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                                                                 ABSTRACT 

                  E-CADHERIN FORCE TRANSMISSION AND STIFFNESS SENSING  

Mazen Mezher 

Old Dominion University, 2023 

Director: Dr. Venkat Maruthamuthu 

 

E-cadherin is the chief mediator of cell-cell adhesion between epithelial cells and is a 

known mechanosensor. Force transmission and stiffness sensing are two crucial aspects of E-

cadherin mechanobiology.  

E-cadherin has an extracellular adhesive region, a transmembrane region and an 

intracellular region that binds to adhesion-associated proteins. Here, we assessed how different 

factors  affect the level of force transmission (i) from inside the cell such as adhesion-associated 

proteins, (ii) on the cell membrane, such as growth factor receptors and (iii) outside the cell, such 

as different binding partners in adhesion. To study the level of force transmission inside the cell, 

we studied the role of vinculin and α-catenin in transmitting endogenous forces at cell-cell 

contacts. We found that vinculin, not α-catenin, is pivotal for transmitting high endogenous forces 

at cell-cell contacts through E-cadherin. To study how the level of force transmission is affected 

by factors on the cell membrane, we investigated the effect of EGFR on the intercellular forces 

transmitted at cell-cell contacts. We found that EGFR activity significantly affects the level of 

intercellular forces. In order to understand how the level of force transmission depends on binding 

partners from outside the cell, we studied homophilic and heterophilic interactions of cadherins. 

We found that the intercellular tension for the heterophilic E-cad/N-cad interaction is higher than 

the homophilic E-cad/E-cad interaction. Additionally, we also devised a modified traction force 
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microscopy method using a novel, simple strategy for coincident immunofluorescence and traction 

force microscopy.  

Moreover, E-cadherin adhesions reside in a microenvironment that is comprised of 

adjacent epithelial cells. We found that E-cadherin adhesions change their organization depending 

on the magnitude of the epithelial cell-like elasticity of their microenvironment. Such E-cadherin 

adhesions were of two types: linear shaped adhesions and irregularly shaped adhesions. We found 

that linear adhesions were dependent on formin-dependent linear actin bundles and irregular 

adhesions were dependent on high local actin density. Thus, we found that actin is a crucial 

determinant of how E-cadherin adhesions are organized in response to cell-like soft 

microenvironments. All these findings have important implications for tissue development 

(morphogenesis), dysregulation (such as during  cancer progression) as well as tissue engineering.  
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                                                                                       CHAPTER 1 

                                                         INTRODUCTION 

 

Cells are the basic units of all living bodies. In epithelial tissues, cells physically cohere 

together in order to form a well-organized multicellular structure. Cells adhere to each other 

through cell-cell junctions, or through the connection to the extracellular matrix (ECM), a network 

of polysaccharide chains and proteins, secreted by the cells. The junctions between cells allow 

them to exchange many signals by creating pathways for communication and to form a stable 

junction that allows the epithelial cells to form tissues in the body. Cell adhesion has a crucial role 

in the development of tissues, and it stimulates signals that control tissue differentiation, migration, 

and survival of the cells. In this chapter, I provide a general overview of cell adhesion and the 

methods used to measure forces transmitted through cell-cell contacts and forces exerted by cells 

on the extracellular matrix.  

1.1 Cell Adhesion 

 

Cell adhesion is the process by which a single cell physically interacts with neighboring 

cells or with the extracellular matrix. Cell junctions are contact sites that join the surfaces of two 

adjacent cells or the surfaces of a cell and the extracellular matrix. In epithelial tissues, cells form 

an epithelial cell sheet where cells are closely bound together. The extracellular matrix closest to 

epithelial cells consists of a thin layer called basal lamina that underlies one face of the epithelial 

sheet. Within the epithelium, the cells are directly attached to one another by cell-cell junctions, 

where the cytoskeletal filaments are anchored and transfer stresses from one adhesion site to 

another across the interior of each cell. The junctions between adjacent cells or between cells and 

extracellular matrix have several structures and many functions. In general, there are four classes 
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of cell junctions: (i) Anchoring junctions that are attached to cytoskeletal filaments inside the cell 

and include both cell-cell adhesions and cell-matrix adhesions. (ii) Occluding junctions seal the 

gaps between epithelial cells and make a cell sheet that serves as a selectively permeable barrier. 

(iii) Channel-forming junctions link the cytoplasm of adjacent cells by creating passageways for 

small molecules and ions to pass from one cell to another. (iv) Signal-relaying junctions transmit 

signals between two cells through their plasma membrane at cell-cell adhesion site [1]. Different 

techniques have been applied to analyze cell adhesion in order to determine the adhesion properties 

of normal cells [2]. Several studies have demonstrated that cell adhesion is important for tissue 

integrity [3], migration [4] and wound healing [5]. Improved knowledge of cell adhesion can 

improve drug delivery systems [6]and suggest means of attenuating cancer cell metastasis [7]. 

Understanding cell adhesion can also help develop novel biomaterials that enhance the design of 

implanted sensors and artificial tissue constructs [8]. It is also crucial for finding treatments for 

diseases such as kidney disease [9],  or Alzheimer’s disease [10].  

1.2 Cadherins and Cell-Cell Adhesion 

 

Cadherins are cell surface proteins that are dependent on Ca2+ ions. Several classical 

cadherins were discovered and were named according to the main body tissues in which they were 

found E-cadherin is present in epithelial tissues, N-cadherin is present in neural tissues, VE-

cadherin is present in endothelial tissues. In epithelial tissues, the main classical type of cadherin 

that mediates interactions at the cell-cell contact is E-cadherin. E-cadherin has an extracellular 

region, a transmembrane region and an intracellular region. The extracellular region of E-cadherin 

of one cell binds homophilically to the extracellular region of E-cadherin of the neighboring cell, 

however the intracellular region of E-cadherin binds to p120-catenin and β-catenin. β-catenin in 

turn binds to α-catenin. E-cadherin also binds to actin filaments through the catenin complex on 
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both sides of the junction at the cell-cell contact (Figure 1). The tension exerted through E-cadherin 

is produced by the actomyosin complex. E-cadherin plays an important role in influencing 

morphogenetic changes, differentiation, and remodeling [11]. The contacts between neighboring 

cells with cadherin junctions are mechanically active structures. Cadherin adhesion couples the 

contractile cortices of neighboring cells in order to provide tension transmission at the adhesion 

site [12]. The regulation of cell-cell junction dynamics is influenced by the actin cytoskeleton that 

is associated with E-cadherin adhesion receptors [13]. An intact actin cytoskeleton is required for 

a functional cadherin adhesion. Physical coupling with the actin cytoskeleton is very important for 

cadherins to establish junctions that resist mechanical stress.  

 

 

Figure 1: A schematic depiction of the transmembrane protein E-cadherin at the cell-cell contact 

linked to the actomyosin network. 
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1.3 Integrins and Cell-ECM Adhesion  

 

Integrin is a matrix receptor molecule composed of two noncovalently associated 

glycoproteins called the α and β subunits. Integrin heterodimerization occurs intracellularly prior 

to the transport to the plasma membrane surface.  In vertebrates, the family of integrins is 

composed of 18 α subunits and 8 β subunits that can form 24 different heterodimers [14]. The head 

of the integrin attaches to an extracellular matrix protein such as fibronectin or laminin, and the 

intracellular tail of the integrin binds directly to a set of intracellular anchorage proteins to form 

focal adhesions [1]. Focal adhesions help to reinforce the linkage between the extracellular matrix 

and the actin filament and include proteins such as vinculin and paxillin (Figure 2).  Focal adhesion 

proteins act as mechano-sensors that allow cells to respond to matrices of various molecular and 

physical properties. Several types of cell-ECM adhesions are defined by their subcellular location, 

composition, and size. Focal complexes, which are smaller than focal adhesions, are located at the 

periphery of migrating or spreading cells. They are regulated by small G-proteins that regulate and 

control actin dynamics such Cdc42 and Rac, and lead to larger focal adhesions that are regulated 

by Rho activity. Integrins can be activated in two different ways, either from a cytoplasmic signal 

or from the extracellular matrix. Inside-out signaling occurs when integrins become activated in 

response to a cytoplasmic signal (talin binding) [15]. Outside-in signaling occurs when external 

signals from ligand binding activate integrin [16]. Integrins transmit molecular and mechanical 

signals across the cell membrane in both directions. This influences cell behavior, from survival 

and proliferation to guidance of migration and cell polarity [17]. Defects in integrin-based 

adhesion leads to genetic diseases including kidney and skin disease [18]. Several studies have 

shown that sensing of the microenvironmental stiffness through integrins regulates cell 

morphology and cell migration [19]. Moreover, studies have demonstrated that the cell spread area 
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is influenced by the molecular tension at integrin-ECM bonds [20,21,22]. For instance, cells with 

larger molecular tension (high forces across proteins) have larger spreading area [23].       

 

 

Figure 2:  A schematic depiction of integrin and focal adhesion proteins and their linkage to the 

actomyosin network.       

 

1.4 Importance of Cell Adhesion and Force Transmission 

  

In epithelial tissues, cells are in contact with neighboring cells and with the extracellular 

matrix. Cells are contractile and are subjected to stretching, compression, and shear forces. Forces 

are both generated internally within the cell by the cytoskeleton and exerted externally by adjacent 

cells and the extracellular matrix. Internal forces are generated by the actomyosin network that is 

composed of non-muscle myosin II motor linked to filamentous actin (F-actin). The actomyosin 
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network is crucial for providing structural integrity by linking different parts of the cell membrane 

and the cell membrane to the nucleus of the cell. External forces are either transmitted between 

two adjacent cells through intracellular and intercellular proteins such as cadherins and between 

the cell and the extracellular matrix through proteins such as integrins. Forces are transmitted 

through cell-cell adhesion clusters consisting of E-cadherin that bind to β-catenin, which in turn 

binds to α-catenin and mediate interaction with the actin cytoskeleton inside the cell [24]. When 

the linkage between the actomyosin machinery and the adhesions are strong, the transmission of 

forces is more efficient. Force transmission is crucial for cell adhesion [25], cell division, cell 

migration, morphogenesis and tissue integrity [26]. Dysregulation in force transmission may result 

in tissue stiffening, wound healing failure and cancer.  

1.5 Role of Intracellular Adhesion-associated Proteins in Cellular Mechanotransduction 

 

Cells sense and respond to forces by converting the mechanical information into 

biochemical signals that produce specific cellular responses - this process is called 

mechanotransduction. Intracellular adhesion-associated proteins play an important role in cell-cell 

adhesion and in cell-ECM adhesion.  To study how cellular functions are regulated by mechanical 

forces, cells should not be considered as isolated units, but their physical contact with adjacent 

cells or the extracellular matrix needs to be considered. The structural organization of the cell is 

affected by the adhesion of cells to the extracellular matrix. For instance, bonding and clustering 

of integrins against the ECM ligands influence cell shape and cytoskeletal architecture [27]. At 

cell-cell adhesion sites, catenins and other intracellular proteins regulate force transmission. Knock 

out of α-catenin in cells alters the force response and reduces the affinity of E-cadherin [28]. 

Therefore, α-catenin contributes to strengthening adhesions and modulating the transmission of 

forces especially during collective cell migration. Upon knocking out β-catenin, adherens 
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junctions become very weak in response to the application of external stress [29,30].  Adherens 

junctional tension is reduced after the direct or indirect depletion of RhoA [31]. The contractility 

of actomyosin is the origin of the pulling forces on the adhesion sites. Tensile stress at cell-cell 

contacts is sensed by the intracellular proteins of the cadherin-catenin family: tension reveals 

binding sites of α-catenin, leading to the recruitment of vinculin, which provides further binding 

sites for actin filaments. The recruitment of vinculin is thus expected to reinforce junctions at the 

cell-cell contact and strengthen the mechanical properties of adhesion sites [24]. 

1.6 Measuring Cell-ECM Traction Forces Using Traction Force Microscopy 

 

Cells constantly experience internal and external forces. Mechanical forces can be 

measured using several methods that can vary in their assumptions and in the experimental setup. 

Mechanical forces transmitted through cell-ECM have an impact on several cell processes. 

Therefore, it is crucial to understand and quantify cell-ECM forces. Traction force microscopy 

(TFM) is one quantitative method that is used to measure mechanical forces exerted by the cells 

on an elastic substrate [32]. In this method, a soft substrate (polyacrylamide or soft silicone) is 

used as a substrate for cells in order to measure the mechanical forces transmitted by the cells 

(Figure 3). Traction Force Microscopy (TFM) characterizes the deformation of a flexible substrate 

coated with fluorescent marker beads caused by the forces exerted by the cells onto the substrate 

(Figure3). The substrate deformation is captured by the bead displacement field that is generated 

from the comparison of the positions of the fluorescent marker beads on a stressed substrate 

(caused by cell force exertion) against the positions of the fluorescent marker beads on a relaxed 

substrate (in the absence of cells). This approach uses the bead deformation field to quantify the 

traction forces by using a computational method that employs elasticity theory. The traction force 

(F) is obtained by solving the Boussinesq equation: X=GF in which X is the displacement vector 
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field and G is Green’s function that takes into consideration all the mechanical properties. 

Computationally, one can solve the Boussinesq equation in Fourier space in what is called Fourier 

Transform Traction Cytometry (FTTC). Here, the traction forces are solved in Fourier space and 

the values of the traction forces are then calculated by implementing an inverse Fourier Transform. 

In vitro, several studies have demonstrated that high traction forces exerted on cell-ECM contacts 

can impact cell-cell contacts [33]. Therefore, the actomyosin tension at adherens junctions depends 

on traction forces at the cell-ECM interface. Adaptive transmission of forces is fundamentally 

important for the movements of the cells, changes in cell shape and tissue morphogenesis. Thus, 

measuring these forces using TFM is essential to understanding their role in cell function. 

      

 

Figure 3:  schematic description of the experimental setup of traction force microscopy (TFM). 

During day 1: The substrate is prepared with fluorescent beads and then cells are plated on the 

substrate.  During day 2: A fluorescence microscope is used to capture two images: the cell image 
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and the corresponding stressed bead image. Then, the cells are disintegrated, and a relaxed bead 

image is taken. From the stressed bead image and the relaxed bead image, TFM analysis yields the 

traction stresses exerted by cells.  

      

1.7 Determination of Forces Transmitted at Cell-Cell Contacts 

 

Different methods have been used to measure forces transmitted at cell-cell adhesions. 

Inter-cellular forces exerted between two adjacent cells at a single cell-cell contact can be 

measured using an approach called the traction force imbalance method (TFIM). This technique is 

based on measuring the traction forces underneath a pair of cells, using traction force microscopy 

(TFM) followed by computing the forces exerted at cell-cell contact employing physical force 

imbalance [33]. For an isolated single cell, the only forces acting on the cell are the forces exerted 

by the substrate on the cell which are reaction forces to the forces exerted by the cell on the 

substrate (called traction forces). It has been shown that the sum of all traction forces exerted by a 

single cell sum close to zero, with a small force imbalance of 5 ± 3% [33]. If we take a cell pair a 

whole, the force balance was like that observed in single cells. If we take a cell pair and consider 

a single cell within a cell pair, the imbalance for a single cell in a cell pair was larger than the 

imbalance for the entire cell pair as a whole. It has been reported that this imbalance reflects the 

forces exerted at cell-cell contacts by neighboring cell i.e., intercellular forces between 

neighboring cells. Previous studies referred to this way of deducing the intercellular forces as the 

traction force imbalance method (TFIM). Intercellular forces are essential for understanding 

various biological and physical processes, such as mitosis, cell migration, stem cell self-renewal 

and differentiation. Thus, using TFM, followed by TFIM to quantify inter-cellular forces opens 
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the door to understanding the factors that affect it and thereby affect the mechanical function of E-

cadherin mediated cell-cell contacts. 

1.8 Aspects of E-cadherin mechanobiology of interest 

 

Previous studies showed that the modulation of E-cadherin adhesion can play an important 

role in the progression of cancer [35]. It has been suggested that E-cadherin adhesions can be 

modulated by inside-out signaling [35]. Mechanosensitivity at cell-cell contacts is also crucial for 

maintaining tissue architecture, morphogenesis [26], and plays a role in disease progression [34].  

Since human epithelial cancer cells are softer than benign cells [36], E-cadherin mechanosensing 

of cell elasticity can play a role in this context. Therefore, we raised the question of whether E-

cadherin-based adhesions can sense elasticity within the same range of that of epithelial cells that 

surround them (chapter 4). E-cadherins are epithelial mechanosensors that sense mechanical forces 

at intercellular junctions and convert junctional tension to biochemical signals inside the cell. 

However, what factors determine the level of forces transmitted in the first place is unclear. E-

cadherin-β-catenin-α-catenin can bind directly to the actin cytoskeleton, with increased binding of 

α-catenin to F-actin under tension [37,38,39]. In addition, E-cadherin can bind to the actin 

cytoskeleton through other adhesion-associated intracellular proteins [40,41,42]. To study the 

level of force transmission through E-cadherin, we wanted to explore the role of vinculin and α-

catenin in transmitting endogenous forces at cell-cell contacts (chapter 2). Previous reports showed 

that Epidermal Growth Factor Receptor (EGFR) is a key factor in the E-cadherin force transduction 

machinery [43]. Thus, we asked how the inhibition of EGFR will affect the level of force 

transmission at cell-cell contacts (chapter 4). It has been shown E-cadherin can also bind to other 

cadherins like N-cadherin – for eg., forces can be transmitted by heterophilic interactions between 

E-cadherin at the cancer cell membrane and N-cadherin at the Cancer Associated Fibroblasts 
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(CAFs) [44]. Therefore, we studied homophilic and heterophilic interactions of cadherins (chapter 

4), all on epithelial cells, in order to understand how the level of force transmission through E-

cadherin depends on binding partners from outside the cell. The level of force transmission at cell-

cell contacts was quantified based on experimental measurements using traction force microscopy 

(TFM). However, this method requires cell removal and no further post-processing procedures can 

be done. Therefore, we devised a modified traction force microscopy method using a novel, simple 

strategy for coincident immunofluorescence and traction force microscopy in order to enable wider 

use of TFM. This approach is detailed in chapter 3. 
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                                                                         CHAPTER 2 

VINCULIN IS ESSENTIAL FOR HIGH ENDOGENOUS FORCE TRANSMISSION AT 

CELL-CELL CONTACTS 

 

2.1  Introduction 

 

In epithelial tissues, cells exert forces on neighboring cells and the extracellular matrix 

(ECM). These cells stick to each other as well as to the extracellular matrix through transmembrane 

proteins. E-cadherin is the major transmembrane protein that mediates cell-cell adhesions. E-

cadherin adhesions play an important role in the function and integrity of cell-cell contacts. During 

pathological events, forces transmitted at cell-cell contacts may change. During cancer metastasis, 

tumor cells break away from the primary tumor and invade surrounding tissues. Tissue 

morphogenesis is also dependent on tension transmitted through cell-cell contacts and on the 

dynamic activity of cell-cell adhesion proteins. Assessing endogenous force transmission at cell-

cell contacts and the stability of these contacts when subjected to external forces is essential to 

understand the role of adhesion proteins in many physiological and pathological processes.  

At cell-cell contacts, E-cadherin from one cell binds homophilically to E-cadherin from a 

neighboring cell. The intracellular domain of E-cadherin binds to β-catenin which in turn binds to 

α-catenin. The ternary E-cadherin/ β-catenin/ α-catenin complexes bind directly and indirectly to 

the actin cytoskeleton.  The cadherin-catenin complex forms stable bonds with F-actin under force 

[45,46,47].  Several other adhesion-associated proteins such as vinculin, α-actinin, and ZO-1 

connect the E-cadherin-catenin complex to the actin cytoskeleton (Figure 4). 



13 
 

 
 

 

Figure 4: Schematic depicting the key mechanical roles of adhesion proteins. Adhesion proteins 

enable force transmission at cell-cell contact and enhance the adhesion strength by the recruitment 

of specific proteins like vinculin under force.       

      

In addition, a previous study showed that the protein afadin links the actin cytoskeleton to 

adherens junctions [48]. EPLIN [49] and the formin Fmn1 [50] also serve as linkers of the 

cadherin-catenin complex to the actin cytoskeleton (Figure 5). It has been shown that α-catenin is 

a stretch-activable sensor that connects the cadherin complex to actin and is a necessary player in 

mechanotransduction at cell-cell contacts [51]. Tension at cell-cell junctions unfolds α-catenin and 

leads to the recruitment of vinculin which in turn depends on non-muscle myosin II activity [52].  

Therefore, vinculin reinforces cell-cell junctions and plays an important role in force transmission. 

However, it is still unknown how vinculin impacts the endogenous forces between cells relative to 

other proteins and by how much cell-to-cell force transmission is affected in the absence of 

vinculin.  
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Figure 5: Schematic description of the multiple pathways by which force can be transmitted 

through E-cadherin to F-actin. (X may be  a protein such as afadin or EPLIN).      

      

Cell-cell adhesion proteins are involved in transmitting mechanical forces from one cell to 

a neighboring cell as well as maintaining the adhesion strength at cell-cell contacts. Several 

methods have been used to assess the function of cell-cell adhesion associated proteins in force 

transmission by using biochemical methods, cadherin-coated beads, cadherin coated substrates, or 

the Förster Resonance Energy Transfer (FRET) technique [53,54,55,56], without quantifying the 

total forces transmitted between epithelial cells. Therefore, measuring the endogenous force 

transmitted at cell-cell contacts is crucial for understanding the effect of perturbations of 

intracellular proteins that are involved in the adhesion systems at cell-cell contacts. Also, 

identifying the adhesion strength of lateral cell-cell contacts is very important to assess the strength 

of theses adhesions while bearing exogenous force.  
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2.2 Methods 

 

2.2.1  Cell Culture 

 

Madin-Darby Canine Kidney (MDCK) II cells were cultured in Dulbecco’s modified 

Eagle’s medium (Corning Inc., Corning NY) containing 10% fetal bovine serum (Corning Inc., 

Corning NY), L-glutamine, and 1 % Penicillin/Streptomycin at 37oC, under 5 % CO2. MDCK cells 

were plated overnight onto collagen I-coated soft silicone atop 22 mm square No.1.5 coverslips in 

35 mm culture dishes and then used for experiments.  

2.2.2 Live Cell Imaging and Immunofluorescence 

 

Leica DMi8 epifluorescence microscope (Leica Microsystems, Buffalo Grove, IL) was 

used to image living and fixed cells. The microscope is equipped with an airstream incubator 

(Nevteck, Williamsville, VA) in order to maintain the temperature at 370C during the process of 

imaging living cells. Images are taken using a 10 x 0.3 NA objective, HQ2-cooled CCD camera 

(Andor Technology, Belfast, UK), and an airstream incubator (Nevtek, Williamsville, VA). 

MDCK cells were fixed utilizing 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, 

PA) in 1.5% Bovine Serum Albumin and 0.5% Triton in CB buffer. The actin cytoskeleton was 

stained using Alexa-488 Phalloidin from Thermo Fisher Scientific (Eugene,OR).. Rabbit anti 

vinculin (catalogue# ab129002) from Abcam (Waltham,MA) and mouse anti β-catenin 

(catalogue# 610153) form BD transduction laboratories (Franklin Lakes, NJ) were used to stain 

vinculin and β-catenin respectively.  
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2.2.3 Preparation of Qgel substrate 

 

Qgel (CHT USA Inc, Cassopolis, MI) was prepared using a mixture of two solutions Qgel 

300A and Qgel 300B at a 1:2.2 ratio. The Qgel mixture is cured using a heater at 1000 C for an 

hour. After curing, the Qgel mixture is exposed to 305 nm UV light (UVP cross-linker, Analytik 

Jena AG, Upland, CA) for five minutes. A solution of 0.65 mg/ml carboxyl red fluorescent beads 

of diameter 0.44 µm (Spherotech Inc., Lake Forest, IL) was coupled to the top surface of the Qgel 

silicone surface with 10 mg/ml 1-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide, 5 Vmg/ml N-

Hydroxysuccinimide chemistry and 0.017 mg/ml collagen I for 30 minutes at room temperature. 

For MDCK α-catenin knock out (KO) cells rescued with conformationally active (CA) α-catenin 

cell islands, we used 1 mg/ml fibronectin (Millipore Sigma, Burlington, MA) instead of collagen 

I in the mixture. Then, Qgel substrate was washed with Dulbecco’s Phosphate-Buffered Saline 

(DPBS) for five minutes and the substrate was ready to be used for plating cells. The Qgel silicone 

substrate had a mean Young’s modulus of 8.7 kPa determined by shear rheology using a Modular 

Compact Rheometer MCR 302 (Anton Paar). 

2.2.4 Traction Force Measurement 

 

A phase image of each MDCK cell or cell pair along with the corresponding image of beads 

beneath were first recorded. After the cells were disintegrated using 1% sodium dodecyl sulfate, 

an image of the beads on the relaxed substrate were recorded. The stressed bead images (in the 

presence of cells) and the relaxed bead images (in the absence of cells) were aligned using an 

ImageJ plugin [57]     . The displacement field was then computed using mpiv, scripted in 

MATLAB (MathWorks, Natick, MA) as before [58]. From the bead displacement, traction stresses 

are then reconstructed using regularized Fourier Transform Traction Cytometry that uses the 
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Boussinesq solution, such as in previously published work [58,59]. The Traction Force Imbalance 

Method refers to the computation of the inter-cellular force at a cell-cell contact within a cell pair 

from the vector sum of traction forces under each cell within the cell pair. For MDCK α-catenin 

knock out (KO) cells rescued with conformationally active (CA) α-catenin (CA α-catenin) cell 

islands, the traction stress magnitudes higher than 50 Pa were plotted using Mathematica (Wolfram 

Research, Champaign, IL).   

2.2.5 Biaxial Stretch 

 

A silicone sheet was exposed to 305 nm UV light for five minutes. Then incubated with 

Collagen I at 370C, under 5% CO2 for 15 minutes. Then, the sheet was washed for five minutes 

with Dulbecco’s Phosphate-Buffered Saline (DPBS). MDCK cells were plated on the silicone 

sheet in the presence of Dulbecco’s modified Eagle’s (DMEM) medium and kept overnight in the 

incubator. After overnight incubation, the DMEM medium is replaced with 1:200 CellBrite 

labeling solution in DMEM. MDCK cells were incubated with the staining medium for 30 minutes 

at 370C. Next, the staining medium was aspirated and replaced with normal growth DMEM 

medium and HEPES buffer. Next, the silicone sheet was placed inside the well of the biaxial cell 

stretcher. MDCK cells islands were imaged using Leica DMi8 epifluorescence microscope 

equipped with an airstream heater. A phase and a CellBrite plasma membrane image were taken 

for every stretching step.  

2.2.6 Statistical Analysis 

 

For statistical analysis, a t-test was used to compare wildtype and vinculin KO single cell 

data and Analysis of Variance (ANOVA) was used for multiple comparisons of all different cell 

pair data, with * indicating p < 0.05, ** indicating p < 0.01 and *** indicating p < 0.001.   
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2.3 Results and Discussion 

 

Under the action of forces through E-cadherin at cell-cell junctions, α-catenin undergoes 

conformational changes and vinculin is recruited at the cell-cell contact to reinforce adherens 

junctions. Therefore, we wanted to check if vinculin is an important factor in maintaining high 

levels of forces at cell-cell contacts or if its influence on intercellular forces is minimal. We used 

Madin-Darby Canine Kidney (MDCK) cells in which vinculin was knocked out (KO) using 

CRISPR/Cas-9. To ensure that vinculin was completely knocked out in MDCK cells, we stained 

for vinculin using immunofluorescence. In MDCK wildtype (WT) cells, vinculin was present at 

cell-cell contacts and the cell-ECM interface (Figure 6), however, in MDCK vinculin KO cells, 

vinculin was completely absent (Figure 6). Previous reports [60,61], showed that absence of 

vinculin in fibroblasts decreases the traction forces exerted by these cells on the extracellular 

matrix (ECM). In contrast, the absence of vinculin in mesenchymal cells did not considerably 

decrease traction forces [62]. Thus, we plated MDCK vinculin KO cells on collagen-I-coated Qgel 

silicone soft substrates (Young’s modulus 8.7 kPa). Then, we measured the traction forces exerted 

by these cells onto the ECM using traction force microscopy (Figure 7). We found that MDCK 

vinculin KO cells exerted lesser traction forces compared to MDCK WT cells. The strain energy 

for MDCK vinculin KO cells was 10.5 ± 6.1 fJ, however the strain energy for MDCK WT was 

22.2 ± 16.3 fJ (Figure 8). 
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Figure 6: Absence of vinculin in MDCK vinculin KO cells. (A) Immunofluorescence images of 

MDCK and (B) MDCK vinculin KO cells stained for vinculin. Scale bar: 5µm. 

 

 

Figure 7: Traction forces within a single cell. (A) Traction stresses exerted by a single MDCK cell 

(top, left) and (B) an MDCK vinculin KO cell (bottom, left) on the ECM. Traction stress vectors 
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are overlaid (red arrows). Heat-scale map of the traction magnitude for a single MDCK cell (top, 

right) and MDCK vinculin KO (bottom, right). Scale bar is 5 µm. Red arrow: 400 Pa.      

 

 

Figure 8: Distribution of the strain energy for MDCK and MDCK vinculin KO single cells. Bar 

represents the mean value. 

 

Then, we wanted to check the effect of the absence of vinculin on the endogenous force 

transmitted at cell-cell contacts. Therefore, we plated MDCK vinculin KO and MDCK WT cell 

pairs on collagen-I-coated Qgel silicone soft substrates and measured the inter-cellular forces using 

the Traction Force Imbalance Method (TFIM) [63]. For an isolated cell, the vector sum of the 

reaction forces exerted by the substrate on the cell is zero (within experimental error) because of 

physical force balance. Every reaction force has an equal and opposite traction force exerted by 

the cell on the substrate, therefore all the traction forces also sum to zero (within experimental 

error). However, the vector sum of the reaction forces for a single within a cell pair is not zero. 
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Therefore, there should be another force that counterbalances the reaction forces – this is the inter-

cellular force. Previous reports have used the Traction Force Imbalance Method (TFIM) to 

measure the force between endothelial cell pairs [63], epithelial cell pairs [59] and within epithelial 

cell sheets. Here, we quantified the traction forces for MDCK WT and MDCK vinculin KO cell 

pairs, and then computed the intercellular force for MDCK WT and MDCK vinculin KO cell pairs 

using TFIM (Figure 9). We found that the inter-cellular force at cell-cell contacts was significantly 

less for MDCK vinculin KO compared to MDCK WT cell pairs. The corresponding cell-cell 

tension was 51 ± 24 nN for MDCK WT cell pairs versus 23 ± 12 nN for vinculin KO cell pairs 

(Figure 10). Therefore, the absence of vinculin prohibits cells from exerting high endogenous 

tension at cell-cell contacts. 

 

   

Figure 9: Loss of vinculin leads to a severe decrease in inter-cellular forces.  (A) Traction stresses 

of an MDCK cell pair (top, left) and (B) an MDCK vinculin KO cell pair (bottom, left). Traction 
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stress vectors are overlaid (red arrows.). Heat-scale map of the traction magnitude for MDCK cell 

pair (top, right) and MDCK vinculin KO (bottom, right). Scale bar is 5 µm. Red arrow: 400 Pa. 

  

Figure 10: Distribution of the intercellular forces for MDCK and MDCK vinculin KO cell pairs. 

Bar represents the mean value.        

 

Since α-catenin stretches under forces and it recruits vinculin at cell-cell contacts, we 

assumed that α-catenin would at least have similar importance as vinculin in transmitting forces at 

cell-cell contacts. In addition, the E-cadherin-catenin complex binds to F-actin through several 

intracellular proteins such as vinculin, F-actin binding proteins afadin, EPLIN, and tight junction 

protein ZO-1. This also made us think that α-catenin would play an important role in force 

transmission through cell-cell contacts. Therefore, we expected that the endogenous forces through 

cell-cell contacts of MDCK α-catenin KO cells would be drastically lesser than the endogenous 

forces of MDCK vinculin KO cells.  We quantified the traction forces for MDCK α-catenin KO 



23 
 

 
 

cell pairs and then we calculated the intercellular forces for MDCK α-catenin KO cell pairs using 

TFIM (Figure11). Surprisingly, we found that the intercellular force for MDCK α-catenin KO cells 

was 39 ± 23 nN which was not significantly lesser than for MDCK WT contacts (Figure 12). Our 

results are consistent with previous reports in which they found that knocking down α-catenin 

leads to a very minor decrease in cell-cell tension. Also, MDCK α-catenin KO cells were shown 

to exert less traction forces on E-cadherin-coated substrates compared to MDCK WT cells [64].  

Knowing that α-catenin has many binding partner proteins, we checked the role of α-

catenin-vinculin interaction by exogenously expressing α-catenin lacking the WILYWILD site 

(VBS), α-catenin-ΔVBS, in MDCK α-catenin KO cells. We measured the traction forces for 

MDCK α-catenin-ΔVBS cell pairs (Figure 11) and then quantified the inter-cellular forces using 

the Traction Force Imbalance Method (TFIM). We found that the inter-cellular force for MDCK 

α-catenin-ΔVBS cell pairs was 36 ± 20 nN, which was not statistically significantly lesser than the 

inter-cellular force for MDCK WT cell pairs (Figure 12). This result suggests that, in the absence 

of α-catenin, or in the presence of α-catenin lacking the vinculin binding site, the inter-cellular 

forces at cell-cell contacts were slightly reduced compared to the WT case. Our finding is 

consistent with a previous study [64] showing that the traction forces on E-cadherin coated 

substrates of α-catenin-ΔVBS and α-catenin KO cells were similar.  
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Figure 11:  Loss of α-catenin does not lead to a significant decrease in inter-cellular forces. (A) 

Traction stresses of MDCK α-catenin cell pair (top, left) and (B) MDCK α-catDVBS in α-catenin 

KO cell pair (bottom, left). Traction stress vectors are overlaid (red arrows.). Heat-scale map of 

the traction magnitude for MDCK α-catenin KO cell pair (top, right) and MDCK α-catDVBS in 

α-catenin KO (bottom, right). Scale bar is 5 µm. Red arrow: 400 Pa. 
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Figure 12: Distribution of the intercellular forces for MDCK α-catenin KO and MDCK α-catDVBS 

in α-catenin KO cell pair. Bar represents the mean value.   

 

Next, we checked if knocking out both α-catenin and vinculin in MDCK cells would lead 

to a significant decrease in inter-cellular forces. We measured the traction forces for MDCK α-

catenin-vinculin double KO cell pairs and we quantified the inter-cellular forces using TFIM 

(Figure 13). We found that the inter-cellular force for MDCK α-catenin-vinculin double KO cell 

pairs was 21 ± 15 nN (Figure 14). This was similar to the inter-cellular forces of MDCK vinculin 

KO cells and drastically less than the inter-cellular force of MDCK WT cell pairs. Therefore, we 

confirmed that vinculin, and not α-catenin, is responsible for transmitting high endogenous forces 

at cell-cell contacts. 
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Figure 13: Loss of both α-catenin and vinculin leads to a severe decrease in inter-cellular forces.  

(A) Traction stresses of MDCK α-catenin KO & vinculin KO cell pair. Traction stress vectors are 

overlaid (red arrows). Heat-scale map of the traction magnitude for MDCK α-catenin & vinculin 

KO cell pair. Scale bar is 5 µm. Black arrow: 400 Pa.      

 

  

Figure 14: Distribution of the intercellular forces for MDCK and MDCK α-catenin & vinculin KO 

cell pairs. Bar represents the mean value. 
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Then, we wanted to check the role of vinculin in protecting the integrity of cell-cell contacts 

under exogenous mechanical challenges. For this purpose, we used a biaxial stretcher which allows 

us to test the integrity of cell-cell contacts while applying external stretch over a small duration of 

time. We used a collagen-coated silicone sheet on which we plated either MDCK cells (Figure 15) 

or MDCK vinculin KO cells (Figure 16) overnight. We used a fluorescence stain for the plasma 

membrane, Cellbrite, in order to carefully monitor the fraction of ruptured contacts as a function 

of time. We subjected MDCK cells or MDCK vinculin KO cells to a large external stretch and 

found that both MDCK and MDCK vinculin KO cell-cell contacts ruptured over time while 

remaining adhered to the collagen-I substrate. Therefore, we were able to test the effect of 

knocking out vinculin on the integrity of cell-cell contacts under mechanical challenges. The 

fraction of ruptured cell-cell contacts for MDCK vinculin KO cells was over twice the fraction of 

that for MDCK cells (Figure 17). Therefore, vinculin is important for protecting and maintaining 

the integrity of cell-cell contacts under mechanical challenges, as well as transmitting high 

endogenous forces at cell-cell contacts. Our finding is consistent with the results of previous 

studies using detached cell sheets [65] E-cadherin coated substrates [66], and suspended doublets 

[67], suggesting that vinculin is crucial for maintaining the integrity of cell-cell contacts 
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Figure 15: (A) MDCK cells before stretch and (B) after full stretch. (C) plasma membrane staining 

for MDCK before stretch and (D) after stretch. Scale bar: 10 µm. 

 

 

Figure 16: (A) MDCK vinculin KO before stretch and (B) after full stretch. (C) plasma membrane 

staining for MDCK vinculin KO before stretch and (D) after stretch. Scale bar: 10 µm. 
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Figure 17:  Fraction of cell-cell contacts ruptured as a function of strain (%). Each data point is the 

mean ± standard deviation (SD) for two cell islands for MDCK vinculin KO cells (306 cell-cell 

contacts) and four cell islands for MDCK (378 cell-cell contacts).       

 

To further test whether changing the recruitment of vinculin to cell-cell contacts has an 

adverse effect at the cell-ECM contact, we used MDCK cells and MDCK α-catenin knock out 

(KO) cells rescued with the conformationally active (CA) α-catenin mutant that was previously 

shown to enhance the recruitment of vinculin to adherens junctions [68]. A previous report showed 

that MDCK α-catenin knock out (KO) cells rescued with CA α-catenin exhibited severe 

impairment of focal adhesions [69]. Therefore, to determine if MDCK α-catenin knock out (KO) 

cells rescued with CA α-catenin alters traction forces, we tested the traction forces exerted by small 

islands of MDCK α-catenin knock out (KO) rescued with CA α-catenin or WT α-catenin onto 

fibronectin-coated Qgel silicone soft substrates (Figure 18).  



30 
 

 
 

  

Figure 18: Traction stresses of MDCK cell island (top, left) and MDCK α-catenin knock out (KO) 

rescued with α-catenin CA cell island (bottom, left). Traction stress vectors are overlaid (red 

arrows). Heat-scale map of the traction magnitude for MDCK cell island (top, right) and MDCK 

α-catenin Knock out (KO) rescued with α-catenin CA cell island (bottom, right). Black arrow: 400 

Pa.      

      

We found that there was no difference between the traction forces of MDCK α-catenin 

knock out (KO) cells rescued with α-catenin CA or α-catenin WT (Figure 19).  Therefore, we 

concluded that the overall traction forces for both MDCK α-catenin knock out (KO) rescued with 

α-catenin CA or α-catenin WT were not reduced, while MDCK α-catenin knock out (KO) rescued 

with α-catenin CA induced a severe impairment of focal adhesion formation [69]. Our results 
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suggests that increased recruitment of vinculin to cell-cell contacts does not affect traction forces 

at the cell-ECM contact.  

 

 

Figure 19: Box plot comparison of the traction magnitude distribution for MDCK parental control 

and MDCK α-catenin knock out (KO) rescued with α-catenin CA cell islands. Statistical properties 

are as follows: mean (open square), box (25/75% quartile), whisker (5/95% quartile), diagonal 

cross (maximum/minimum). There was no statistical difference (p > 0.05) observed for traction 

magnitudes between MDCK parental control and MDCK α-catenin knock out (KO) rescued with 

α-catenin CA conditions.      
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2.4 Conclusion 

 

Transmission of forces at cell-cell contacts is crucial for tissue chape changes during 

physiological and pathological processes and adult tissue repair. Transmission of forces between 

cells is mediated through E-cadherin based adhesions. Here, we found that vinculin is very 

important for transmitting high endogenous forces at cell-cell contacts as well as maintaining the 

integrity of cell-cell contacts under mechanical forces. Also, we found that the α-catenin-vinculin 

interaction or α-catenin’s interaction with other proteins such as EPLIN, afadin, and tight junction 

protein ZO-1 don’t play a pivotal role in transmitting high endogenous forces through cell-cell 

contacts. Our results are consistent with previous work suggesting that, once vinculin is activated, 

β-catenin forms a direct structural connection with vinculin in order to support mechanical tension 

and stabilize cadherin-catenin complexes. Also, another previous study showed that vinculin plays 

an essential role in establishing and regulating cell-cell adhesions through E-cadherin through a 

direct contact with β-catenin [70]. There is evidence that vinculin and α-catenin bind to the same 

N-terminal region of β-catenin [66,70,71] But in α-catenin knock down (KD) cells, vinculin is 

displaced from β-catenin, suggesting that vinculin may transmit forces at cell-cell contacts through 

E-cadherin using other intermediate molecular linkers like myosin VI as showed in a previous 

report [72]. Once activated, vinculin plays a major role at cell-cell contacts. Our results are 

consistent with previous studies that showed that vinculin protects cell-cell contacts from rupturing 

not only in epithelial cells but also in cardiac tissues [73] and in endothelial cell junction during 

dynamic events like vascular lumen formation [74]. 
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CHAPTER 3 

SIMPLE STRATEGY FOR COINCIDENT TRACTION FORCE MICROSCOPY AND 

IMMUNOFLUORESCENCE TECHNIQUE 

 

3.1  Introduction 

 

The mechanical link between cells and their surroundings is pivotal to understand several 

biological processes during tissue repair or pathology. Cells generate and exert forces on their 

surroundings, through non-muscle myosin motors that walk on the actin cytoskeleton, causing 

contractility of the cells. Forces are transmitted to their extracellular microenvironments through 

focal adhesion proteins, allowing cell shape changes [75]. Also, cells sense and respond to forces 

by converting forces to biochemical signals. Traction force microscopy (TFM) is the principal 

technique used to quantify the forces exerted by the cells on the substrate. 

     In the last few decades, several protocols have been used to measure the traction forces 

based on the optical detection of force-dependent substrate deformation [76,77,78]. Lower-

resolution discrete methods [79,80] such as cells lying on a bed of microneedles, can estimate 

forces from a single image but they limit cell spreading and adhesions [78,81,82,83]. Continuum 

TFM approaches utilize elastic soft substrates coated with well dispersed fluorescent beads 

[84,85,86].  These methods require a reference image which is typically obtained after the cells 

are disintegrated. To overcome these limits, several attempts have been made to come up with 

reference-free methods. One approach is the micro-patterning of adhesive islands [87,88] – 

however, this method was hampered by poor spatial resolution.  Molecular methods [89] like 

DNA-based force sensors are not able to provide information about the direction of forces. The 
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so-called confocal traction force microscopy (cTFM) uses very precise electrohydrodynamic 

nanodrip-printing of quantum dots into a monocrystalline layer [90,91,92,93,94]. cTFM solved the 

issues encountered in previous approaches but it involves an advanced setup that is out of the reach 

of most labs.  

Yes-Associated Protein (YAP) is a transcriptional co-regulator that promotes transcription 

of genes, including those which regulates proliferation and apoptosis during organ development. 

YAP respond to multiple biochemical signals and convert them into biological effects in a way 

that is specific for each cell type and mechanical stress [95]. YAP respond to several mechanical 

inputs such as topology and rigidity of ECM [96,97] and shear stress [98,99,100]. YAP is 

considered as a universal mechanoeffector and mechanotransducer. The subcellular localization 

and activity of YAP is influenced by mechanical stimuli.  It has been shown that YAP is localized 

in the cytoplasm when cells express low levels of physical and mechanical cues such as cells 

attached to soft ECM [95] . However, YAP is localized in the nucleus when cells perceive high 

physical and mechanical cues such as cells experiencing cytoskeletal force or cultured on rigid 

substrates [95]. Further studies using genomics techniques showed that genes activity that 

regulates the division and contraction of epithelial cells is regulated by YAP [101]. YAP controls 

the production phosphorylated myosin light chain (pMLC) this is essential to generate mechanical 

forces so the cells can properly contract. Therefore, it is important to study the distribution of YAP 

in the cells along with assessing the force transmission of the cells in order to find a relationship 

between YAP nuclear recruitment and tractions forces exerted by the cells. Immunofluorescence 

is usually used to determine YAP ratio and it is incompatible with conventional TFM. 

Despite progress, the important limitation of requiring the removal of cells to get the 

relaxed substrate image is a disruptive step after which no further post-processing experimental 
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procedures can be done with cells. Here, we have devised a simple strategy for coincident traction 

force microscopy and immunofluorescence in which we can quantify traction forces without 

disintegrating the cells and then assess the localization of proteins in cells using 

immunofluorescence.  

2.2 Methods 

 

3.2.1 Preparation of NuSil Substrate 

 

NuSil soft silicone was prepared using A and B solutions at a 1:1 ratio along with 0.55% 

Sylgard 184 crosslinker. This NuSil mixture is cured using an oven at 1000 C for three hours. NuSil 

mixture is exposed to 305nm UV light (UVP cross-linker, Analytik Jena AG, Upland, CA) for five 

minutes. A solution of 0.65mg/ml carboxyl red fluorescent beads of 0.44 µm diameter was coupled 

to the top surface of the NuSil gel surface with 10 mg/ml 1-Ethyl-3-(3-Dimethylaminopropyl) 

Carbodiimide, 5 mg/ml N-Hydroxysuccinimide chemistry and 0.017 mg/ml collagen I for 30 

minutes. Then, the NuSil substrate is washed two times with Dulbecco’s Phosphate-Buffered 

Saline (DPBS) for five minutes.  

3.2.2 Reference bead image 

 

The top corner of the bottom part of the substrate’s coverslip was marked with a marker. 

The substrate’s coverslip was placed face up inside a chamber that had marks on each side. The 

microscope stage insert was also marked on each side with marks so that the marks on the chamber 

were aligned with the marks on the microscope stage when placing the chamber on the stage. A 

square region was selected by the mark on the bottom part of the glass coverslip and a 10 x 10 

frame was manually imaged using the “Tile-Scan” feature (that is routinely available with many 

microscopes software) with 10% overlap between individual frames in the tile scan. After taking 



36 
 

 
 

100 reference bead images of the relaxed substrate (in the absence of cells), all the reference bead 

images are stitched together using the “Grid/Selection stitching” plugin in Fiji software 

(https://imagej.net/plugins/grid-collection-stitching) [102] . 

3.2.3 Traction Force Microscopy and Immunofluorescence 

 

After overnight incubation, A431 cells plated on the substrate (on a coverslip) were placed 

inside the chamber with normal growth DMEM medium and 10 mM HEPES buffer. The chamber 

and the microscopic stage were aligned as described in the previous section – 2.2.2 Reference bead 

image. Following the mark on the bottom part of the glass coverslip, the same 10x10 square region 

frame was then scanned using a Leica DMi8 epifluorescence microscope equipped with an 

airstream incubator to maintain the temperature at 370 C while imaging living cells. All bead 

images taken from the 10 x 10 frame were stitched together using Fiji. Since the cell phase and 

corresponding bead images are taken after overnight incubation, with the chamber placed on the 

microscope stage a second time after taking the reference bead images, the stressed bead image 

and the reference bead image will be slightly rotated with respect to each other. For aligning the 

bead images for rotation, we use the “Stackreg” plugin in ImageJ 

(https://imagej.nih.gov/ij/plugins/)  [103]. The traction forces of A431 cells are quantified using 

traction force microscopy for single cells and TFM followed by the traction force imbalance 

method for cell pairs as discussed in Chapter 2. Cell images and their corresponding bead images 

were taken within the same frame. Each phase image of a cell and its corresponding bead image 

are now grouped together, with the same bead image frame taken from the same spot of the 

previous reference stitched bead image. (For example, if we find a cell within frame number 30, 

we take the cell phase image and its correspondent bead image and we group them with the bead 
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frame number 30 taken from the 100 reference bead images that formed the stitched reference bead 

image).  

A431 cells were fixed while keeping the chamber on the stage using 4% paraformaldehyde 

(Electron Microscopy Sciences, Hatfield, PA) in 1.5% Bovine Serum Albumin and 0.5% Triton in 

CB (cytoskeletal buffer). The actin cytoskeleton was stained using Alexa-488 conjugated 

phalloidin from Thermo Fisher Scientific (Waltham, MA) in the Cy5 channel. Mouse anti-YAP 

from Santa Cruz Biotechnology (Dallas, TX) was used to stain and image YAP in the green 

channel.  

3.3 Results and Discussion  

 

Our simple strategy for coincident immunofluorescence and traction force microscopy 

requires the collection of reference bead image images at the beginning of the TFM experiment 

(Figure 20A). All reference bead images are stitched together to make one large stitched reference 

bead image frame (Figure 20B) After stitching all the reference bead images, the typical TFM 

experiment is performed in which a cell image and a deformed bead image (Figure 20E) are taken 

for each single cell or cell pairs within the frame selected in (Figure 20B). Our approach does not 

require the disintegration of cells, which allows obtaining protein localization from cells post-

traction force data collection (Figure 20F). 
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Figure 20: Schematic depiction of our methods for coincident traction force and 

immunofluorescence data collection. (A)  Collagen I substrate with fluorescent beads plated on 

Qgel silicone substrate. (B) Region of the substrate selected near the center and imaged using Tile 

Scan in fluorescence microscopy. (C) Stitched bead image composed of several reference bead 

images in absence of cell generated forces taken from the tile scanned region of panel (B). (D)  

Cells are plated on the substrate. (E) After overnight incubation, cells and deformed bead images 

within the tile scanned region near the center of substrate are imaged using fluorescent microscopy. 

(F, right) Traction Force Microscopy (TFM) procedure can be done after using cross-correlation 

using MATLAB where a reference bead image can be matched with the deformed bead image (E) 

in order to get the traction force map. Subsequently, the immunofluorescence (IF) image of the 

same cell can be obtained (F) after fixing and staining the cells. 
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To apply this method, we used A431 epidermoid carcinoma cells expressing endogenous 

E-cadherin and high levels of Epidermal Growth Factor Receptor (EGFR).  We plated the A431 

cells on a NuSil 1:1, 0.55% Sylgard 184 substrate coated with collagen-I. We used coincident 

immunofluorescence and traction force microscopy in order to quantify the strain energy for A431 

single cells and the inter-cellular forces for A431 cell pairs and coincidently determine the YAP 

ratio via immunofluorescence for the same cells. First, we generated a reference stitched bead 

image (Figure 21A) using Fiji software (detailed steps in the following sections). In figure 21B, 

we see the image of a single A431 (Figure 21B, left) cell and the correspondent stressed bead 

image (Figure 21B, right).   Using the reference stitched image and the stressed bead image, we 

were able to obtain the traction stress vectors (Figure 21C, left) and the heat map of traction 

magnitudes (Figure 21C, right)     . Then, we stained for the actin cytoskeleton using phalloidin 

(Figure 21D, left)   the nucleus using DAPI (Figure 21D, middle), and YAP using an antibody for 

YAP (Figure 21D, right) . 
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Figure 21: Coincident traction force maps and immunofluorescence images. (A) Stitched 

reference bead image. (B, left) A431 cell phase image. (B, right) Deformed/stressed bead image. 

(C) Traction stresses of A431 single cell (left). Traction stress vectors are overlaid (red arrows.). 

Heat-scale map of the traction magnitude for A431 single cell (right). Scale bar is 5 µm. Red 

arrow: 500 Pa. (D) Immunofluorescence images for an A431 cell stained for actin, DAPI, and 

YAP. 

 

For each cell, we analyzed (using equation 1) the immunofluorescence images of YAP by 

quantifying the average intensity of YAP in the nucleus and the average intensity in the cytosol 
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(following equation 2) in order to study the degree of nuclear recruitment. The protocol for 

determining YAP ratio is detailed in the following sections.  

 

Equation 1:  

𝑌𝐴𝑃 𝑅𝑎𝑡𝑖𝑜 =
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑁𝑢𝑐𝑙𝑒𝑢𝑠

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  𝐶𝑦𝑠𝑡𝑜𝑠𝑜𝑙
 

 

Equation2:  

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑦𝑠𝑡𝑜𝑠𝑜𝑙 =
([𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝐶𝑒𝑙𝑙𝐴𝑟𝑒𝑎𝐶𝑒𝑙𝑙] − [𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑁𝑢𝑐𝑙𝑒𝑢𝑠𝐴𝑟𝑒𝑎𝑁𝑢𝑐𝑙𝑒𝑢𝑠])

𝐴𝑟𝑒𝑎𝐶𝑦𝑡𝑜𝑠𝑜𝑙
 

 

For single cells, we plotted the strain energy (Y axis) versus YAP ratio (X axis) (Figure 22). For 

cell pairs, we plotted the inter-cellular force (Y axis) versus YAP ratio (X axis) (Figure 23). 

The average YAP ratio for all 22 analyzed single cells was 1.03 ± 0.02. For cell pairs, the 

average of the 10 cell pairs, i.e., 20 single cells (since each cell was analyzed as a single cell), was 

1.03 with a standard deviation of ± 0.03. We noticed that our YAP ratio is in a very narrow range. 

Only when we consider a substantial range, we may be able to see if there is a correlation between 

traction forces and the YAP ratio. To better understand the relationship between traction forces 

and YAP ratio, we can plate the cells on stiffer and softer substrates so that we can have a wide 

range of YAP ratios.  
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Figure 22: Single cell strain energy vs YAP ratio. Average ratio of YAP for single cells was 1.03 

± 0.02.  

 

Figure 23:  Inter-cellular force vs YAP ratio for cell pairs. Average ratio of YAP for cell pairs was 

1.03 ± 0.03.      

 

3.4 Detailed Experimental Protocol for Coincident Immunofluorescence and TFM (IF-

TFM)  

 

One of the results of this work was the development of the following step-by-step 

protocol that was developed so that it can be widely adopted by many other labs. Adoption of 
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this method can lead to novel insights from coincident immunofluorescence and TFM. The 

following is the detailed procedure for performing coincident immunofluorescence and TFM:  

1. Prepare the NuSil A: B at a ratio 1:1 gel mixture with 0.55% Sylgard.  

2. Mark the bottom part of the glass coverslip with:  

3. Add 0.1 g of the gel mixture on top of a 22 mm x 22 mm glass coverslip. 

4. Place the glass coverslip with silicone in the degasser for about 5 minutes.  

5. Cure the gel using a gravity convection oven at 100 0 C for 3 hours. 

6. Expose the NuSil substrate to 305 nm UV light for 5 minutes. 

7. Prepare the bead solution: 10 mg EDC, 5 mg NHS, 200 uL of 0.017 mg/ml collagen-1 

solution and 130 µL of 0.65mg/ml of 0.44 µm red fluorescent beads in 2 mL DI water.  

8. Add the bead solution to a 35 mm petri dish. 

9. Incubate the glass coverslip face down for 30 minutes in the 35 mm petri dish containing 

the bead solution. 

10. Wash the glass coverslip with 2 mL PBS for 5 minutes. 

11. Place the glass coverslip in a chamber with 2 mL PBS. 

12.  Image the reference bead 10 x 10 frame by the marked small dot/circle.         

13. Mark the stage of the microscope and the chamber such that the marks on the stage and the 

chamber are aligned. 

14. Locate the first bead image by checking and noting the X and Y positions. Go to the 2nd 

bead image by adding 0.2 mm horizontally (X+0.2 mm), keep going till the 10th bead 

image. Go down to the 11th bead image by adding 0.15 mm vertically (Y+0.15 mm), keep 

going horizontally following the -0.2 mm increment till you reach the 20th bead image. 
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Follow the same trend till the 100th bead image (last bead image). Beads are stitched using 

Fiji (protocol is detailed in the next section). 

15. Take the glass coverslip, wash two times with PBS for 3 minutes. 

16. Plate cells on the glass coverslip. 

17. Incubate overnight. 

18. Place the glass coverslip in the chamber with DMEM + HEPES. 

19. Place the chamber on the microscope such that the mark on the stage and the chamber are 

aligned.  

20. Go to the same first bead image by the marked small dot/circle and match it with the 

reference bead image taken in step 12;      if there is a single cell or a cell pair within the 

first frame, take the image of the bead and the cell. Go to the next frame (by adding 0.2 

mm horizontally), if there is a single cell or a cell pair within the frame, take the image of 

the bead and the cell. Keep repeating the same process till the 10th bead image. Go down 

by 0.15 mm, make sure that the 11th bead image matches the 11th reference bead image 

taken in step 12;      then, if there is a single cell or a cell pair within the frame, take the 

image of the bead and the cell. keep going horizontally following the 0.2 mm increment. 

Then, keep repeating the same process till the 20th frame. Follow the same trend till the 

100th bead image (last bead image). 

21. Keep the chamber on the stage, aspirate the DMEM+HEPES, add the fixing solution of the 

immunofluorescence (IF) protocol. Take the chamber to the lab bench, place the glass 

coverslip in a 2 mL petri dish, wash the glass coverslip three times with 2 mL PBS for 5 

minutes. Continue the IF protocol (described in the methods section).  

22. Seal the glass coverslip face down on a slide as follows.   
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23. Image the cells by going to the same first bead image following the small dot/circle and 

match it with the reference bead image taken in step 12.      Within the first horizontal row 

of 10 bead images go to the specific bead frame where you found and imaged a single cell 

or cell pair (in step 20), make sure that the bead image matches the reference bead image 

and take the IF images. Move to the second row of bead images by adding 0.15 mm 

vertically and go to the specific bead frame where you found and imaged a single cell or 

cell pair (in step 20), make sure that the bead image matches the reference bead image and 

take the IF images. Keep going till the 10th row. 

3.4.1 Stitching Protocol 

 

In order to stitch all the reference bead images taken from the 10 x 10 frame, we used Fiji 

software (link in the section 3.22 under “Methods”.) The following is a detailed step-by-step 

protocol that was used in order to generate the stitched reference bead image shown in Figure 

21A.  

1. Save the 100 reference bead images;      rename each image with an iterator in positions 

(such as Bead_(Tile1), Bead_(Tile2) and so on).  

2. Use Fiji software and run the “Grid/Selection stitching” plugin in Fiji in order to stitch all 

the bead images together. 

3. Choose the type and the order of the images depending on the sequence of the bead images 

initially saved.  

4. Specify the “Grid size x” which is “10” and the “Grid size in Y” which is also “10”.  

5. Adjust the “Tile overlap [%]” to “10” and indicate the “First file index i” to be “1”, since 

the index of the first bead image starts with the number “1”. 

6.  Select the “Directory” of the saved folder.  
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7. Select the “file names for tiles” by copying and pasting the title of the first bead image with 

a file extension at the end (“.tif”  in our case). It  is crucial to specify the part of the file 

name that iterates over to get all of the bead images, therefore replace the iteration number 

with “{i}” so that it becomes “Bead_(Tile{i}).tif”.   

8. Select “Linear blending” option for the “Fusion method”. 

9. Choose “Compute overlap (otherwise use approximate grid coordinates)” in order to 

calculate the overlap between images. 

10. Select “Save computation time (but use more RAM)” from the “computation parameters” 

options.  

11. Choose “Fuse and display” from “Image output” options. 

12. Click “OK” and this will generate a stitched image composed of all the bead images.  

3.4.2  Protocol to Determine YAP Ratio 

 

YAP ratio for single cells and cell pairs is determined using the following procedure: 

1. Open IF folder containing the actin, DAPI, and YAP images. 

2. Open the actin image and DAPI image in ImageJ 

a. Highlight the actin and DAPI images in the file folder 

i. Click and drag the images over the main ImageJ menu screen. 

3. Open the same images again to have a total of 4 windows of images on screen 

a. One can minimize DAPI images for now. 

4. Ensure that the measurements are in pixels: 

a. Analyze → Set Scale 

i. Unit of length: pixel 

ii. Click to Remove Scale 
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iii. Check Global  

1. A quick check is to draw a line (or a box) from one end to the other 

from X=0 and Y=0 to the opposite end and read the width (w) and 

height (h) values. For 40x magnification, they should be w = 1392 

and h = 1040 as shown at the bottom of the ImageJ window. 

 

5. For better efficiency, create “Select None” and “Restore Selection” Shortcuts 

a. Plugins → Shortcuts → Add plugin by name… 

i. Shortcut: 0 (or any other unbound key of choice. I.e., 8,7,6, q, g, J, etc.) 

ii. Command: Select None 

b. Plugins → Shortcuts → Add plugin by name… 

i. Shortcut: 9 (or any other unbound key of choice. I.e., 8,7,6, q, g, J, etc.) 

ii. Command: Restore Selection 

6. Zoom into one of the opened actin images so the cell occupies the entire ImageJ window 

by pressing the plus button (“=”) 

7. Invert the color of only one of the IF images of actin  

a. Edit → Invert 

b. Never save the adjusted image unless you want to save in a separate folder, to 

avoid overwriting the main IF image.  
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c. Can also adjust Brightness/Contrast to help visualize the outline (for both actin 

and DAPI for the main image that will be traced) 

i. Image → Adjust → Brightness/Contrast 

8.  Create an outline of the entire cell 

a. Double click “*Oval*, elliptical or brush selections (right click to switch)”  

b.  Check the “Enable selection brush” box and type in size of the circle 

i. Start with 100 to create a rough outline of the cell 

ii. Press “OK” 

 

 

 

9. Click in the center of the cell and drag the circle to give a very rough outline of the cell.  

10. Save the outline. 

11. Slowly decrease the size of the Selection Brush to create a more detailed outline by 

following steps 8-11.  

a. Use any size you wish, but recommended circle sizes: 100, 50, 10, 5, 2, and 1.  

12. Once having complete outline, save the outline. 

a. Click on the unaltered image. 

b. Use the Restore Selection shortcut. 

c. Edit → Clear outside. 

d.  File → Save as → .tiff.  

 



49 
 

 
 

13. Trace the outline for the nucleus (DAPI image) following steps 6-13 but can save the .tiff 

file into the same folder as the actin .tiff. 

14. Place the outline of the cell onto the YAP image. 

a. Open the “Clear outside” IF image of Actin in ImageJ. 

i. One window opened. 

b. Open the YAP IF image in ImageJ. 

i. Two windows of images opened. 

c. Click on the Actin window. 

d. Click on the YAP window and press the “Restore Selection” shortcut button that 

was assigned in step 5. 

15. Measure the amount of YAP. 

a. With the Restored selection of Actin placed onto the YAP image, measure the 

intensity of the entire cell on the YAP image. 

16. Analyze → Measure:  Results window will open.  

a. The “Mean” column is the average of the intensity. 

 

 

 

 

17. Restore the nucleus selection onto the YAP image and measure the amount of YAP 

following steps 15-16 using the DAPI image. 

18. Shift select the data in the “Results” window. 
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19. Do steps 1-3 and 6-19 for all single cells and cell pairs. 

a. For cell pairs 

i.  analyze each cell individually, just label it as a number and A or B. 

ii. Open a new image of the cell pair. 

1. “Paste” the outline of the first fully traced cell using the “Restore 

Selection” tool. 

2. Edit → Fill  

a. Should turn white or may need to adjust the fill color 

i. Edit → Selection → Properties → “Fill color:” 

“none”  

3. Use brush size 100 to get the part of the first cell (that is now 

white) and the entire second cell. 

4. Edit → Clear Outside. 

5. “Select None” Shortcut button. 

6. Get the wand tool (red box). 

 

 

7. Click the white area that was creating using “Fill”. 

8. Edit →Clear. 

9. Click around the perimeter of the roughly outlined cell until it is 

entirely selected.      

10.  Open a new Cell Pair image. 
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11. “Restore Selection” onto a new unedited cell image and repeat 

steps 6-19.    

 

3.5  Conclusion 

 

Traction force microscopy is an important method to enable the determination of forces 

exerted by cells on their surroundings. Here, we addressed one of the main limitations of traction 

force microscopy – the inability to obtain protein localization data from cells post-traction force 

data collection. We proposed and realized a simple strategy for coincident traction force 

microscopy and immunofluorescence. By collecting reference bead images before the TFM 

workflow, we obviate the need for cell disintegration to collect reference bead images. Our 

technique is an easy approach that does not require complicated procedures or advanced tools. It 

just requires an epifluorescence microscope and common image collection and processing 

techniques.  Using our method, we were able to measure the strain energies for single cells and the 

inter-cellular forces for cell pairs, as well as determine the YAP ratio via immunofluorescence for 

the same cells. Further investigations can be done by plating single cells and cell pairs on 

softer/stiffer substrates so that we can have a wide range of YAP ratios to better understand the 

relationship between traction forces and the YAP ratio.  
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CHAPTER 4 

E-CADHERIN STIFFNESS SENSING AND FACTORS AFFECTING FORCE 

TRANSMISSION  

 

4.1 Introduction 

 

In epithelial tissues, E-cadherin is the major transmembrane protein that mediates cell-cell 

adhesions. E-cadherin is responsible for maintaining the architecture of adult epithelial tissues as 

well as remodeling of tissues [104,105]. E-cadherin from one cell binds homophilically to E-

cadherin from a neighboring cell at the cell-cell contact. Intracellularly, E-cadherin transmembrane 

proteins bind to the actin cytoskeleton through adaptor proteins. E-cadherin adhesions form trans-

interaction clusters at cell-cell contacts and cis-dimer interactions within the surface of each 

epithelial cell [106]. The actin cytoskeleton forms a belt within each cell in an epithelial cell sheet 

and these belts are coupled to each other using E-cadherins that combine the adhesive and 

contractile responses of epithelial cells [107,108,109]. To decipher the role of E-cadherin 

adhesions in tissues, it is important to understand both their biochemical and biophysical aspects. 

Significantly, it has been shown that E-cadherin adhesions sense changes in junctional tension and 

associate with downstream signaling molecules [110], just like integrin-based adhesions do at cell-

ECM contacts [27]. E-cadherin is a mechanosensor at cell-cell contacts and converts junctional 

tension to biochemical signals inside the cell. Mechanosensitivity at cell-cell contacts [111,112] 

and cell-extracellular matrix (ECM sites) [113] is important for maintaining the architecture of 

tissues, morphogenesis [114], and influences the progression of diseases [34]. It is known that 

adhesions through integrins are sensitive to elasticity within the range of that of the extracellular 
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matrix. However, it is still unclear if E-cadherin adhesions at cell-cell contacts can sense elasticity 

within the same range as that of the epithelial cells that surround them.  

Sensing cell-like elasticity by E-cadherin may be essential for several processes such as 

wound healing [115] and the modulation of E-cadherin adhesion through inside-out signaling may 

play an important role in the progression of cancer [35,116]. Human epithelial cancer cells are 

considered as softer than benign epithelial cells [36], therefore E-cadherin mechanosensing of cell 

elasticity can play a role in this context. Different studies showed that cancer epithelial  cells are 

softer than benign epithelial cells from the same tissue: The Young’s modulus was 0.5 kPa for 

cancer  vs 2 kPa for benign cells from lungs [117], 0.5 kPa for cancer vs 2 kPa for benign cells 

from breast [117], 0.5-1.1 kPa for cancer vs 2.5 kPa for benign cells from ovaries [118], 1.4 for 

cancer vs 2.2 kPa for benign cells from thyroid [119] 0.3-1.4 kPa for cancer vs 2.8 kPa for benign 

cells from prostate [120]. Therefore, we used E-cadherin coated soft substrates in the range of sub-

kPa to a few-kPa to test if cells can sense the stiffness via E-cadherin on substrates within the range 

of cell-like elasticity.  

In epithelial cell-cell contacts, E-cadherin adhesions exist among a complex network 

consisting of different cell-cell adhesion structures. E-cadherin adhesions are usually studied using 

a sheet of epithelial monolayers or islands that have numerous cell-cell contacts. There are four 

types of epithelial cell-cell junctions: (i) tight junctions, (ii) adherens junctions, (iii) desmosomes, 

and (iv) gap junctions [121]. Each junction has specific transmembrane proteins that connect cell-

cell contacts. In tight junctions, claudin and occludin are the main transmembrane proteins that 

connect the junction between cells. In desmosomal junctions, desmoglein and desmocollin are the 

main desmosomal cadherins that are engaged in cell-cell adhesions. In adherens junctions, E-

cadherins are the main transmembrane proteins at the cell-cell contact but there are other types of 
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cell-cell adhesions such as those mediated through nectins. Many groups have used cadherin-

coated surfaces in order to enable the specific probing of cadherin [122,123,124,125,126]. E-

cadherin consists of three regions: extracellular region, transmembrane region, and intracellular 

region. In order to study biochemical events specifically initiated by E-cadherin adhesion, we 

performed in vitro experiments using a glass coverslip coated with E-cadherin-Fc (i.e., the 

extracellular region of E-cadherin fused together with the Fc region).  To be more specific, protein 

A is first coated on glass and E-cadherin-Fc is then coated on top of protein A [127]. It is important 

to note that E-cadherin adhesions here are more easily imaged in a 2D plane compared to native 

epithelial cell-cell contacts consisting of a very complex topology. Actin cytoskeleton closely 

regulates E-cadherin [128], with the archetypical apical band of E-cadherin around epithelial cells 

intimately juxtaposed to a related belt of actin cytoskeleton. E-cadherin on soft and flat substrates 

can allow us to see how the actin cytoskeleton is closely coupled to discrete E-cadherin adhesions 

at an interface with epithelial cell-like elasticity. To understand E-cadherin mechanobiology, 

flexible E-cadherin-coated substrates have been used in-vitro before. It has been shown that E-

cadherin can differentiate between elastic moduli within the tens of kPa range [129] or between 

kPa and MPa elastic moduli. However, it is still unclear if E-cadherin adhesions can differentially 

sense elasticity within the same range as that of epithelial cells such as in the sub-kPa to few-kPa 

range. Moreover, the formation of discrete E-cadherin adhesions on substrates within a relevant 

range of elasticity has still not been reported. In this chapter, we address if the formation of E-

cadherin adhesion relies on the sensing of epithelial cell-like stiffness and how these E-cadherin 

adhesions are supported by the actin cytoskeleton on such substrates.   

To further understand E-cadherin mechanobiology, we are not only interested in checking 

whether E-cadherin senses epithelial cell-like stiffness but also assessing the level of force 
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transmission through E-cadherin adhesion complexes at cell-cell contacts. E-cadherin 

mechanotransduction loci sense mechanical forces at cell-cell contacts. Therefore, it is important 

to understand the factors that affect the levels of force transmitted through E-cadherin-based cell-

cell contacts. Recent studies showed that two E-cadherin molecules and one monomer Epidermal 

Growth Factor Receptor (EGFR) molecule form a heterotrimeric complex at the plasma membrane 

[130]. Importantly, the Epidermal Growth Factor Receptor (EGFR) is involved in the force 

transduction mechanism at interepithelial junctions [130]. Therefore, we tested how perturbations 

of EGFR affect intercellular forces through E-cadherin-based cell-cell contacts.  

Based on previous reports, it is known that force transmission is also mediated by 

heterophilic adhesion between E-cadherin and N-cadherin [44]. Heterophilic interaction between 

E-cadherin/N-cadherin has higher binding affinity compared to homophilic interaction [131] and 

junctions of E-cadherin from cancer cells and N-cadherin from fibroblasts have been shown to be 

involved in cancer progression [44].Thus, we were interested in comparing force transmission at 

cell-cell contacts in epithelial cells through homophilic vs heterophilic cadherin interactions. Here, 

we do so by quantifying the inter-cellular forces of homophilic E-cadherin/E-cadherin interactions, 

homophilic N-cadherin/N-cadherin interactions, and heterophilic E-cadherin/N-cadherin 

interactions using A431D cells exogenously expressing either E-cadherin or N-cadherin.  

4.2 Methods 

 

4.2.1 Cell Culture 

  

Dulbecco’s modified Eagle’s medium (Corning Inc., Corning NY) containing 10% fetal 

bovine serum (Corning Inc., Corning NY), L-glutamine, and 1% Penicillin/Streptomycin was used 

to culture C2BBe human colon epithelial cells under 5% CO2 at 37oC. Versene, a trypsin-free 
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chelator-based cell dissociation reagent, from Thermo Fisher Scientific (Waltham, MA) was used 

during each experiment to detach cells from cell culture dishes. The experiments on the E-cad-

coated surfaces were performed using the same media mentioned above, but without the fetal 

bovine serum, and the incubation time was 2 hours, under 5 % CO2 at 37oC. The experiments with 

15 uM Gefitinib EGFR inhibitor were performed in low serum (0.5 %), with 100 ng/ml EGFR 

inhibitor. The heterophilic experiments were seeded on the substrate with the presence of 400 

µg/mL G418 (Geneticin) so that cells continue to express cadherins. 

4.2.2 Biomimetic E-cadherin Glass Substrate Preparation 

 

Glass substrates was prepared using a 22 mm x 22 mm glass coverslip that was incubated 

with 40 µL of 0.2 mg/mL protein-A from Prospec (Rehovot, Israel) for one hour. After three 

washing steps with DPBS (with Ca/Mg), the protein-A coated substrate was incubated with 20 µL 

of 0.1 mg/mL recombinant E-cadherin-Fc from Sino Biological (Beijing, China) for 2 hours at 

room temperature. Next, the glass coverslip was washed three times with DPBS (with Ca/Mg) for 

five minutes each time and then incubated with 20 µL of 1 mg/mL Fc fragment from Jackson 

ImmunoResearch (West Gove, PA) for 1 hour at room temperature. Lastly, the sample was washed 

again      three times with DPBS (with Ca/Mg). Afterwards, the glass substrate was ready for cell 

plating.  

4.2.3 Biomimetic E-cadherin Soft Substrate Preparation 

 

NuSil soft silicone from NuSil Silicone Technologies (Carpinteria, CA) was prepared by 

mixing its A and B components in the ratio 2:3 and 2:7 by weight. A Modular Compact Rheometer 

(Austria, Europe) was used in order to measure the storage and loss shear moduli of each NuSil 

composition. The substrate was prepared using a 22 mm x 22 mm glass coverslip. About 100 µL 



57 
 

 
 

of NuSil soft silicone was poured onto the glass coverslip and cured using a hot plate at 1000C for 

1 hour. Following that, the substrate was exposed for 5 minutes to 305 nm UV light (UVP cross-

linker, Analytik Jena AG, Upland, CA). An aqueous solution containing 0.2 mg/mL protein-A 

from Prospec (Rehovot, Isreal), 10 mg/mL EDC (1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride), 5 mg/mL sulfo-NHS (N-hydroxysulfosuccinimide) chemistry were 

mixed to couple protein A to the substrate for an incubation time of 1 hour at room temperature. 

The substrate was then washed with Dulbecco’s Phosphate-Buffered Saline (with calcium), then 

incubated with 0.1 mg/mL recombinant E-cadherin-Fc from Sino Biological (Beijing, China) for 

2 hours at room temperature. After washing with Dulbecco’s Phosphate-Buffered Saline (with 

calcium), the substrate was incubated with 1 mg/mL Fc fragment from Jackson ImmunoResearch 

(West Gove, PA) for 1 hour at room temperature. The cells were plated on the substrate after 

washing the substrate once more with Dulbecco’s Phosphate-Buffered Saline (with calcium). The 

silicone substrate’s Young’s modulus for the experiments with C2BBe cells was determined to be 

0.3 kPa and 2.4 kPa [132].  For all the experiments with A431 cells and A431D, the Young’s 

modulus of NuSil 1:1 with 0.55% Sylgard 184 substrate was 6.603 ± 0.660 kPa.  

4.2.4 Immunofluorescence and Drug Treatment 

 

Proteins inside cells were stained using immunofluorescence in which cells were 

permeabilized and fixed for 15 minutes using buffer C (10 mM MES (2-morpholinoethanesulfonic 

acid), 138 mM KCL (pH 6.8), and 3 mM MgCl2 with 0.5% (v/v) Triton-X, 1.5% (w/v) bovine 

serum albumin, and 4% paraformaldehyde. Cells were incubated face down with primary 

antibodies at 40 C overnight, then incubated with secondary antibodies at room temperature for 1 

hour. Primary antibodies used were anti-β-catenin from BD biosciences (San Jose, CA), anti-

paxillin from Abcam (Cambridge, UK), anti-phosphomyosin Light Chain 2 (Ser 19) from Cell 
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Signaling Technology (Danvers, MA), and anti-E-cadherin from Santa Cruz Biotechnology 

(Dallas, TX). DAPI from Biotium (Hayward, CA) and Alexa Fluor 488-conjugated phalloidin 

from Thermo Fisher Scientific (Waltham, MA) were used to stain the nucleus and the actin 

cytoskeleton, respectively. Secondary antibodies used were from Jackson ImmunoResearch (West 

Grove, PA). SMIFH2 inhibitor was used at 20 µM for 2 hours and Jasplakinolide inhibitor was 

used at 1 nN for 1 hour. SMIFH2 and Jasplakinolide were from MilliporeSigma (Burlington, MA). 

SB 27005 and ATN161 were from Selleckchem (Houston, TX). rhEGF was from R&D systems 

(Minneapolis, MN). 

4.3 Results and Discussion  

 

4.3.1 Formation of undesirable focal adhesions on E-cadherin-Fc glass substrate 

 

To study E-cadherin adhesions without other cell-cell adhesion structures, we first prepared 

an oriented and immobilized E-cadherin-Fc substrate using glass coverslips. The glass coverslip 

was incubated first with protein A, and then coated with recombinant E-cadherin-Fc onto protein 

A. Then, human epithelial C2BBe cells were plated on the E-cadherin substrate in growth cell 

culture medium with fatal bovine serum. Cells adhered to the substrate and spread well. 

Afterwards, imuunofluorescence was used in order to check the formation of E-cadherin adhesions 

by staining for β-catenin that binds to the intracellular region of E-cadherin at a 1:1 stoichiometric 

ratio [133]. Also, immunofluorescence was used to check for focal adhesions by staining for 

paxillin. We aimed to prohibit the formation of focal adhesions in order to clearly attribute cell 

response to E-cadherin adhesions. However, when human epithelial C2BBe cells were plated in 

normal cell culture medium with fetal bovine serum, prominent focal adhesions were present in 

all cells (Figure 24). 
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Figure 24: Formation of not well-developed E-cadherin adhesions but prominent focal adhesions 

on E-cadherin-Fc glass substrate in the presence of fetal bovine serum. (A-C) Immunofluorescence 

images of C2BBe cells on E-cadherin glass substrate stained for (A) β-catenin (marking E-cadherin 

adhesions), (B) paxillin (marking focal adhesions), and (C) phalloidin (marking actin 

cytoskeleton). All scale bars are 5 µm.      

 

Moreover, we tried to include a blocking step with bovine serum albumin (BSA), but the formation 

of focal adhesions was not prevented, as shown in Figure 25.  
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Figure 25:  Presence of BSA does not preclude the formation of focal adhesions on E-cadherin 

glass substrate. (A-C) Representative immunofluorescence images of C2BBe cells on E-cadherin 

glass substrate that includes 10 mg/mL BSA blocking step and stained for (A) β-catenin (marking 

E-cadherin adhesions), (B) paxillin (marking focal adhesions), and (C) phalloidin (marking actin 

cytoskeleton). Focal adhesions marked by paxillin were prominent even in the presence of BSA 

blocking. All scale bars are 5 µm.       

      

4.3.2 Absence of focal adhesions on E-cadherin-Fc glass substrate 

 

We thought that the extracellular matrix presents in fetal bovine serum could be leading to 

the formation of the unwanted focal adhesions. Therefore, we plated C2BBe human epithelial cells 

in growth culture medium that does not contain fetal bovine serum (serum-free) and found that 

focal adhesion formation was noticeably reduced with most of the cells (Figure 26).  
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Figure 26: Formation of well-developed E-cadherin adhesions with absence of focal adhesions on 

E-cadherin-Fc glass substrate in serum free medium. (A-C) Immunofluorescence images of 

C2BBe cells on E-cadherin glass substrate stained for (A) β-catenin (marking E-cadherin 

adhesions), (B) paxillin (marking focal adhesions), and (C) phalloidin (marking actin 

cytoskeleton). All scale bars are 5 µm. 

In addition, we plated human epithelial A431 cells also in serum free growth culture medium and 

noticed that focal adhesion formation was totally reduced in all cells (Figure 27). 
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Figure 27: Formation of well-developed E-cadherin adhesions on E-cadherin-Fc glass substrate in 

serum free medium. (A-C) Immunofluorescence images of A431 cells on E-cadherin glass 

substrate stained for (A) phalloidin (marking actin cytoskeleton), (B) β-catenin (marking E-

cadherin adhesions), and (C) paxillin (marking focal adhesions). All scale bars are 5 µm. 

It is important to note that, serum free media did not affect cells during the entire timescale 

considered to perform the experiment (Figure 28). 
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Figure 28: Cell viability is not affected during the experimental time course in the absence of 

serum. (A) C2BBe cell island at time 0 hour cultured in media with 5% FBS. Same C2BBe cell 

island after being in culture in serum free medium for 2 hours (B) and 4hrs (C). All scale bars are 

10 µm.      

      

4.3.3 Avoiding focal adhesions on E-cadherin-Fc substrate using integrin inhibitors 

 

We tried to use integrin blocking antibodies to see if we can avoid focal adhesion formation 

[134] . ATN-161 was used to block integrin α5β1 and was shown to have a cardinal effect in 

inhibiting metastasis of tumors [135]. SB-273005 was also used as an antagonist of integrin for 

targeting αvβ3 and αvβ5 integrin receptors [136]. First, we plated C2BBe cells in normal cell 

culture medium with serum and we treated the cells with a mixture of integrin inhibitors, ATN-

161 (20 µM) and SB-273005 (1 µM), for two hours. We observed two kinds of E-cadherin 

adhesions: adhesions associated with actin foci along circumferential structures of F-actin (Figure 

29B) and adhesions associated with the ends of radial orientation of F-actin structures (Figure 

29E). However, integrin inhibitors did not preclude focal adhesion formation in all cells. 
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Figure 29: Actin-associated E-cadherin adhesion morphologies after treatment with integrin 

inhibitors in the presence of fetal bovine serum. (A-F) Immunofluorescence images of C2BBe 

cells on glass substrate stained for (A, D) phalloidin (marking actin cytoskeleton), (B, E) β-catenin 

(marking E-cadherin adhesions), and (C, F) paxillin (marking focal adhesions). (B) E-cadherin 

adhesions associated with actin foci along circumferential structures of F-actin. (E) E-cadherin 

associated with the ends of radial orientation of F-actin structures. All scale bars are 5 µm.      

 

Then, we plated C2BBe cells in cell culture medium in the absence of fetal bovine serum 

and we treated the cells with the same mixture of integrin inhibitors, ATN-161 (20 µM) and SB-

273005 (1 µM), for two hours. We observed similar results of C2BBe cells treated with integrin 

inhibitors and plated in cell culture medium with serum (Figure 30). From all the above results, 
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serum free medium, rather than integrin inhibitors, appeared to be the key factor in avoiding focal 

adhesion formation. 

 

 

Figure 30: Actin-associated E-cadherin adhesion morphologies after treatment with integrin 

inhibitors in the absence of fatal bovine serum. (A-F) Immunofluorescence images of C2BBe cells 

on glass substrate stained for (A, D) phalloidin (marking actin cytoskeleton), (B, E) β-catenin 

(marking E-cadherin adhesions), and (C, F) paxillin (marking focal adhesions). (B) E-cadherin 

adhesions associated with actin foci along circumferential structures of F-actin. (E) E-cadherin 

associated with the ends of radial orientation of F-actin structures. All scale bars are 5 µm. 

4.3.4 Effect of E-cadherin cell-like elastic substrates on the organization of E-cadherin 

adhesions  

 

One question that we were interested in testing was whether E-cadherin adhesions can 

sense the elastic microenvironment that imitates the epithelial cells that encircle them. E-cadherin 
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adhesions are located on the surface of epithelial cells in close vicinity to the cell cortex. Therefore, 

the stiffness of epithelial cells would be a relevant input for E-cadherin mechanosensing [137]. A 

survey [36] of many studies [117,118,119,120,138,139,140,141,142,143] that measured the 

elasticity of cancer and normal epithelial cells from the same tissue origin shows that the stiffness 

of normal human epithelial cells is in the range of sub-kPa to few-kPa and the stiffness of cancer 

cells is typically lower than the stiffness of normal cells. It has been shown that E-cadherin 

adhesions are able to sense applied forces [144] as well as stiffness of tens of kPa [129].  

NuSil soft silicone gel was coated with protein A using EDC/sulfo-NHS, and then E-

cadherin was immobilized onto protein A using recombinant E-cadherin-Fc. Importantly, 

mimicking lateral E-cadherin-based cell-cell junctions was recently done using a similar strategy 

[145]. After performing the in-vitro experiments and plating the cells in normal cell culture 

medium on two soft silicones [132] that have young’s moduli of sub-kPa (0.3 kPa) and few kPa 

(2.4 kPa), we noticed that after overnight incubation of the cells, focal adhesions were not 

precluded (Figure 31). 
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Figure 31: Formation of not well-developed E-cadherin adhesions but prominent focal adhesions 

on cell-like soft substrate in the presence of fetal bovine serum after overnight incubation. (A-C) 

Immunofluorescence images of C2BBe cells on 2.4 kPa E-cadherin soft substrate stained for (A) 

phalloidin (marking the actin cytoskeleton), (B) β-catenin (marking E-cadherin adhesions), and 

(C) paxillin (marking focal adhesions). All scale bars are 5 µm.      

 

However, when performing the in-vitro experiments and plating the cells for two hours in 

serum free medium on the two soft silicones, we noticed two kinds of E-cadherin adhesions via 

immunofluorescence. We observed linear adhesions associated with the ends of the radial 

orientation of F-actin structures (Figure 32, 33) and irregular adhesions associated with actin foci 

adjacent to the circumferences of F-actin structures (Figure 34, 35).  Focal adhesions marked by 

paxillin staining were absent (Figure 32C, 33C, 34C, 35C).  
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The radial actin bundles (like dorsal stress fibers [146] of cells adherent to the extracellular 

matrix), where linear adhesions are associated, appeared to be well-integrated with the 

circumferential orientation of actin bundles (like the transverse arcs [146] of cells adherent to the 

extracellular matrix). At the circumferential F-actin structures, where irregular adhesions are 

associated, micrometer-scale regions of F-actin of high intensity were observed, and such foci are 

not observed at cell-ECM adhesions. Linear and irregular adhesions were present in several cells 

to different extents based on the dominance of actin foci or radial actin. Also, linear and irregular 

adhesions were typically largely spatially separated from each other, except for some cases where 

both linear and irregular adhesions were close to each other.  

      

 

Figure 32: Actin associated with linear E-cadherin morphologies on 0.3 kPa E-cadherin substrates. 

(A-C) representative immunofluorescence images of C2BBe cells on 0.3 kPa E-cadherin substrate 

stained for (A) phalloidin (marking actin cytoskeleton) and (B) β-catenin (marking E-cadherin 
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adhesions), and (C) paxillin (marking focal adhesions). (B) Linear E-cadherin associated with the 

ends of radial orientation of F-actin structures. All scale bars are 5 µm. 

 

 

Figure 33: Actin associated with linear E-cadherin morphologies on 2.4 kPa E-cadherin substrates. 

(A-C) representative immunofluorescence images of C2BBe cells on 2.4 kPa E-cadherin substrate 

stained for (A) phalloidin (marking actin cytoskeleton) and (B) β-catenin (marking E-cadherin 

adhesions), and (C) paxillin (marking focal adhesions). (B) Linear E-cadherin associated with the 

ends of radial orientation of F-actin structures. All scale bars are 5 µm.      
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Figure 34: Actin associated with irregular E-cadherin morphologies on 0.3 kPa E-cadherin 

substrates. (A-C) representative immunofluorescence images of C2BBe cells on 0.3 kPa E-

cadherin substrate stained for (A) phalloidin (marking actin cytoskeleton) and (B) β-catenin 

(marking E-cadherin adhesions), and (C) paxillin (marking focal adhesions). (B) Irregular E-

cadherin adhesions associated with actin foci along circumferential structures of F-actin. All scale 

bars are 5 µm.      
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Figure 35: Actin associated with irregular E-cadherin morphologies on 2.4 kPa E-cadherin 

substrates. (A-C) representative immunofluorescence images of C2BBe cells on 2.4 kPa E-

cadherin substrate stained for (A) phalloidin (marking actin cytoskeleton) and (B) β-catenin 

(marking E-cadherin adhesions), and (C) paxillin (marking focal adhesions). (B) Irregular E-

cadherin adhesions associated with actin foci along circumferential structures of F-actin. All scale 

bars are 5 µm.      

 

E-cadherin was stained with a specific antibody that was directed against its cytoplasmic 

domain in order to confirm that β-catenin was a good choice as a marker of E-cadherin adhesions 

(Figure 36). The presence of linear and irregular E-cadherin adhesions was confirmed respectively 

as shown in Figure 36.  After validating the results, we continued using β-catenin as marker of E-

cadherin adhesions as it generated a stained with higher contrast.   
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.  

Figure 36: Presence of irregular adhesions associated with circumferential actin foci and linear E-

cadherin adhesions associated with radial actin. (A-D) Immunofluorescence images of C2BBe 

cells on 2.4 kPa soft substrate stained for (A, C) phalloidin (marking actin cytoskeleton), and (B, 

D) cytoplasmic domain of E-cadherin. (B) E-cadherin adhesions associated with actin foci along 

circumferential structures of F-actin. (D) E-cadherin associated with the ends of radial orientation 

of F-actin structures. All scale bars are 5 µm.      

 

4.3.5 Localization of phospho-myosin in cells on E-cadherin coated cell-like substrates 

 

To determine the mechanisms by which the actin cytoskeleton can be supporting irregular 

and linear E-cadherin adhesions, we started by testing if the circumferential actin foci are localized 

in regions of high contractility by staining for phospho-myosin. Irregular adhesions (Figure 37B) 

colocalized with actin foci (Figure 37A) but did not show any colocalization of phospho-myosin. 
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Figure 37: Circumferential actin foci does not colocalize with phospho-myosin. (A-C) 

representative immunofluorescence images of C2BBe cells on 2.4 kPa E-cadherin substrate 

stained for (A) phalloidin (marking actin cytoskeleton) and (B) β-catenin (marking E-cadherin 

adhesions), and (C) phospho-myosin. All scale bars are 5 µm.      

 

4.3.6 Organization of F-actin in cells on E-cadherin coated cell-like substrates 

 

We hypothesized that at circumferential actin foci, the localization of E-cadherin adhesion 

is supported by high local actin density. To test this hypothesis, we used jasplakinolide, which is 

an inducer of polymerization and stabilization of actin cytoskeleton. Jasplakinolide was used at 1 

nM for 1 hour to treat C2BBe cells on E-cadherin-coated soft silicone. Note that      we observed 

that treating cells with jasplakinolide over several hours lead to detaching of cells from the 

substrate over time. However, when C2BBe cells were treated with jasplakinolide for 1 hour, we 

observed that cells stayed adhered and spread and some cells displayed large actin foci as expected. 
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Large actin foci supported irregular E-cadherin adhesions on substrate in the range of few-kPa 

(Figure 38). All these results suggest that local high density of actin was the main reason behind 

the formation of irregular E-cadherin adhesions.  

 

 

Figure 38: High local actin density supports irregular E-cadherin adhesions on soft substrates. (A-

C) representative immunofluorescence images of C2BBe cells on 2.4 kPa E-cadherin substrate 

treated with Jasplakinolide and stained for (A) phalloidin (marking actin cytoskeleton) and (B) β-

catenin (marking E-cadherin adhesions), and (C) paxillin. All scale bars are 5 µm.      

 

4.3.7 Effect of myosin inhibition on E-cadherin adhesions in cells on E-cadherin coated 

cell-like substrates 

 

When we treated the cells with the myosin inhibitor blebbistatin (20 µM), we noticed that 

cells did not abolish irregular E-cadherin adhesions associated with circumferential actin foci. This 
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supports the hypothesis that the high density of local actin (rather than contractility) is the main 

driver behind the localization of irregular E-cadherin adhesions. However, after blebbistatin 

treatment, linear adhesions were no longer supported (Figure 39).   

 

 

Figure 39:  Blebbistatin treatment does not eliminate E-cadherin irregular adhesions but leads to 

loss of linear adhesions. (A-D) representative immunofluorescence images of C2BBe cells on 2.4 

kPa E-cadherin substrate treated with blebbistatin and stained for (A, C) phalloidin (marking actin 

cytoskeleton) and (B, D) β-catenin (marking E-cadherin adhesions). All scale bars are 5 µm. 

4.3.8 Effect of formin inhibition on the actin organization of cells on E-cadherin coated 

cell-like substrates 

 

With respect to linear actin adhesions, the linear architecture of the associated contractile 

actin bundle was apparently significant. We hypothesized that nucleators of linear actin filaments 

[147], formins, can therefore be important. Therefore, we treated C2BBe cells with a pan-formin 
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inhibitor [148], SMIFH2 (20 µM), and we observed that SMIFH2 suppressed the presence of linear 

E-cadherin adhesions and radial orientation of linear actin structures as well (Figure 40). 

 

 

 

Figure 40: Formin activity is crucial for the formation of linear E-cadherin adhesions associated 

with the ends of radial orientation of F-actin structures on cell-like soft E-cadherin substrates. (A-

F) representative immunofluorescence images of C2BBe cells on 2.4 kPa E-cadherin substrate 

treated with DMSO (A, B, C) and SMIFH2 (D, E, F) and stained for (A, D) phalloidin (marking 

actin cytoskeleton) and (B, E) β-catenin (marking E-cadherin adhesions), and (C, F) paxillin. All 

scale bars are 5 µm.      

 

The      similar results were observed when C2BBe cells were treated with SMIFH2 on E-

cadherin substrates in the range of sub-kPa stiffness (Figure 41). This result is consistent with the 



77 
 

 
 

fact that formins have been shown to maintain E-cadherin at cell-cell contacts [149]. It is important 

to note that we used a low concentration of SMIFH2 because it has been shown to have pleiotropic 

effects [150] at high concentrations.  

 

 

Figure 41: Formin activity is crucial for the formation of linear E-cadherin adhesions on sub-kPa 

substrates. (A-C) representative immunofluorescence images of C2BBe cells on 0.3 kPa E-

cadherin substrate treated with SMIFH2 and stained for (A) phalloidin (marking actin 

cytoskeleton) and (B) β-catenin (marking E-cadherin adhesions), and (C) paxillin. All scale bars 

are 5 µm. 

4.3.9 Effect of Arp2/3 inhibition on the actin organization in cells on E-cadherin coated 

cell-like substrates  

 

Arp2/3 is also a major actin nucleator that is responsible for the nucleation of actin 

branches[151]. Therefore, we used CK-666, a pharmacological inhibitor of Arp2/3, in order to test 

the role of this actin nucleator in the formation of E-cadherin adhesions and actin structures. 
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C2BBe cells plated on E-cad-coated soft substrates were incubated with CK-666 (100 µM) for 2 

hours. We found that actin and E-cadherin organization were not affected by the inhibition of 

Arp2/3 (Figure 42). C2BBe cells displayed linear adhesions colocalized with radial actin structures 

as in the control case.  

 

 

Figure 42: E-cadherin adhesions on cell-like substrates are independent of Arp2/3 actin nucleator. 

(A-B) Representative immunofluorescence images of C2BBe cells on 2.4 kPa E-cadherin substrate 

treated with CK-666 and stained for (A) phalloidin (marking actin cytoskeleton) and (B) β-catenin 

(marking E-cadherin adhesions). All scale bars are 5 µm. 

      

In addition, we found that a small fraction of C2BBe cells formed irregular adhesions 

clumps with the corresponding regions of high actin clumps on oriented E-cadherin-Fc coated on 

2.4 kPa substrate (Figure 43). 
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Figure 43: E-cadherin adhesions are localized with actin clumps even under arp2/3 inhibition. (A-

B) representative immunofluorescence images of C2BBe cells on 8.7 kPa E-cadherin substrate 

treated with CK-666 and stained for (A) phalloidin (marking actin cytoskeleton) and (B) β-catenin 

(marking E-cadherin adhesions). All scale bars are 5 µm.      

      

4.3.10 Effect of Rho-activation on cells plated on E-cadherin-coated soft substrate 

 

In order to study the effects of Rho activator II activation on the rearrangement of the actin 

cytoskeleton, we treated the cells with Rho activator (5 µg/mL). We noticed that the regions of 

high actin intensity have smaller irregular β-catenin adhesions and some linear β-catenin adhesions 

(Figure 44). 
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Figure 44:  Rho activator promotes the formation of smaller irregular E-cadherin adhesions at 

regions of high actin density. (A-C) representative immunofluorescence images of C2BBe cells 

on 2.4 kPa E-cadherin substrate treated with Rho activator and stained for (A) phalloidin (marking 

actin cytoskeleton) and (B) β-catenin (marking E-cadherin adhesions), and (C) paxillin. All scale 

bars are 5 µm.      

 

4.3.11 Soft silicones as possible candidates for E-cadherin coated substrates – Rheology 

 

We were interested in identifying alternative soft silicone substrates whose elasticity could 

be more broadly tuned. We therefore wondered if could potentially fabricate suitable soft silicone 

substrates by mixing NuSil gel with a small percentage by weight of Sylgard 184 cross-linking 

agent, as was done by another group recently [152]. We tried to come up with gel compositions 

that could be used as E-cadherin substrates going forward. Our aim is to make soft silicones that 

have a tunable elasticity over a physiological range. We used rheology to characterize the elastic 

and viscous responses of these soft silicones. G’ measures the energy stored by a material during 
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deformation, while G’’ measures the energy lost during the same shear cycle. Storage modulus, 

G’(ꞷ), characterizes the elastic behavior of the material at a specific frequency (ꞷ). Loss modulus, 

G” (ꞷ), characterizes the material’s viscous behavior in response to stress at a particular frequency 

(ꞷ). The stress response, σ, (in response to an imposed sinusoidal strain) as a function of time  t is 

given by the following equation: 

For a viscoelastic material: σ (t) = G’ (ꞷ) γ0 sin (ꞷt) + G” (ꞷ) γ0 cos (ꞷt) 

where γ (t) is sinusoidal strain with amplitude γ0. G’ and G’’ are determined as a function of angular 

frequency ꞷ, in order to determine how the material behaves. Mixture of NuSil (weigh ratio 

A:B=1:1) with 0%, 0.15%, 0.5%, 1%, and 2.5% Sylgard 184 respectively were cured in an oven 

at 1000C for 2.5 hours. Then, the soft gel mixture of roughly mm thickness was loaded on to the 

rheometer plate. Frequency sweep test was used in order to determine the mechanical properties 

of the soft silicones. Storage modulus, G’, and loss modulus, G’’, were measured using shear 

rheology. Strain was set at 0.5% [152] and the range of angular frequencies was chosen to be 

between 0.1 and 100 rad/s. Then, we calculated the elastic modulus, E, by assuming that the soft 

silicones used are isotropic and incompressible, (i.e., with a Poisson’s ratio, υ, of 0.5) and using 

the following relation: E= 2G’ (1+υ).  
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Figure 45: Mechanical properties of NuSil 1.1 with 0% Sylgard 184 with frequency sweep test at 

0.5 % strain. Storage modulus, G’, and loss modulus, G’’, in kPa versus angular frequency, ꞷ , in 

rad/sec. All data points are mean ± SD.  

 

Figure 46: Mechanical properties of NuSil 1.1 with 0.15% Sylgard 184 with frequency sweep test 

at 0.5 % strain. Storage modulus, G’, and loss modulus, G’’, in kPa versus angular frequency, ꞷ , 

in rad/sec. All data points are mean ± SD.  



83 
 

 
 

 

Figure 47: Mechanical properties of  NuSil 1.1 with 0.5% Sylgard 184 with frequency sweep test 

at 0.5 % strain. Storage modulus, G’, and loss modulus, G’’, in kPa versus angular frequency, ꞷ , 

in rad/sec. All data points are mean ± SD.  

 

Figure 48:  Mechanical properties of NuSil 1.1 with 1% Sylgard 184 with frequency sweep test at 

0.5 % strain. Storage modulus, G’, and loss modulus, G’’, in kPa versus angular frequency, ꞷ , in 

rad/sec. All data points are mean ± SD.  
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Figure 49: Mechanical properties of NuSil 1.1 with 2.5% Sylgard 184 with frequency sweep test 

at 0.5 % strain. Storage modulus, G’, and loss modulus, G’’, in kPa versus angular frequency, ꞷ , 

in rad/sec. All data points are mean ± SD.  

Silicone mixtures  G’: Storage modulus 

(kPa) 

 

          (mean = ± SD) 

E: Elastic modulus 

(kPa) 

 

     (mean = ± SD) 

NuSil (A: B = 1:1) with 0% Sylgard 184 0.075 ± 0.013 0.225 ± 0.039 

NuSil (A: B = 1:1) with 0.15% Sylgard 184 0.300 ± 0.027 0.900 ± 0.081 

NuSil (A: B = 1:1) with 0.5% Sylgard 184 2.830 ± 0.511 8.490 ± 1.533 

NuSil (A: B = 1:1) with 1% Sylgard 184 6.644 ± 0.632 19.932 ± 1.896 

NuSil (A: B = 1:1) with 2.5% Sylgard 184 15.484 ± 3.064 46.452 ± 9.192 

 

Table 1: Mechanical properties of NuSil soft silicones with 0%, 0.15%, 0.5%, 1%, and 2.5% 

Sylgard 184. A table of storage modulus, G’, with mean ± standard deviation and elastic modulus, 

E, in kPa.   
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We wanted a substrate with an elastic modulus close to the one we got in NuSil 1:1 with 

0.5% Sylgard 184 composition. Therefore, we picked NuSil 1:1 with 0.55% Sylgard 184 and we 

also changed the curing time to 3 hours instead of 2.5 hours. Based on the obtained stiffness values, 

we considered NuSil 1:1 with 0.55 Sylgard 184 (E=6.603 kPa) as biomimetic substrate for 

studying force transmission using A431 cells.  

 

 

Figure 50: Mechanical properties of  NuSil 1.1 with 0.55% Sylgard  184 with frequency sweep 

test at 0.5 % strain. Storage modulus, G’, and loss modulus, G’’, in kPa versus angular frequency, 

ꞷ , in rad/sec. All data points are mean ± SD.  

4.3.12 E-cadherin force transmission regulation at the cell membrane and from outside the 

cell 

 

While we showed that E-cadherin mechanosensors sense epithelial cell-like stiffness, 

previous studies showed that E-cadherins are also mechanotransduction loci that sense mechanical 

forces at intercellular junctions [153]. Therefore, we tried to investigate the level of intercellular 
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forces transmitted through E-cadherin at cell-cell contacts. Previous reports showed that Epithelial 

Growth Factor Receptor (EGFR) is a crucial factor in the E-cadherin force transduction machinery 

[43]. Cell-cell adhesions are mediated by the extracellular domains of E-cadherin. The intracellular 

domain of E-cadherin is mechanically coupled to the actin cytoskeleton through intracellular 

adaptor proteins such as α-catenin and β-catenin. Under tension at cell junctions, α-catenin unfolds 

and leads to the recruitment of vinculin in order to reinforce cell junctions. Force fluctuations on 

E-cadherin result in activating EGFR signaling and integrins in order to form a positive-feedback 

loop that triggers the activation of Abl, which is necessary for the recruitment of vinculin and actin 

at stressed E-cadherin junctions [43].This mechanosensitive pathway connects E-cadherin tugging 

forces to the activation of EGFR. In addition, previous reports showed that E-cadherin and EGFR 

form a heterotrimeric complex at the plasma membrane, consisting of a bond between two E-

cadherin proteins and one EGFR monomer [130]. Increased junctional tension on homophilic 

cadherin bonds disrupts E-cadherin/EGFR complex [130]. Tugging forces on homophilic E-

cadherin bonds, release EGFR monomers to dimerize, then bind EGF ligand, and signal [130]. 

These findings show the initial steps in E-cadherin-mediated force transduction which link 

fluctuations of intercellular force to the activation of signaling cascades. Therefore, we asked if 

EGFR activity affects the level of endogenous forces transmitted at cell-cell contacts. We first 

measured the intercellular forces of A431 cells expressing endogenous E-cadherin and high levels 

of EGFR. Then, we inhibited EGFR in A431 cells to test if perturbations of EGFR potentially 

affect intercellular forces at cell-cell contacts. A431 cells were plated on Nusil 1:1 with 0.55 

Sylgard 184 collagen-I substrate in low serum (0.5 %) with or without 100ng/ml EGFR inhibitor 

for 30 minutes. Using the traction force imbalance method (TFIM), we found that the average 

intercellular force of A431 cells is 47.2 ± 20.1 nN and the average intercellular force of A431 cells 
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treated with EGFR inhibitor is 21.7 ± 10.3 nN (P value= 2 x 10-7) (Figure 51). These results 

revealed that EGFR activity affects the level of intercellular forces, presumably by interfering with 

endogenous mechanotransduction mechanisms. 

 

 

Figure 51: Inhibition of EGFR leads to a decrease in inter-cellular forces.  (A) Traction stresses of 

A431 cell pair (top, left) and A431 cell pair treated with EGFR inhibitor (bottom, left). Traction 

stress vectors are overlaid (red arrows.). Heat-scale map of the traction magnitude for A431 cell 

pair (top, right) and A431 cell pair treated with EGFR inhibitor (bottom, right). Scale bar is 5 µm. 

Red arrow: 400 Pa. (B) Dot plot of the intercellular forces for A431 cell pair and A431 cell pair 

treated with EGFR inhibitor cell pairs. Black bar represents the mean value. (P = 2 x 10-7).      

 

While we showed that force transmission is disrupted when inhibiting EGFR bond to E-

cadherin at the plasma membrane, what molecule E-cadherin binds to from outside the cell may 

also influence how much force is transmitted. Previous reports have considered force transmission 
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at cell-cell contacts mediated by a heterophilic adhesion between E-cadherin and N-cadherin [44]. 

Studying heterophilic interactions between cadherins is very important for cancer progression and 

metastasis in which cancer cells interact with their microenvironment [154,155,156]. Several 

studies have shown heterophilic junctions between two distinct cadherin pairs 

[157,158,159,160,161,162], and recent structural and energetic analysis demonstrated that 

heterophilic interaction between E-cadherin/N-cadherin has higher binding affinity compared to 

homophilic E-cadherin/E-cadherin interaction [131]. Previous reports showed that force 

transmission is mediated by heterophilic interactions between E-cadherin at the A431 cancer cell 

membrane and N-cadherin at the Cancer Associated Fibroblast (CAF) membrane [44]. Junctions 

between E-cadherin from cancer cells and N-cadherin from CAF enable collective cell migration 

for several hours [44]. While force transmission between heterophilic cadherins in cancer epithelial 

cells and fibroblasts is well established, the relative force transmission between cadherins in 

homophilic and heterophilic configurations (E-cadherin/E-cadherin, N-cadherin/N-cadherin, and 

E-cadherin/N-cadherin) in epithelial cells is not well studied. Therefore, we used human A431D 

epithelial cells that do not express E-cadherin and we measured the intercellular force between 

A431D cell pairs transfected with E-cadherin, A431D cell pairs transfected with N-cadherin and 

heterophilic A431D cells pairs consisting of a heterophilic interaction between A431D cells 

transfected with E-cadherin and A431D cells transfected with N-cadherin by mixing the former 

and the later together. Note that all the cells were cultured with 400 µg/mL G418 (Geneticin) so 

that they continue to express the cadherins. A431D cells transfected with E-cadherin express E-

cadherin tagged with Yellow Fluorescence Protein (YFP) could be seen in the green channel using 

our epifluorescence microscope. To check heterophilic A31D cell pairs, we could therefore check 

for one YFP tagged cell in the green channel. Using the traction force imbalance method (TFIM), 



89 
 

 
 

we found that the average intercellular force of A431D cells transfected with N-cadherin is 28.77 

nN ± 15.26, the average intercellular force of A431 cells transfected with E-cadherin is 21.45 nN 

± 12.13, the average intercellular force of heterophilic A431D cell pairs is 40.3 nN ± 21.05 (Figure 

52).  Therefore, the intercellular tension for heterophilic E-cad/N-cad interaction is higher than the 

homophilic E-cad/E-cad interaction. This has important implications for cancer progression, which 

often involves epithelial to mesenchymal transition and E-cad to N-cad switch in epithelial cells. 
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Figure 52: Heterophilic interaction between A431D cells leads to higher inter-cellular forces 

compared to homophilic interactions between A431D cells. (A) Traction stresses of A431D cell 

pair transfected with N-cadherin (top, left), A431D cell pair transfected with E-cadherin (middle, 
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left), and A431D heterogeneous (bottom, left). Traction stress vectors are overlaid (red arrows.). 

Heat-scale map of the traction magnitude for A431 cell pair transfected with N-cadherin (top, 

right), A431D cell pair transfected with E-cadherin (middle, right), and A431D heterophilic cell 

pair (bottom, right). Scale bar is 5 µm. Red arrow: 400 Pa. (B) Dot plot of the intercellular forces 

for A431D cell pair transfected with N-cadherin, A431D cell pair transfected with E-cadherin, and 

A431D heterophilic. Black bar represents the mean value.   (** corresponds to p < 0.01). 

      

4.4 Conclusion   

 

E-cadherin adhesions are very important for cell-cell adhesion as well as mechanical 

coupling between epithelial cells. E-cadherin adhesions also reside in a microenvironment that is 

comprised of adjacent epithelial cells. E-cadherin is known to be a mechanosensor, however, it is 

unknown if E-cadherin adhesions may sense stiffness within the same range of that of epithelial 

cells. Based on literature, Young’s moduli of epithelial cells are in the range of sub-kPa to few-

kPa, with cancer cells often being softer than benign/normal cells. We found that E-cadherin 

adhesions change their organization depending on the magnitude of epithelial cell-like elasticity. 

E-cadherin adhesions are organized by the actin cytoskeleton in two ways: linear shaped adhesions 

at the end of linear actin bundles and irregular shaped adhesions colocalized with high actin 

density. Linear adhesions associated radial actin orientation were more numerous on the higher 

elasticity substrate with an elasticity of few kPa (compared to sub kPa substrate).  Our study 

suggests that the distribution (density and architecture) of E-cadherin adhesions is modulated by 

epithelial cell-like elasticity and this has important consequences for several diseases such as 

carcinomas characterized by altered elasticity of epithelial cells.  
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In this chapter, we devised biomimetic E-cadherin-coated soft silicone substrates with 

epithelial cell-like elasticities (sub kPa to few kPa) and showed that discrete E-cadherin adhesions 

are clearly observed on cell-like silicone soft substrates (unlike previous reports that did not 

observe well-formed adhesions) [129]. It will be interesting to study the effect of 

microenvironment elasticity on several cellular factors like actin binding proteins and Rho 

GTPases and their influence on E-cadherin adhesion organization. The necessity of formin for the 

proper formation of linear E-cadherin adhesions as well as the enhanced formation of linear 

adhesions at higher stiffness both point to the possibility that RhoA is activated at E-cadherin 

adhesions in response to increase in stiffness of the cells [163,164]. E-cadherin sensing of 

epithelial cell-like stiffness can have consequences in different physiological contexts in which the 

stiffness of an epithelial cell changes, such as wound healing [115].  In addition, softening of cells 

during cancer metastasis can decrease cell-cell contact stability and the level of E-cadherin 

adhesion. In our research study, we also showed that E-cadherin adhesions are supported by actin 

cytoskeleton in two ways: linear architecture and local high density on both sub-kPa and few-kPa 

soft substrates. Based on this, we propose that the apical circumferential belt of actin cytoskeleton 

employs both its linear architecture and high local density in order to support E-cadherin adhesions 

at cell-cell junctions.  

Furthermore, E-cadherin mechanosensors not only sense epithelial-like stiffness but also 

sense and transmit forces at intercellular junctions. E-cadherin and EGFR form a heterotrimeric 

complex at the plasma membrane [130]. While previous studies showed that EGFR is involved in 

force transduction mechanism at interepithelial junctions, we showed that inhibiting EGFR leads 

to a decrease in intercellular forces between neighboring cells. This suggests a feedback loop 

between E-cadherin mechanotransduction and EGFR activity. Moreover, it has been reported that 
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force transmission is mediated by heterophilic adhesion between E-cadherin in cancer cells and N-

cadherin in CAFs [44] In this study, we showed that heterophilic interactions in epithelial cells 

between E-cadherin and N-cadherin result in a higher intercellular force compared to E-cad/E-cad 

homophilic interaction. E-cadherin adhesions play an important role in organizing cell-cell 

junctions, coupling adjacent cell cortices, influencing a variety of signaling pathways, and 

maintaining cell polarity. Based on our results, we suggest that E-cadherin sensing of epithelial 

like stiffness can be a crucial factor in the function of E-cadherin. The role of EGFR at the plasma 

membrane and E-cad or N-cad from the neighboring cell all determine the level of force 

transmitted through E-cadherin. We posit that this enables the cell to sense, respond and give rise 

to unique biochemical signal combinations in different contexts. 
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  CHAPTER 5 

CONCLUSION 

 

In epithelial tissues, cells adhere to each to other through cell-cell junctions or to the 

extracellular matrix (ECM). In addition, cells generate and exert forces on each other or on the 

extracellular matrix. At cell-cell contacts, cells sense and respond to forces through E-cadherin. 

Cells also convert mechanical forces into biochemical signals which elicit particular cellular 

responses. Internal forces are generated by the actomyosin network that regulates force 

transmission. External forces are transmitted through intracellular and intercellular adhesion 

proteins. At cell-cell contacts, forces are transmitted through E-cadherin proteins that bind to 

intracellular proteins which in turn interact with the actin cytoskeleton inside the cell. Therefore, 

it is very important to study E-cadherin mechanobiology and quantify the level of force 

transmission through E-cadherin in order to understand the mechanical function of cell-cell 

contacts in various contexts.  

Stiffness sensing and force transmission are two pivotal aspects of E-cadherin 

mechanobiology. In order to study the stiffness sensing aspect of E-cadherin, we assessed the 

formation of E-cadherin adhesion on substrates with epithelial cell-like stiffness. We also 

investigated how these E-cadherin adhesions are supported by the actin cytoskeleton inside the 

cell on such substrates (chapter 4). E-cadherin has an extracellular region, a transmembrane region 

and an intracellular region. Here, we assessed factors that can affect the level of force transmission 

(i) inside the cell, (ii) on the cell membrane, and (iii) outside the cell. To study the level of force 

transmission inside the cell, we studied the role of vinculin and α-catenin in transmitting 

endogenous forces at cell-cell contacts (Chapter 2). To study how the level of force transmission 
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is affected by factors on the cell membrane, we investigated the effect of EGFR on the intercellular 

forces transmitted at cell-cell contacts (chapter 4). In order to understand how the level of force 

transmission depends on binding partners from outside the cell, we studied homophilic and 

heterophilic interactions of cadherins (chapter 4). For quantifying the level of force transmission 

at cell-cell contacts, we used traction force microscopy (TFM) to determine how EGFR, 

homophilic E-cadherin interactions, heterophilic E-cadherin interactions, and intracellular 

adhesion-associated proteins affect the intercellular forces between neighboring cells. In addition, 

we also devised a modified traction force microscopy method using a novel, simple strategy for 

coincident immunofluorescence and traction force microscopy (chapter 3).  

As detailed in chapter 4, we designed a biomimetic E-cadherin soft substrate of cell-like 

stiffness and we tested whether E-cadherin senses the elastic microenvironment that mimics the 

epithelial cells that encircle them. We showed that E-cadherin adhesions change their organization 

depending on epithelial cell-like elasticity. Linear E-cadherin adhesions associated with radial 

actin orientation were more common on the higher elasticity substrate (sub kPa). Irregular E-

cadherin adhesions associated with actin foci along circumferential structures of F-actin were more 

common on the lower elasticity substrate (few kPa). To enable better understanding of force 

sensing by E-cadherin, we addressed the question of what factors determine the level of force 

transmission through E-cadherin adhesions at cell-cell contacts. We started by inhibiting EGFR 

and we showed that the intercellular forces transmitted at cell-cell contacts was decreased by the 

inhibition of EGFR. Thus, EGFR affects not only mechanotransduction via E-cadherin, as shown 

before, but also the level of force transmission via E-cadherin at cell-cell contacts. We then 

addressed how E-cadherin’s extra-cellular binding partners affect force transmission by 

quantifying the level of force transmission for homophilic and heterophilic interactions at cell-cell 
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contacts. Our results revealed that the intercellular tension for heterophilic interactions between E-

cadherin and N-cadherin in epithelial cells is higher than homophilic E-cadherin/E-cadherin 

interaction. In the future, it will be important and interesting to fabricate a biomimetic N-cadherin 

soft substrate and study the stiffness sensing of neural cells, and to quantify the traction forces of 

E-cadherin homophilic and heterophilic interactions on N-cadherin soft substrates.  

The level of force transmission is also affected by intracellular adhesion-associated 

proteins. In chapter 2, we showed that knock out of vinculin or both vinculin and α-catenin can 

significantly decrease the intercellular forces. To study the effect of vinculin binding to α-catenin 

at intercellular junctions, we examined cells with α-catenin knocked out and expressing α-catenin 

mutants. The intercellular force in the absence of α-catenin and with α-catenin-ΔVBS were not 

significantly lesser than the intercellular force for wild-type. Thus, we found that vinculin, and not 

α-catenin, is responsible for transmitting high endogenous forces at cell-cell contacts. Our result 

is contrary to the prevailing “textbook picture”, where α-catenin is thought to be more central for 

force transmission at E-cadherin adhesions. We further showed that vinculin also protects the 

integrity of cell-cell contacts under mechanical challenges. It will be interesting, to study how 

force transmission through E-cadherin at cell-cell contacts can be affected when perturbing other 

intracellular adhesion-associated proteins and determine which other mechanical pathways are 

important for force transmission through E-cadherin.  

Force transmission is quantified using Traction Force Microscopy (TFM). However, the 

main limitation of this method is that it requires cell removal and substrate relaxation in which 

cells are removed from the substrate and no further post-processing procedures can be done. As 

described in chapter 3, we proposed and realized a simple strategy for coincident traction force 

microscopy and immunofluorescence. This method addressed the aforementioned main limitation 
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of traction force microscopy and we were able to quantify traction forces without removal of the 

cells and then obtain protein localization data from cells using immunofluorescence. In the future, 

it will be interesting to use this method to find the relationship between the localization of different 

intracellular proteins in cells and the measured traction forces. 

Taken together, our studies highlight two main aspects of E-cadherin mechanobiology: 

stiffness sensing and force transmission at cell-cell contacts. Overall, we showed that vinculin, 

EGFR, and heterophilic cadherin interactions affect the endogenous force transmission in 

epithelial cells at cell-cell contacts. We also uncovered the factors that affect E-cadherin adhesion 

formation on cell-like elastic substrates. Finally, the alternate method we developed for TFM here 

can be adopted by other labs easily and lead to novel insights in mechanobiology. Our work can 

thus inform both fundamental and applied research, potentially leading to advances studies in 

developmental biology (for eg., understanding how inter-cellular forces effect cell shape changes) 

and tissue engineering (for eg., help in the improved design of artificial skin grafts).  
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