VinKD cells revealed no difference in 

groups, indicating that no bias was introduced by this analysis. As shown in Fig. 2.23, 

VinKD cells expressing VinC exhibited migration speeds indistinguishable from WT 

MDCK cells. However, vinculin mutant exhibiting defects in actin binding (VinCI997A) 

did not rescue migration speed whereas vinculin mutant exhibiting defects in 

localization to AJ (VinCY882F), only partially rescued migration speed. This data 

suggests vinculin’s ability to bear force and localize to the junctions is necessary for 

efficient collective migration. 
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Figure 2-23: Vinculin force dependent effective collective migration 

To assess the role of vinculin force dependent E-cadherin turnover in collective 

migration, migration speeds of WT, VinKD and various variants of vinculin were 

probed. (A) Quantification of migration speeds for WT, VinKD, VinC, VinCI997A, 

VinCY822F. (B-D) Representative vector field images for WT, VinKD and VinC. 

Arrow direction indicates migration direction, and arrow size indicates cell speed. 

Tukey tests were performed to analyze the significance. Groups not connected by the 

same letter are significantly different from each other with (p < 0.05). 
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2.3.9 Discussion 

Efficient collective cell migration requires both an intricate relationship between 

applied loads and AJ dynamics (Bazellieres et al., 2015). For instance, in certain cases 

force has been shown to lead to the stabilization of AJs (Z. Liu et al., 2010), which likely 

enables the maintenance of cell-cell adhesion during migration. Under other 

circumstances applied forces lead to the enhanced dynamics of AJs, which likely enable 

cellular re-arrangements. Previous work has shown that force-induced stabilization of 

AJs is mediated though the deformation of α-catenin, which mediates recruitment of 

vinculin to reinforcement linkages with the actin cytoskeleton (Dufour et al., 2013). Here 

we have established a novel mechanism where vinculin load enhances dynamics of AJs. 

Specifically, when vinculin localizes to AJs and is subject to very large loads stemming 

from the actomyosin cytoskeleton, E-cadherin MMP-dependent clipping and E-cadherin 

internalization are enhanced. This activity is required for E-cadherin dynamics within 

AJs and effective collective cell migration.  

Previous work revealed that vinculin load mediates a force-sensitive switch 

controlling the dynamics of FAs, where high forces augment FA assembly and low 

forces lead to FA disassembly (Carisey et al., 2013; Grashoff et al., 2010). The vinculin-

based force-sensitive switch in AJs seems to be slightly more complicated. Intermediate 

loads across vinculin, such as observed away from the leading edge of migrating island, 

cause the stabilization of AJs. In contrast, the high loads at the leading edge cause 
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disassembly of AJs. These distinct mechanisms likely allow cells to maintain adhesion to 

the ECM at high loads, but still maintain a degree of plasticity within cell-cell contacts to 

enable cellular rearrangements that are critical to effective collective migration. 

Notably, the various E-cadherin fragments have been shown to be biological 

activity (Brouxhon et al., 2014; Ferber et al., 2008; Grabowska & Day, 2012). In particular, 

sEcad has been identified as a cancer biomarker and can activate EGFR in a ligand 

independent manner (Chan et al., 2003; Chan et al., 2001; Patil, D'Ambrosio, Inge, 

Mason, & Rajasekaran, 2015; Shirahama, Furukawa, Wakita, & Takigawa, 1996). As 

collective migration is a key step in the dissemination of some forms of cancer and 

tumors are subjected to substantial forces in vivo (Huang, 2015; Jain, Martin, & 

Stylianopoulos, 2014; S. Kumar & Weaver, 2009), this raises the interesting, but untested, 

hypothesis that aspects of the mechanical nature of cellular microenvironment can affect 

E-cadherin processing and dynamics. Furthermore, force-sensitive ADAM-based 

cleavage is a key step in the activation of Notch signaling pathways, and force-based 

regulation of Notch signaling was proposed to a key determinant in the formation of 

leader cells in collectively migrating cells (Gordon et al., 2015; Riahi et al., 2015).  In 

combination with our results, these reports suggest that the exposure of cleavage sites 

by mechanical loading might be a common mechanism of regulating proteolytic 

cleavage of transmembrane receptors that is important in the regulation of collective cell 

migration. Thus, in future studies the spatio-temporally varying forces within dynamics 
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tissues should be viewed as not just a means of moving cells, but also as potential 

regulators of the dynamics within and signals generated by adhesion structures.  

2.3.10 Methods 

2.3.10.1 Cell Culture and migration experiments  

MDCK cells (ATCC) were grown in DMEM-LG (+ L-glutamine, + Sodium 

Pyruvate) (Sigma D6046) supplemented with 10% fetal bovine serum (FBS, Gibco), 1% 

Antibiotic/Antimycotic, 1g/LSodium bicarbonate. 

MDCK vinculin knockdown stably expressing shRNA were generous gift from 

Dr. Sochiro Yamada (University of California, Davis). For migration experiments glass 

bottom dishes (World Precision Instruments) were coated with 10µg/ml fibronectin in 

PBS for 1 hour at 37 oC. These dishes were further washed with PBS and air-dried. To 

each dish 3x103 cells suspended in l growth medium were plated as a droplet. Cells 

were allowed to adhere in the 5% CO2 humidified incubator at 37 oC for 30 minutes. 

After this incubation period, the dish was filled with 2 mL growth medium and cells 

were allowed to incubate for 3 days to grow and form contacts, thereby generating a 

collectively migrating island.  For western blot analysis of migrating islands a similar 

protocol was used except that cells were suspended in 10 mL growth medium and 

plated as 32 individual droplets on 150 mm dish. 
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2.3.10.2 Generation Vinculin constructs 

Construction of pcDNA3.1-VinTS and pcDNA3.1 VinVenus transient expression 

constructs has been described previously (Grashoff et al., 2010). To generate pcDNA3.1 

VinC (Vinculin cherry) construct, a DNA fragment containing mCherry with EcoRI (5’) 

and NotI (3’) compatible overhangs was generated via PCR using forward primer 5’-

CTATGAATTCATGGTGAGCAAGGGCGAG-3’ and reverse primer 5’-

GCGGCCGCTTACTTGTACAGCTCGTCCATG-3’ and a pcDNA3.1-mCherry template. 

This fragment was ligated into pcDNA3.1-VinVenus cut with EcoRI and NotI, yielding a 

pcDNA3.1-VinCherry construct that was verified by sequencing (Genewiz). In order to 

generate shRes-pcDNA3.1-VinC, resistant to short hairpin RNA for vinculin (hairpin 

sequence: 5’-AGGGCAAGATTGAGCAAGC-3’), a GeneBlock was purchased from 

Genewiz with BamHI (5’) and MfeI (3’) compatible overhangs with the changes in 

codons making it resistant to shRNA (AGGGGAAAATAGAACAGGCGC). This 

geneblock was inserted into pcDNA3.1 VinC using BamHI and MfeI sites. To generate 

lentiviral expression constructs this shRes-pcDNA3.1-VinC constructs plus the upstream 

CMV-promoter were extracted via 5`NruI/3`XbaI digestion and ligated (T4 DNA Ligase, 

NEB) into pRRL vector backbone that had been digested with 5`EcoRV/ 3`XbaI. Similar 

cloning strategy was applied to transfer pcDNA3.1 VinTS into pRRL viral vector. We 

note that mTFP1 and Venus A206K have significantly less sequence similarity than the 

more commonly used CFP-YFP FRET pairs, which are known to be problematic in the 
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creation of stably expressing cell lines due to a high rate of homologous 

recombination(Aoki, Komatsu, Hirata, Kamioka, & Matsuda, 2012) 

A two-fragment Gibson Assembly strategy was employed in the generation of 

vinculin mutant constructs pRRL-shRes-VinCY822F and pRRL-shResVinCI997A(Gibson 

& Venter, 2014). Two fragments, each spanning from the ampicillin gene in pRRL to the 

mutation site in vinculin, were generated via PCR. Primers used to generate pRRL-

shResVinCI997A included forward and reverse primers to induce the mutation 

(underlined) F: 5’ CACGCAGCTCAAAGCTCTTTCCACAGTGAAAGC-3’, R: 5’-

GCTTTCACTGTGGAAAGAGCTTTGAGCTGCGTG-3’, along with complementary 

primers that target the ampicillin gene AmpF: AGGAGCTAACCGCTTTTTTGCACAA 

and AmpR: TTGTGCAAAAAAGCGGTTAGCTCCT. Primers used to generate pRRL-

shResVinCY822F again included the ampicillin gene targeting AmpF and AmpR 

primers (above) and forward and reverse primers designed to induce the mutation 

(underlined) F: 5’-TTGGATTCTGGATTCAGGATTCTGGG-3’, R: 5’-

CCCAGAATCCTGAATCCAGAATCCAA-3’. 

2.3.10.3 Generation of Stable cell lines 

Second generation viral packaging plasmids psPax2 (Plasmid #12260) and 

pMD2.G (Plasmid #12259) were purchased from Addgene. To generate a cell line stably 

expressing the desired vinculin construct, the construct in pRRL vector backbone was 

transfected along with psPax2, and pMD2G plasmids into HEK293-T cells using 
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Lipofectamine 2000. After 4 hours, the transfection mixture was exchanged for complete 

growth media. After an additional 72 hours, media containing viral particles was 

harvested and stored at -80C.  

One day prior to viral transduction, MDCK cells were plated in 6-well dishes at a 

density of 100,000 cells per dish. Cells were transduced with 500µL viral mixture in 

growth media supplemented with 2µg/mL Polybrene (Sigma Aldrich) to enhance viral 

uptake. 

After three passages, transduced cells were sorted into several groups based on 

the intensity of the fluorescent signal due to expression of the construct to get a 

homogenously expressing population. Based on the flourescence intensity and western 

blot analysis cells were selected with expression similar to endogenous expression levels 

detected within WT MDCK. 

2.3.10.4 FRET imaging 

MDCK cells stably expressing VinTS construct or TSMod construct were imaged 

at 60X magnification (Olympus UPlanSApo 60X/NA1.35 Objective) using epifluorescent 

microscopy on an Olympus inverted fluorescent microscope (Olympus IX83) 

illuminated by a LambdaLS equipped with a 300 W ozone-free xenon bulb (Sutter 

Instruments). The images were captured using sCMOS ORCA-Flash4.0 V2 camera 

(Hamamatsu). The FRET images were acquired using a custom filter set comprised of an 

mTFP1 excitation filter (Chroma, ET450/30x), mTFP1 emission filter (Chroma, 



 

107 

ET514/10x), Venus excitation filter (Chroma, ET485/20 m), Venus emission filter 

(Semrock, FF01- 571/72) and dichroic mirror (Chroma, T450/514rpc). Images of stains 

were acquired using the DA/FI/TR/ Cy5-4X4 M-C BrightLine Sedat filter set (Semrock). 

The motorized filter wheels (Sutter Lambda 10-3) and automated stage (Prior 

H117EIX3), as well as image acquisition, were controlled through MetaMorph Advanced 

software (Olympus). 

2.3.10.5 FRET efficiency calculations from sensitized emission  

FRET was detected through measurement of sensitized emission {Wu, 2006 

#1185} and calculated using custom written code in MATLAB (Mathworks, R2016a). A 

complete description of our FRET efficiency calculations can be found in our previous 

publications. Briefly, FRET images were corrected for uneven illumination, registered, 

and background-subtracted (LaCroix et al., 2015). Then, intensity due to spectral bleed-

through was removed pixel-by-pixel from the FRET images to obtain corrected FRET 

images (LaCroix et al., 2015). FRET efficiency was calculated on a pixel-by-pixel basis 

using factors obtained from imaging donor-acceptor fusion constructs of differing, but 

constant, FRET efficiencies (Rothenberg et al., 2015). 

2.3.10.6 Automated Image Segmentation Analysis for FRET at adherens junctions 

Further image analysis was performed using custom written code in MATLAB 

(Mathworks, R2016a). For all FRET images, AJs were identified in the acceptor channel, 

which is proportional to the concentration of VinTS. The acceptor images were high-pass 
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filtered to enhance edges. Then, the user chose a threshold for each filtered image to 

eliminate background signal and isolate the AJs. The resulting image was converted to a 

binary mask and applied to FRET efficiency images. All pixels from each masked FRET 

efficiency image were compiled and filtered based on donor-to-acceptor ratio 

(Rothenberg et al., 2015), and averaged together. Images were sorted into groups based 

on distance from the edge of the migrating layer. 

Post processing of FRET images of FAs was performed as previously described 

(Rothenberg et al., 2015). Briefly, for each image, individual adhesions were identified in 

the acceptor channel and those adhesions larger than 0.1 mm2 were sorted into groups 

based on their distance from the leading edge of the migratory layer. The mean acceptor 

intensity (proportional to concentration) and FRET efficiency was then calculated for the 

different populations of adhesions. 

2.3.10.7 Immunoflourescence staining and antibodies:  

Antibodies used in this study include: monoclonal anti-vinculin (Sigma, V9131), 

monoclonal anti-paxillin (Abcam, ab32084), Monoclonal anti-E-cadherin c-terminal (BD 

Transduction, 610181), Monoclonal N-terminal E-cadherin antibody DECMA (sigma 

Aldrich, U3254), anti-P120 (BD Transduction, 610133), anti--catenin (Cell signaling, 

3236), anti-  -catenin (Cell signaling, 8480S), Secondary antibodies such as AlexaFluor 

647 goat-anti-mouse, AlexaFluor 594 were purchased from thermo fisher.  Anti-mouse–

horseradish peroxidase (HRP) and anti-rabbit–HRP (Jackson ImmunoResearch).  
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For saponin permeabilization protocol MDCK collectively migrating cells were 

fixed with 4% paraformaldehyde (PFA) for 7mins, rinsed with PBS and blocked with 

blocking buffer (2%BSA in PBS with 0.1% saponin) for 30 min at room temperature. 

Appropriate primary antibody (E-cadherin ecto domain, E-cadherin cyto domain, p120 

catenin, catenin, -catenin, -catenin) diluted in blocking buffer (2%BSA in PBS with 

0.1% saponin) was added to the cells and incubated at room temperature for 1 hr. Cells 

were rinsed 3 times with PBS and incubated at room temperature with secondary 

antibody of appropriate species for 1hr. 

For triton-X permeabilization protocol MDCK collectively migrating cells were 

fixed with 4% paraformaldehyde (PFA) for 7mins, rinsed with PBS and blocked with 

blocking buffer (2%BSA in PBS) for 30 min at room temperature. Appropriate primary 

antibody (E-cadherin ecto domain, E-cadherin cyto domain, vinculin, paxillin) diluted in 

blocking buffer (2%BSA in PBS) was added to the cells and incubated at room 

temperature for 1 hr. Cells were rinsed 3 times with PBS and incubated at room 

temperature with secondary antibody of appropriate species for 1hr. 

  To label nuclei, the cells were rinsed in PBS and stained with a 1:5000 dilution of 

4’, 6-diamidino-2-phenylindole, dihydrochloride (DAPI, Life Technologies, D1306) in 

blocking buffer for 10 min at room temperature then rinsed twice in PBS and left in PBS 

for imaging. 
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2.3.10.8 Image analysis for cell junctions and vesicular segmentation:-  

A custom MATLAB script was written to quantify the intensity of staining at the 

cell borders and in vesicles. This script is available online 

(https://github.com/mbergins/edge_staining_quantification). Briefly, a high-pass filter is 

applied to either the E-cadherin Ecto or Cyto domain-staining image. The high-pass 

filtered image is then segmented to find the cell edges using a threshold determined by 

the standard deviation of the image pixels and a fixed multiplier. Vesicular areas were 

segmented using the same strategy of applying high-pass filter and thresholding. The 

threshold used to segment the vesicles was fixed to allow comparisons of the segmented 

areas across multiple staining intensities. 

2.3.10.9 Western blot analysis:  

Cells were washed twice in PBS buffer, and lysed in ice-cold lysis buffer [10% 

Glycerol, 2 mM EDTA, 250 mM NaCl, 50mM Hepes, 0.5% NP-40, protease inhibitor 

cocktail (Sigma)]. Cell lysates were centrifuged for 10mins at 13000 RPM at 40C. 

Supernatants were separated and pellets of cell debris were discarded. Loading buffer 

was added to the samples and boiled at 1000C for 5 mins, and were loaded onto 7.5% 

mini-protean tgx precast gels (Biorad), transferred to PVDF membranes, and exposed to 

appropriate antibodies to probe desired proteins. The blots were developed using 

Supersignal West Pico Chemiluminescent Substrate (Thermo Fisher), and the signal was 

https://github.com/mbergins/edge_staining_quantification
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detected on X-ray film (Kodak). Quantification of the blots was performed using ImageJ 

software with the Gel analysis plugin. 

2.3.10.10 Rho Pull downs:- 

Rho pull down assays were performed on confluent WT and VinKD cells using a 

readily available kit (Cytoskeleton Inc. Cat#BK036) following the manufacturer’s 

protocol.  

2.3.10.11 Cell stretching:  

Cells were plated to confluency overnight on the flexible-bottom wells (Flex I 

plates, FlexCell Intl.) Next day cells were subjected to ~ 10 constant uniaxial stretch by 

placing the Flex plates onto the base plate attached with loading posts for uniaxial 

stretch and applying weight onto the plates for 10mins.  

2.3.10.12 FRAP imaging and analysis:  

User-chosen regions of interest (ROI) in adherens junctions near the leading edge 

of migrating WT or vinculin KD MDCK layers were photobleached using a 515 nm laser 

(Andor FRAPPA) after taking four pre-bleach images. To ensure bleaching, 10 laser 

pulses with a dwell time of 1000 us per pixel were used. Pre- and post-bleach FRAP 

images were acquired using the aforementioned Venus excitation and emission filters 

every ten seconds until ten minutes post-bleach. The photobleaching and image 

acquisition were controlled through MetaMorph Advanced software (Olympus). 
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To analyze FRAP recovery, user-defined polygons were drawn to identify the 

bleached region as well as a region in the cell-free background at every time point. To 

calculate the normalized recovery, the average intensity of the background region was 

subtracted from the average intensity of the bleached region at each time point. The 

resulting curve was normalized to the average value of the background-subtracted pre-

bleach intensity. The percent recovery at the final time point was recorded for each 

curve. All recovery curves in the same group were averaged together and fit to a single 

exponential recovery equation: 

            Normalized Recovery = Rf - (Rf-Ro)e^-kt 

Where Rf is the final recovery, Ro is the initial recovery, and k is the recovery rate. The 

half-life of the recovery is determined by t1/2 = ln(2)/k. 

 

2.3.10.13 Time lapse microscopy:-  

All live cells migration experiments were carried out at 37 °C, 95% relative 

humidity and 5% CO2 environment inside a stand-alone cell culture incubator 

microscope (VivaView incubator microscope, Olympus). Time-lapse imaging was 

carried out using standard DIC optics and a 20X objective. Two successive images of the 

same field were taken at 4 min time interval.  
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2.3.10.14 Migration analysis  

The velocity field was mapped using optical flow (Vig et al., 2016).  Image stacks 

were processed with custom-written MATLAB (Mathworks, R2016a) software where the 

migrating cells were masked from the cell-free region using a coefficient variation filter 

and threshold.  The image stacks and custom-generated masks were analyzed using 

published optical flow software, which requires several additional parameters (Vig et 

al., 2016).  For our datasets, we determined the appropriate box size and blur standard 

deviation to be 48 and 8, respectively.  In addition, the arrow size was set to 64.  The 

mean speed for each image stack was computed from the resultant velocity fields.  Due 

to heterogeneities in cells expressing vinculin rescue or vinculin mutants, an additional 

post-processing mask was utilized.  In these cases, only velocities corresponding to the 

brightest 20% of cells were included during the calculation of the mean speed for an 

image stack. 
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3. Designing, Constructing and Validating a Novel 
FRET-based N-cadherin Tension Sensor 

Over the past decade there has been significant development in the field of 

mechanotransduction and an emerging appreciation for the importance of 

mechanical stimuli in diverse cell behaviors, including migration (Trepat et al., 

2009a) and differentiation (Engler, Sen, Sweeney, & Discher, 2006).  However, the 

tools required to study force sensitivity at the molecular level were not available 

until the recent development of Forster resonance energy transfer (FRET) based 

tension sensor. The development and use of FRET-based molecular tension sensors 

has enabled visualization of the mechanical loads experienced by specific proteins 

under different physiological conditions, such as migration (Grashoff et al., 2010), as 

well as changes in the loads in response to different mechanical stimuli, such varying 

rigidities (A. Kumar et al., 2016) and defined cell shapes (Rothenberg et al., 2015). A 

variety of tension sensors have been successfully incorporated into several proteins 

of interest. A partial list of proteins includes vinculin (Grashoff et al., 2010), E-

cadherin (Borghi et al., 2012), PECAM (Conway & Schwartz, 2015), actinin (F. Meng 

& Sachs, 2011),  and spectrin (Verma et al., 2012). This part of my thesis involves 

creation of N-cadherin tension sensor. 

3.1 Significance of N-cadherin  

N-cadherin (N-cad) also known as Cadherin-2 (CDH-2) or neural cadherin 

belongs to “Classical Cadherin” superfamily. N-cadherin is expressed in multiple 
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specialized cell types such as neurons (Mendez, De Roo, Poglia, Klauser, & Muller, 

2010), neural crest cells (Monier-Gavelle & Duband, 1995) , cardiomyocytes (Kostetskii et 

al., 2005), skeletal muscle cells (George-Weinstein, Gerhart, Blitz, Simak, & Knudsen, 

1997), vascular smooth muscle cells (Koutsouki et al., 2005), and in some cancer cells 

(Nieman, Prudoff, Johnson, & Wheelock, 1999). Here I will review the importance of N-

cadherin with preference on issues pertinent to migration and mechanotransduction. 

N-cadherin is expressed in specialized multipotent neural crest cells, which 

during development migrate to various destination sites in order to differentiate into a 

variety of cells, including cardiomyocytes, neurons, and melanocytes (Luo, High, 

Epstein, & Radice, 2006; Monier-Gavelle & Duband, 1995; Theveneau & Mayor, 2012). 

N-cadherin knock out mice die by day 10 of gestation with several developmental 

defects, such as abnormal heart development and perturbed morphogentic processes 

(Radice et al., 1997). N-cadherin also plays a crucial role in establishing left-right 

asymmetry in developing organisms (Mendes, Martins, Cristovao, & Saude, 2014). 

In cardiomyocytes, N-cadherin is expressed in intercalated discs facilitating 

mechanical and electrical coupling (Zuppinger, Eppenberger-Eberhardt, & Eppenberger, 

2000). Cardiomyocyte specific deletion of N-cadherin in the embryonic heart exhibits 

dilated cardiomyopathy, possibly due to defects in the intercalated disc. Similarly, 

ablation of N-cadherin in the adult heart results in impaired cardiac function due to 

disrupted intercalated disc formation, leading to death due to tachycardia (Kostetskii et 
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al., 2005). As mentioned earlier in chapter 1, cell-cell junctions are important 

mechanosensitive structures. N-cadherin plays a role in formation of these junctions in 

cardiomyocytes, suggesting a role in mechanosensitive signaling in these cells. 

N-cadherin is the major cadherin subtype of the brain and localizes to synapses 

(Fannon & Colman, 1996) and concentrates adjacent to the transmitter release zone 

(Uchida, Honjo, Johnson, Wheelock, & Takeichi, 1996). Conditionally deleting the N-

cadherin gene in the mouse cerebral cortex completely randomizes the intra-cortical 

structures (Kadowaki et al., 2007). N-cadherin also plays a crucial role in learning and 

memory (Bliss & Collingridge, 1993; Priya & Yap, 2015).  Early research into synaptic 

cadherin junctions proposed that they stabilize or “lock-in” place pre- and post-synaptic 

connections, thereby generating a mature synapse (Fannon & Colman, 1996) and 

suggesting a mechanical role of N-cadherin in these structures.  

Epithelial to mesenchymal transition (EMT), a process where cells need to detach 

from there neighboring cells, change their shape and polarity, and migrate, is a key 

event that occurs before cancer metastasis. One of the key process involved in EMT is 

where cells undergo cadherin switching where N-cadherin is upregulated during 

metastasis (Priya & Yap, 2015) and E-cadherin, or another dominant cadherin, is 

downregulated. Balance between suppression and promotion of invasion has been 

shown to be maintained by cadherins (Wheelock, Shintani, Maeda, Fukumoto, & 

Johnson, 2008). For instance, in most carcinomas E-cadherin functions as an invasion 
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suppressor while N-cadherin, as an invasion promoter, is frequently upregulated. In 

epithelial cells, expression of N-cadherin induces changes in morphology to a 

fibroblastic phenotype, rendering the cells more motile and invasive. However in some 

cancers, like osteosarcoma, N-cadherin may behave as a tumor suppressor.  

N-Cadherin also mediates linkages among VSMCs (C. Lyon, Mill, Tsaousi, 

Williams, & George, 2011; Uglow et al., 2003). N-cadherin, the most predominant 

cadherin in these cells, is shed from the surface of human sephanous vein VSMCs and 

retards VSMCs proliferation, most likely by modulating beta-catenin mediated 

intracellular signaling (Uglow et al., 2003). Disruption of N-cadherin contacts, mediated 

by MMP-based processing of the AJs, releases -catenin into the cytoplasm to trigger cell 

proliferation (Uglow et al., 2003). N-cadherin is upregulated after wounding in VSMCs 

in vitro and promotes VSMC migration. N-cadherin is also essential for VSMCs survival 

via activation of Akt (Koutsouki et al., 2005).  

Looking at the wide range of functionality of N-cadherin and the previously 

described mechanosensitive role of cadherin junctions, I designed a FRET based 

molecular tension sensor for N-cadherin to visualize forces across N-cadherin in 

different cell types such as vascular smooth muscle cells, cardiomyocytes, cancer cells, 

and neurons. 

In this chapter, I will focus on the design, construction, validation and 

application of a FRET based N-cadherin tension sensor (NcadTS). A detailed protocol 
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summarizing this work, entitled “Construction, imaging, and analysis of FRET-based 

tension sensors in living cells” has been published by our lab in Methods in Cell Biology 

(LaCroix et al., 2015). 

3.2 Design, Production and Validation of N-cadherin tension 
sensor 

3.2.1 Required constructs 

In order to create a FRET based tension sensor, a tension-sensing module (TSM) 

needs to be placed within the protein of interest between domains capable of bearing 

force. The TSM is made up of two fluorophores linked by an unstructured flexible 

linker. When tension is applied across the target protein, this linker extends, increasing 

the distance between the fluorophores and reducing amount of FRET. As not all proteins 

will be amenable to this insertion, a variety of control constructs must be created to 

establish the functionality of any new tension sensor. These include: 

1. Full length tension sensor (Fig 3.1) 

2. Force-insensitive tension sensor: This construct is designed to validate that the 

tension sensor is indeed bearing load, through the establishment of the zero-force 

FRET signal. This sensor can be created through a “tailless” construct, which 

lacks a required load-bearing domain (Fig 3.1). In the case of N-cadherin, a 

truncated version of N-cadherin lacking the -catenin-binding domain, through 

which N-cadherin interacts with actin, was utilized as a force insensitive control. 



 

119 

The advantage of a tailless control is that the sensor will likely localize in a 

manner very similar to the full-length protein. 

In addition to the tailless tension sensors, another approach for 

measuring the FRET values associated with no applied load is by expressing the 

TSM in the cells. This zero force FRET control is very useful, as truncated 

proteins often have unwanted biological activities that affect the cell behavior. 

The disadvantage of this approach is that the TSM will be uniformly distributed 

throughout the cytosol, unlike most protein of interest. 

3. Functionality control: The protein of interest is tagged with the acceptor 

fluorophore at a terminus such that protein function is maintained. In case of N-

cadherin, the functionality control created was N-cad-Venus. 

 

Figure 3-1: Construts designed for visualizing N-cadherin tension 

Schematic illustration of N-cadherin constructs designed for visualizing 

tension across N-cadherin, and control constructs to validate accuracy of N-cadherin 

tension sensor. 
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3.2.1 Design and production of constructs 

In order to create any tension sensor an appropriate insertion site needs to be 

selected. The selection of insertion site depends on several factors. For generating the N-

cadherin tension sensor, a literature search was conducted to identify functional 

domains in N-cadherin. Portions of the N-cadherin that are relatively unstructured and 

clear of known protein binding domain were selected as possible insertion cites for the 

TSM. Insertion sites flanked by small, uncharged amino acids were favored, as these 

amino acids do not contain chemical moieties likely to be critical in dictating protein 

structure or function. Furthermore, as a VE-cadherin sensor had previously been 

developed, alignment of the sequences of N-cadherin and VE-cadherin were used to 

identify regions meeting these criteria in both proteins to assess the suitability of 

insertion at the same location as the existing tension sensor. Based on all the above 

considerations, the TSM for N-cadherin was placed in between the p120-catenin and -

catenin binding sites, which are conserved domains within different cadherins (Fig 3.3). 

 Typically, in the construction of FRET-based tension sensors, several potential 

insertion sites will have to be attempted, as some will result in poorly expressed or 

nonfunctional tension sensors. Previously restrictions enzymes were used to develop 

tension sensors. However several different molecular cloning tools are available to build 

the required constructs such as overlap extension, and Gibson Assembly which enables 

seamless cloning without the cloning “scars” of additional amino-acids acquired with 
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the use of restriction enzymes. In order to design a seamless fusion protein with no 

added base pair residues, an Overlap extension PCR protocol (Bryksin & Matsumura, 

2010) was adapted to create the NTS, the details of which are discussed in details in the 

Appendinx A. Briefly, the overlap extension PCR cloning requires two sets of PCR 

reactions. The first PCR creates a linear insert (in this case TSMod) with overhang 

sequences homologous to both ends of insertion site (in this case N-cadherin). These 

overhangs allow the linear insert PCR product to act as a mega primer on the target 

plasmid (pcDNA 3.1 N-cadherin) (Fig 3.2). Using the PCR cycles for denaturation and 

annealing, the insert strands hybridize to the target plasmid and extend to form new 

double-stranded plasmid resulting in the final product as a double-stranded fusion 

plasmid with two nicks (one on each strand). The template vector plasmid (pcDNA3.1 

N-cadherin) used for generation of new plasmid with the insertion (pcDNA3.1 NTS) is 

Dpn-I digested to get rid of methylated DNA which would interfere with the next step 

of transformation in the bacteria for further expansion of DNA.  As a final step the 

relaxed double-stranded plasmid is then transformed into competent bacterial cells, 

which seal the nicks with DNA repair enzymes. This bacterial culture is expanded to 

acquire the required construct of tension sensor. 
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Figure 3-2: Overlap extension PCR protocol 

Adapted from (LaCroix, Rothenberg, Berginski, Urs, & Hoffman, 2015). 

Primer 1 and Primer 2 were designed with overhangs with homologous sequences 

for N-cadherin on either sides of insertion site. Primer 3 is the mega primer with 

TSMod in the middle and homologous sequences for N-cadherin (protein of interest) 

on both sides. 
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Figure 3-3: Alignment of Cadherin sequences 

VE-cadherin and N-cadherin were aligned to demarcate the conserved 

domains in different cadherins and determine the site of insertion of TSMod into N-

cadherin. 
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3.2.1 Biochemically validating the tension sensor 

Incorporation of two fluorescent proteins within the target protein can affect the 

functionality of that protein. To be able to visualize the physiological levels of tension 

borne by a protein it is necessary to first ensure that the biological function of any new 

tension sensor is indistinguishable from the endogenous protein. Although several 

tension sensors have been created, not all target proteins will maintain function after 

insertion of the TSM. Also, the location of the insertion site can dramatically affect a 

sensor’s ability to recapitulate endogenous protein function. Hence, to validate the N-

cadherin tension sensor, several different tests were performed. 

• To ensure that the tension sensor is expressed at the expected molecular weight      

and is not subject to degradation sodium dodecyl sulfate -polyacrylamide gel 

electrophoresis and Western Blot analysis were performed. 

 To show that the localization of the NTS and endogenous N-cadherin protein 

are identical NTS was expressed in confluent cells, where NTS localized to the 

junctions. 

• In order to demonstrate that the insertion of TSM within the target protein (in 

this case N-cadherin) has not disrupted the functionality of that protein, it is 

necessary to test the ability of the tension sensor to restore a cellular function 

that is lost upon lack of expression of the endogenous target protein. A10 

vascular smooth muscle cells lack endogenous N-cadherin. I expressed NTS in 
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A10 vascular smooth muscle cells, and demonstrated its ability to localize to 

the cell-cell junctions and restore -catenin localization to the junctions. 

Similarly NTS restored AJ formation in L1 cells (lacking all cadherins).  

 To demonstrate that the NTS is sensitive to endogenous forces, cytoskeletal 

inhibitor Y-27632 was used. In the presence of Y-27632, N-cad tension was 

abolished showing zero tension similar to NTL and confirmed the ability of 

NTS to sense cytoskeletal tension (Fig 3.7). 

 

3.2.2 Imaging of the N-Cadherin tension sensor 

FRET is a process of energy transfer from one excited fluorophore to the second 

fluorophore in close proximity. FRET only occurs when there is significant overlap 

between the wavelengths that donor emits and acceptor absorbs. Also, the energy 

transfer is a function of the separation distance of the two fluorophores, decreasing as 

they are separated and no longer occurring at distances greater than 10-12 nanometers 

for most genetically-encoded fluorophores.  

There are many means of measuring FRET. In this work we used the method of 

sensitized emission. In order to measure FRET in this fashion, we need to quantify the 

following: 

1. Donor emission in response to the light capable of exciting the donor 

fluorophore.  
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2. Acceptor emission in response to the light capable of exciting the donor 

fluorophore.  

3. Acceptor emission in response to light that will selectively excite the acceptor 

fluorophore. Notably this signal is independent of FRET and is directly 

proportional to the concentration of FRET probes. 

   To accurately measure these signals, several additional corrections factors are 

required. Due to the significant spectral overlap between the donor and acceptor 

fluorophores that is needed for the FRET to occur, contamination of the three signals 

mention above occurs within the imaging channels. These contaminations are classified 

by the fluorophores they originate from and the imaging channels they appear in. 

Spectral bleed-through refers to the light from an individual fluorophore appearing in 

the FRET channel. Cross-talk refers to donor or acceptor emission being detected the in 

acceptor or donor channel, respectively.  With properly designed filter sets, cross-talk is 

typically negligible, while spectral bleed-through must be quantified and removed.  

Also, there are many artifacts induced by even the most finely tuned imaging 

system that must be corrected for to obtain meaningful data from FRET experiments. 

These are typically done through the use of automated software. Over the past several 

years the Hoffman Lab has compiled a library of software custom-designed for this 

purpose. The most important steps are commonly used in diverse imaging application 

and are not discussed in detail here. Particularly critical aspects include dark field and 
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shading corrections, image registration, and background subtraction (LaCroix et al., 

2015). Once these corrections have been made, FRET can be quantified either as relative 

measure, referred to as a FRET index, or an absolute measure, referred to as FRET 

efficiency. The determination of FRET efficiency requires several additional control 

constructs and the determination of two more correction factors. However, these 

absolute measurements allow determination of the separation distance of the 

fluorophores and the forces experience by the TSM. FRET Index measurements are often 

utilized early in the development of a sensor, before all the required control constructs 

have been made and the correction factors determined. 

To demonstrate its broad applicability NCadTS was imaged in several different 

cell lines. These include cardiomyocytes (Fig: 3.4), T24 cancer cells (Fig 3.5), A10 and 

MOVAS VSMCs (Fig 3.7) & Neurons (Fig 3.8).  
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Figure 3-4: Tension across N-cadherin in junctions of different 

morphologies in Cardiomyocytes 

N-cadherin bears higher tension in stretched junctions in cardiomyocytes as 

compared to smooth junctions. Note that lower FRET Efficiency values, indicative of 

higher forces, are observed in the NTS, but not the force-insensitive NTL control. 
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Figure 3-5: Tension across N-cadherin in T24 cancer cell line 

A. Representative images of T24 cancer cells expressing NcadTS and NcadTL.  

B. Quantification of FRET index values for NcadTS and NcadTL.  
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3.3 Application for the N-cadherin tension sensor in 
understanding the mechanobiology of vascular smooth muscle 
cells 

 

The N-cadherin tension sensor is now being used to answer several different 

biological questions in a variety of cell-lines. I chose to focus on the role of N-cadherin in 

determining the response of VSMCs to cyclic stretch (Hayakawa, Sato, & Obinata, 2001), 

as this mechanosensitive function is important in both function of these cells and often 

perturbed in disease states (R. T. Lyon, Runyon-Hass, Davis, Glagov, & Zarins, 1987).  

 

3.3.1 Mechanosensitive role of N-cadherin in VSMCs 

The forces generated by blood flow (Hahn & Schwartz, 2009) and the 

composition of the vessel wall (Lemarie, Tharaux, & Lehoux, 2010) are key determinants 

of the vascular mechanical microenvironment. VSMCs are primarily subjected to cyclic 

stretch whereas endothelial cells primarily experience shear stress. VSMCs respond to 

these mechanical stimuli by modulating gene expression and cellular functions such as 

proliferation, migration, and remodeling (Albinsson, Nordstrom, & Hellstrand, 2004; 

Cunningham, Linderman, & Mooney, 2002). These mechanical cues are often perturbed 

in vascular disease states (Goguen, Hoffman, Sellers, Schwartz, & Imperiali, 2011; Kohn, 

Lampi, & Reinhart-King, 2015). For instance, atherogenesis is associated with areas of 

perturbed hemodynamics (Hahn & Schwartz, 2008; Orr, Helmke, Blackman, & 



 

131 

Schwartz, 2006).  However, how these perturbed mechanical variables affect the function 

of vascular cells is poorly understood. 

To better understand the response of VSMCs to periodic variations in vessel 

radius resulting in the cyclic stretch of VSMCs, investigators have designed an in vitro 

model assay. By culturing VSMCs on deformable substrate and subjecting them to cyclic 

stretch, investigators can now study cellular responses of VSMCs to mechanical strain. 

Mechanotransduction at AJs and FAs is thought to be critically important in the 

response of VSMCs to cyclic stretch, but the underlying mechanisms are poorly 

understood. One of my goals for this project was to determine if N-Cadherin bears load 

and mediates mechanosensitive response in VSMCs. 

 

3.3.1.1 N-cadherin mediates stretch induced mechanosensitive response in VSMCs  

To address this hypothesis, the importance of N-cadherin to mediate 

mechanosensitive behavior in VSMC was investigated. Two different vascular smooth 

muscle cell types were used: MOVAS cells that express N-cadherin, and A10 cells which 

do not (Sabatini, Zhang, Silverman-Gavrila, Bendeck, & Langille, 2008). Cells were 

subjected to cyclic uniaxial stretch using the Flexcell FX5000 tension system. A common 

measure of the mechanosensitivity of VSMCs is their ability to align to a cyclic uniaxial 

stretch (Haga, Li, & Chien, 2007). As shown in Fig.3.6, MOVAS cells aligned, while A10 
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cells lacking N-Cadherin did not. These data demonstrate a potential role for N-

Cadherin in mediating the mechanosensitivity of VSMCs. 
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Figure 3-6: N-cadherin mediated stretch induced mechanosensitivity in 

VSMCs  

In response to 1 Hz, 10% uniaxial stretch for 24 hours, MOVAS cells with N-

Cadherin align, while A10 cells lacking N-Cadherin do not. F-actin is visualized with 

phalloidin. Arrows show direction of stretch. 
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3.3.1.2 N-cadherin bears load in VSMCs  

Next I assessed the ability of N-cadherin to bear load in VSMCs was assessed. 

NcadTS in MOVAS and A10 cells demonstrate high tension across AJs whereas N-

cadherin tailless, a force insensitive construct, shows no tension (Fig 3.7). Furthermore, 

ablating cytoskeletal tension in VSMCs through Y-27632, significantly reduces the 

tension across N-cadherin. 

 

Figure 3-7: Tension across N-cadherin in two different types of Vascular 

smooth muscle cells  

(A, C) Images of FRET efficiency (left) and probe concentration (right) of 

NcadTS in A10 (A) and MOVAS (C) cells. B, D) Quantification of FRET efficiency 

of NcadTS and NcadTL. To inhibit contractility MOVAS were treated with 50 mM 

Y-27632 for 30 min. Mean ± SE shown, scale bars = 30 μm 
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Another common theme in vascular disease states is excessive activation of the 

small GTPase RhoA (Nunes, Rigsby, & Webb; Shi & Wei, 2013), which is a potent 

regulator of cell contractility (Chrzanowska-Wodnicka & Burridge, 1996), migration 

(Machacek et al., 2009), and proliferation (W. F. Liu, Nelson, Tan, & Chen, 2007), as well 

as ECM deposition (Lemmon, Chen, & Romer, 2009; S. Li, Van Den Diepstraten, 

D'Souza, Chan, & Pickering, 2003). Importantly, competing mechanical cues from 

healthy neighboring cells inhibit many of these cell processes through the activation of 

Rac1 (Betson, Lozano, Zhang, & Braga, 2002; Noren, Niessen, Gumbiner, & Burridge, 

2001; Wildenberg et al., 2006), an inhibitor of RhoA. These data suggest a signaling 

network linking the mechanical microenvironment and RhoGTPase signaling, a detailed 

understanding of which could reveal novel therapeutic targets for atherosclerosis and 

other vascular diseases.  

3.3.1.3 N-cadherin tension regulates RhoGTPase signaling in VSMCs. 

In a healthy microenvironment, VSMC exist in a non-migratory homeostatic 

state, with active Rac1 preventing proliferation, migration, and contractility (Andre et 

al., 2014). The ECM present in this healthy microenvironment for VSMCs is collagen. In 

contrast, in diseased microenvironment, VSMCs deposit fibronectin and become 

migratory by disrupting junctions, exhibiting high contractility, and high levels of active 

RhoA. Based on these previously published observations, I hypothesize that N-cadherin 
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tension is involved in regulating Rac1 activity thereby maintaining healthy mechanical 

microenviroment of VSMCs. 

To begin to test this hypothesis active Rac was pulled down from MOVAS and 

A10 cells. Increased levels of active Rac were observed in MOVAS cells as compared to 

A10 cells, which is consistent with our hypothesis (Fig: 3.8).  
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To further address this hypothesis, VSMCs expressing NcadTS should be plated on 

collagen as well as fibronectin and probed for binding partners such as catenins, 

vinculin, and actinin. I expect differential N-cadherin tension on collagen when 

compared to fibronectin, which might lead to differential binding of scaffolding or 

signaling proteins thereby differentially regulating RhoGTPases. 

 

 

 

 

 

Figure 3-8: Active Rac pull-down assays in two different types of Vascular 

smooth muscle cells   

Active Rac was pulled down from MOVAS and A10 cells using Rac pull 

down assays. Quantification of active Rac in Movas and A10 cells. 
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3.4 Genetically-Encoded N-Cadherin Tension Sensor Reveals 
Localized Tension Association with Synapse Maturation 

This work was done in collaboration with Horwitz lab at the University of 

Virginia and is being submitted for publication. My contribution to this data was 

supplying the NcadTS as well as advising on pertinent aspects of the FRET imaging, 

which is the focus of this section. 

Dendritic spines are actin-enriched protrusions that serve as the major site of 

excitatory neurotransmission in the central nervous system.  N-cadherin is involved in 

synaptogenesis and maturation of synapse (Kadowaki et al., 2007; Mendez et al., 2010). 

In non-neuronal cells, the contractile activity of non-muscle myosin II exerts forces on 

actin-associated adhesions.  We hypothesized that N-cadherin tension is involved 

maturation of synapse. Using a genetically encoded N-Cadherin FRET tension sensor, 

we tested whether non-muscle myosin II activity similarly generates force across the 

synapse (Fig: 3.9).  Additional work with the tension sensor demonstrated that non-

muscle myosin II drives localized forces specifically across mature synapses.  Myosin II 

inhibition disrupted tension across N-Cadherin coincident with a reversion to immature 

spine morphologies. In total, this work demonstrates the existence of synaptic forces that 

underlie localized signaling events, leading us to propose that the synapse functions as a 

mechanosensory unit of the brain. 
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Figure 3-9: N-cadherin tension sensor reveals synaptic forces in neurons  

(A) N-Cadherin predominantly localizes to excitatory glutamatergic 

synapses, where it is concentrated in punctae at the tip of post-synaptic spines. (B) 

NCad-TS similarly localizes to synaptic punctae. Using ratiometric imaging to 

measure FRET in these various punctae, we observed decreased FRET specifically 

within mature mushroom-shaped spines (subpanel b), suggesting that tension is 

localized specifically across mature synaptic adhesions. 
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4. Summary and future directions 

Over the last few years field of mechanotransduction has been gaining a lot of 

appreciation due to its involvement in guiding several physiological and patho-

physiological processes. The ability of sub-cellular structures to sense mechanical stimuli 

and initiate biochemical signaling has stimulated an interest in uncovering the milieu of 

proteins with the ability to sense, bear and transduce tension. Vinculin is one such 

protein, which localizes to both the FAs and AJs, and has been previously shown to play 

a mechanosensitive role in FA dynamics and composition.  

In the present work, I have demonstrated a novel role of tension across vinculin 

in regulating the plasticity of AJs by regulating the clipping and internalization of E-

cadherin during collective migration of epithelial cells. In addition to this, I have also 

designed a novel FRET-based N-cadherin tension sensor and shown N-cadherin loading 

in a variety of cell types. This chapter summarizes my findings and discusses future 

implications of my research. 
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4.1 Summary of mechanosensitive role of Vinculin in regulating 
AJ dynamics 

Vinculin has primarily been studied in the context of FAs for its role in 

regulating FA architecture, composition, and more recently for its force sensitive 

regulation of FA dynamics. Even though vinculin has been found to be localized at AJs, 

not much research has been carried out on its role at AJs. Using a collective migration 

assay as a model for dynamic spatiotemporal forces in combination with a FRET-based 

molecular tension sensor, I have uncovered a novel force sensitive role of vinculin in 

internalization of E-cadherin, thereby regulating the turnover of E-cadherin at the 

junctions. 

As numerous previous studies have detailed the relationship between vinculin 

tension and FA dynamics and composition, we decided to more specifically investigate 

the mechanosensitive function of vinculin at AJs. First, by measuring vinculin loading at 

AJs during the spatiotemporally coordinated process of collective cell migration, we 

show a gradient of tension across AJ-localized vinculin from the leading edge of the 

layer towards the middle of the layer, indicating force could be driving processes in a 

spatially coordinated fashion. Next, to investigate the consequences of these 

observations in terms of vinculin’s role in regulating AJ dynamics and composition, we 

took advantage of VinKD MDCK cells exhibiting preferential loss of vinculin at AJs as 

compared to FAs, enabling us to specifically probe the role of vinculin at AJs. Vinculin 

inhibition resulted in abnormal AJ composition, specifically affecting the E-cadherin and 
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-catenin localization, indicating that the changes in vinculin expression affect the 

stoichiometry of the cadherin-catenin complex. To determine the extent to which this 

stoichiometric defect is driven by endocytosis versus cleavage, we probed the relative 

levels of E-cadherin extracellular and cytoplasmic domains, identifying a defect in 

MMP-dependent clipping of E-cadherin in VinKD cells. To further dissect apart the 

contribution of E-cadherin clipping and E-cadherin trafficking in regulating the surface 

levels of E-cadherin we used to same domain specific antibodies to 

immunofluorescently label E-cadherin domains. While both these antibodies labeled the 

junctions as expected, we found high levels of E-cadherin cytoplasmic domain in 

perinuclear vesicular compartments, in comparison with vesicular extracellular domain 

E-cadherin, only when in the presence of vinculin (vinculin inhibition resulted in 

complete loss of E-cadherin internalization), confirming the role of vinculin in E-

cadherin clipping. This vinculin-dependent E-cadherin internalization also correlates 

with the gradient of vinculin tension observed previously. Together this data 

demonstrates a role of vinculin, and likely vinculin force transmission, in E-cadherin 

clipping and internalization. 

In order to fully investigate the role of vinculin load transmission to AJs in E-

cadherin internalization processes, we used a series of vinculin mutants to specifically 

perturb two distinct vinculin functions. Vinculin load transmission to AJs was inhibited 

by either decreasing vinculin’s affinity to actin (I997A mutant) or by reducing the total 



 

144 

amount of vinculin at AJs (Y822F mutant). Interestingly, full-length vinculin cherry 

(VinC) but not VinCI997A or VinCY822F was able to rescue the internalization defect in 

VinKD MDCKs. The requirement for force in this process was confirmed by applying 

constant uniaxial stretch, which was seen to rescue E-cadherin internalization, even in 

VinKD cells. 

The observed E-cadherin internalization defect indicates that junctional 

dynamics are altered, which would in turn affect cell-cell connectivity and coordination 

required for collective cell migration. In order to directly probe junctional dynamics, we 

performed FRAP analysis on WT and VinKD MDCKs expressing E-cadCherry. We 

found significantly reduced E-cadherin turnover in VinKD cells, indicating a fraction of 

E-cadherin becomes immobilized at the AJ following a loss of vinculin. As E-cadherin 

turnover allows for positional rearrangements between cells, we finally hypothesized 

that this vinculin tension dependent E-cadherin clipping would affect the speed of a 

collectively migrating layer of MDCKs. Indeed, VinKD cells, VinCI997A cells and 

VinCY822F cells migrate slower as compared to WT MDCKs, demonstrating the 

necessity of tension across vinculin for efficient collective migration. Overall this work 

highlights the requirement of vinculin’s force dependent remodeling of E-cadherin 

junctions for efficient collective migration. 
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4.2 Future application in studying force sensitive clipping of 
other cadherins 

In summary, the present work has deciphered a novel force-sensitive mechanism 

for E-cadherin clipping which is analogous to previously-reported Notch receptor 

clipping. In the case of Notch clipping, endocytosis of ligand Delta offers the mechanical 

pulling force required for the MMP-dependent proteolytic clipping of the Notch 

receptor(Parks, Klueg, Stout, & Muskavitch, 2000).  Reduction in the levels of dynamin 

reduces Notch clipping and signaling. This raises the question regarding the generality 

of this force-sensitive MMP dependent clipping mechanism. 

In addition to E-cadherin, several other cadherins such as N-cadherin, P-cadherin 

and VE-cadherin also undergo proteolytic clipping. N-cadherin has been shown to 

undergo clipping in human saphenous vein VSMCs during proliferation, accompanied 

by translocation of -catenin to the nucleus thereby modulating intracellular signaling 

(Quasnichka et al., 2006). P-cadherin overexpression promotes cancer cell migration 

accompanied by MMP secretion, thereby leading to the cleavage of the P-cadherin 

ectodomain(Ribeiro et al., 2010).  Similarly, VE-cadherin shedding has been shown to 

correlate with endothelial cell apoptosis (Herren et al., 1998). 

All these findings raise an interesting possibility for the role of force in regulating 

the clipping of other cadherins. It would be informative to elucidate the role of vinculin 

tension in clipping of other cadherins. Since there are a lot more actin binding proteins 

scaffolding the AJ’s, it is also possible that, instead of vinculin, other mechanosensitive 
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proteins such as -catenin play a more prominent role in cadherin clipping in other cell 

types. 

4.3 Dissecting apart the role of -catenin vs -catenin in vinculin 
independent regulation of E-cadherin 

Vinculin’s binding to cadherins is indirect and is mediated through catenins. 

Previous studies have reported the importance of vinculin--catenin binding for cell 

surface localization of E-cadherin(Peng et al., 2010). On the other hand the Yonemura 

and Leckband groups have observed the force-dependent recruitment of vinculin to 

cryptic binding sites in -catenin. Using cells in which either -catenin or -catenin are 

stably knocked down, it would be possible to further probe the functionality of 

differential binding of vinculin to catenins and its effect on surface E-cadherin levels. 

4.4 Role of vinculin tension in cancer metastasis 

The ability of cells to loosen their junctions in order to undergo physiological 

processes such as morphogenesis, tissue remodeling and wound healing is termed 

plasticity.  Another type of cellular plasticity, when cells loosen their junctions in order 

to break apart from the collective cohort and gain the migratory abilities of 

mesenchymal cells, is known as epithelial to mesenchymal transitions (EMT) (Corallino, 

Malabarba, Zobel, Di Fiore, & Scita, 2015). EMT has been shown to occur in wound 

healing, organ fibrosis and in the initiation of cancer metastasis (Corallino et al., 2015). 

As such, scores of research has been carried out to better understand this process of 
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EMT. For cells to break apart from the tumor environment they need to exert higher 

cellular traction forces (Kraning-Rush, Califano, & Reinhart-King, 2012). They also need 

to change their cell-cell adhesion properties and do so most prominently by altering the 

cadherins expressed on their surface (Wheelock et al., 2008). During the process of EMT 

in breast cancer, and in other epithelial cancers, there is downregulation of E-cadherin 

and upregulation of N-cadherin. In order to downregulate E-cadherin, the process of 

proteolytic clipping is upregulated. As I have demonstrated a novel role for tension 

across vinculin in clipping and internalization of E-cadherin, it would be interesting to 

determine if such a mechanism affects the migratory properties of cancer cells and/or 

drives cancer metastasis. 

4.5 Concluding remarks 

Overall, this thesis demonstrates the significance of molecular level forces in 

regulating the intracellular signaling thereby affecting the cellular behavior, in this case, 

cell migration. For decades, a lot of work has been carried out in understanding the 

biochemical regulation of cell migration. Recently there has been increasing appreciation 

for biomechanical regulation of cell migration. In vivo cells migrate collectively to 

regulate wide variety of physiological processes such as morphogenesis and tissue 

patterning, as well as pathological processes such as cancer metastasis. In vivo 

microenvironment also exerts a wide variety of mechanical stimuli including rigidity 

and confinement amongst others. Under healthy microenvironment mechanical cues 
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such as stiffness can regulate cellular differentiation (Engler et al., 2006), whereas under 

disease microenvironment such as tumor, it can affect cancer cell metastasis (Menon & 

Beningo, 2011). Understanding the effect of molecular tension in regulating cell behavior 

would potentially lead to better understanding the etiology of diseases such as 

atherosclerosis and cancer amongst others. 

 

 

 

Appendix A 

Megaprimer-based overlap extension 

This method is based on the creation of a megaprimer composed of the TSMod with 

overhangs homologous to the desired insertion site in the target protein (). In a PCR 

reaction with a plasmid containing the target protein, the overhangs will anneal at the 

insertion region and amplify the entire plasmid. 

Methods 

1. Design the following primers: 

a. Forward primer (Primer 1 in Fig 3.2): This primer should be ~60 bp in length and 

contain a 30 bp region corresponding to the sequence of the target protein upstream of 

the insertion site. The last 30 bp should correspond to the 3’-end of the donor 

fluorophore. 
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b. Reverse primer (Primer 2 in Fig 3.2): This primer should be ~60 bp in length and 

contain a 30 bp region corresponding to the sequence of the target protein downstream 

from the insertion site. The last ~30 bp should correspond to the 5’-end of the acceptor 

fluorophore. 

2. To generate the megaprimer (Primer 3 in Fig 3.2), perform a PCR reaction with the 

primers described, using a suitable plasmid containing TSMod as the template DNA. 

The reaction mixture should contain 10 mL 5X Phusion buffer, 1 mL 10 mM dNTP, 2.5 

mL 10 mM forward primer, 2.5 L 10 mM reverse primer, 2.5 mL DMSO, 0.5 mL 

Phusion polymerase, template DNA, and nuclease-free water to bring total volume to 50 

L. Due to the large size of the primers and this high melting temperature, we typically 

use a slightly simplified 

PCR cycle, in which annealing and extension both occur at 72oC: 

a. Initial denaturation: 98oC, 30 s 

b. Denaturation: 98oC, 30 s 

c. Annealing and extension: 72oC, 60 s/kb 

d. Final extension: 72oC, 300 s 

e. Twenty cycles of denaturation, annealing, and extension is usually sufficient to obtain 

amplification. 

3. Run the PCR products and a DNA ladder on a 1% agarose gel and extract the 

appropriately sized DNA fragment using a gel extraction kit. 
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4. Perform a second PCR that will result in the insertion of the megaprimer within the 

target protein. Here, it is critical that the megaprimer be used in large excess, typically a 

250:1 M ratio of megaprimer to vector. The reaction mixture should include 10 mL 

Phusion buffer, 1 L 10 mM dNTP, megaprimer, 2.5 L DMSO, 0.5 L Phusion 

polymerase, template DNA, and nuclease-free water to bring total volume to 50 L. A 

typical PCR program is: 

a. Denaturation: 98oC, 30 s 

b. Annealing: 60oC, 30 s 

c. Extension: 72oC, 60 s/kb 

d. Thirty cycles are typically sufficient. 

5. After PCR, use DpnI to digest the template plasmid, then heat-inactivate DpnI at 

80oC for 20 min. 

6. Transform 1-4 L of this reaction mixture into competent cells following 

manufacturer’s guidelines. 

7. Amplify and isolate DNA through standard protocols. 
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