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ABSTRACT 

Integrin-Linked Kinase, ECM Composition, and Substrate Rigidity  

Regulate Focal Adhesion - Actin Coupling, Modulating Survival, Proliferation and 

Migration: Towards a Biophysical Cancer Biomarker 

Ashok C. Chander 

The extracellular matrix (ECM) has been implicated in numerous physiological and 

pathogenic processes.  Integrins are thought to be the primary receptors that cells use to 

transduce biochemical and physical signals from the ECM.  Integrin – ligand binding is 

specific for ECM molecules and is regulated by specific protein-protein interactions that 

further regulate downstream cellular activity such as motility, survival, growth, and 

proliferation.  Termed outside-in signaling, the engagement of integrins results in protein 

recruitment to sites of cell – ECM contacts known as focal adhesions.  Focal adhesions (FAs) 

are central to cell spreading, motility, survival and growth and serve as both physical linkages 

between the ECM and cytoskeleton as well as signaling centers for a cell on 2D substrates.  

Termed focal adhesion–actin coupling, FAs physically link the cytoskeleton with the ECM 

via actin binding proteins and are involved in mechanically coupling the cell to the ECM.  To 

date, FAs’ signaling properties and FA- actin coupling have been unrelated and independent 

mechanisms.  This study provides data that suggests the amount, or level, of focal adhesion 

coupling in addition to regulating traction force generation, motility events and the rigidity 

response, also regulates the amount of biochemical signaling towards survival, growth and 

proliferation.  First, via a knockout cell line system I demonstrate that Integrin-Linked 



 

 

Kinase is involved in coupling β1 to collagen and FAs.  I then demonstrate that lack of 

coupling results in altered rigidity sensing, defects in spreading of the cytoplasm, lower force 

generation and collagen contraction, as well as altered localization and activation of MAP 

kinases.  Specifically, when ILK null cells were plated on collagen coated glass they were 

unable to reinforce β1 integrin mediated interactions nor spread their cytoplasm or undergo 

contractile activity.  In contrast, when ILK null cells were plated on fibronectin coated glass, 

ILK null cells progressed to the contractile phase of spreading and then retracted their 

adhesions, losing the ability to stabilize late stage β1 integrin mediated fibronectin 

interactions.   Moreover, I demonstrate that actin retrograde flow regulates the localization 

and modification state of FA signaling molecules that regulate survival, growth, and 

proliferation. Secondly, via changing ECM composition and rigidity of the substrate, I 

demonstrate that the engagement of both β1 and β3 integrins via collagen type I and 

fibronectin increases focal adhesion size, focal adhesion–actin coupling, and activation of 

signaling molecules involved in translation, survival, growth, and proliferation.  This 

investigation presents data that supports the idea that the degree of focal adhesion mediated 

ECM-cytoskeletal coupling correlates with the ability to activate signaling molecules and 

suggests a model in which focal adhesion-actin coupling regulates the localization and 

modification state of scaffold and signaling proteins that result in the modulation of survival, 

growth and proliferation. Finally, I propose the use of an experimentally derived metric to 

describe ECM-FA-actin coupling and present preliminary data that the proposed metric can 

also be used as a biomarker for specific disease states such as cance
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A cell’s microenvironment dictates its physical, chemical, and emergent biological 

properties. Properties such as cell surface tension (Sheetz & Dai, 1996), membrane 

potential, cytoskeletal biochemistry (Pollard & Borisy 2003), and lipid dynamics all affect 

fundamental cellular and physiological processes such as endo/exocytosis (de Camilli et 

al. 1996), cell shape/polarity (Ingber 2003), cell spreading (Dobereiner et al., 2004), cell 

motility (Sheetz et al., 1999), as well as higher-order processes - classically described as 

transcription-dependent processes such as cell survival/apoptosis and differentiation.  

One major component of a cell’s microenvironment, apart from neighboring cells, 

soluble local signals, and soluble systemic signals, is the extracellular matrix (ECM).  The 

ECM is a dynamic, multi-component scaffold that resides under the epithelial (basement 

membrane) and surrounds connective tissue (interstitial) (Diagram 1).  The extracellular 

matrix (ECM) is the product of resident cells in tissues, such as fibroblasts, and is 

composed of at least five major classes of macromolecules:  collagens, proteoglycans, 

glycoproteins, fibrins and elastins. Controlling and modulating the various combinations 

of these constituents, and their activation state constitute a means for the cell to alter and 

influence the physical & chemical properties of the ECM - thus engendering specific 

biological properties to the tissue or organ that the cell resides in.   

In an effort to be comprehensive and complete, the following will attempt to address and 

describe a cell’s interaction and interpretation of its environment via a top-down, 

bottom-up approach.  I will describe the local microenvironment (top), then the means 
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by which a cell interprets that environment (down), focusing on the relevant molecular 

components and biological mechanisms as they pertain to my investigation.  I will then 

present the results of my investigation (bottom), finally applying the results of my 

investigation to physiological and pathological events (up).  My results are centered 

towards the delineation of integrin signaling towards motility, survival and growth.  I 

aim to convey relevant theory and observations from my inquiry to describe the 

reciprocal nature of a cell’s interaction with its immediate environment, and the 

molecular mechanisms that promote survival and proliferation as well as engender 

relevant cellular, physiological and pathological phenomena.     

1.1 The Extracellular Matrix 

Although the extracellular matrix (ECM) was originally thought to function as a 

structural scaffold to keep cells together, it is now recognized that the ECM plays a more 

influential and active role in cellular behavior.    Many investigations have shown the 

ECM to regulate many aspects of, cellular behavior.  In the late 1970’s Folkman and 

colleagues observed that while normal wildtype cells were unable to adhere and 

proliferate on ECM substrates of soft rigidity. In contrast, some cancer cells were able to 

adhere and proliferate on soft ECM substrates (Folkman & Moscana, 1978).   
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Moreover, in the 1980s, Bissell and colleagues laid a strong foundation for studies on the 

role of the ECM in cell behavior by showing that the physical properties of the 

environment dictate epithelial cell differentiation and tumor induction by Rous sarcoma 

virus (Bissell et al., 1982).   In 2004, McBeath and colleagues showed that human 

mesenchymal stem cells (hMSCs) differentiate into adipocytes or osteoblasts depending 

on their shape which can be regulated by the density at which they are grown and thus 

the degree of adhesion to their substrate. The authors also showed that the mechanical 

cues that drive hMSC differentiation are mediated by the small GTPase RhoA, which was 

shown by A. Hall and colleagues to signal to the cytoskeleton (Jaffe & Hall, 2005).  Soon 

thereafter, Engler and colleagues found that different degrees of ECM stiffness direct 

hMSC fate.  Engler and colleagues observed that hMSCs differentiate into neuron-like 

cells when cultured on soft matrices, into muscle cells on stiffer matrices and into 

osteoblasts on even more rigid matrices. They also reported that this information is 

transmitted by focal adhesions and requires myosin II contractility (Engler et al., 2006). 

These studies showed that the mechanical properties of the environment are sensed by 

cells and can even direct lineage specificity, similar to growth factor signaling. 

  

More recently, investigations have shown that ECM composition and stiffness affects 

tumor cell invasion. Specifically this work showed that breast cancer tumorigenesis is  
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accompanied by collagen cross-linking, which makes the ECM more rigid. This in turn 

promotes the formation of adhesions, which function as signal transducers, interpreting 

biochemical and physical cues from the microenvironment or immediate.   

 

While many components of the fibronectin-sensing pathway have been identified, less is 

know about the collagen-sensing mechanism.  The importance of the ECM in controlling 

emergent cellular phenotypes, motility, homeostasis and pathological processes has led 

to many studies aimed at investigating the principles of ECM - cell interactions which are 

only now beginning to be delineated. Understanding how cells respond to signals from 

the microenvironment (Diagram 2) hold promising insights into  cancer and stem cell 

therapies, wound healing, and organogenesis, thereby resulting in practical and effective 

clinical implications and gains. 

 

The ECM (Diagram 1) varies over organism, tissue type and microenvironment.  The 

identity, amount, localization, and modification state of different proteins, as well as the 

way they interact, or are bound to other proteins can vary.  These combinatorial 

permutations of protein composition, modification and localization lead to specific 

emergent biochemical and physical properties that engender the cellular behavior and 

phenotype that allow for higher order homeostatic developmental processes such as 

notochord formation (Hirokawa et al., 2006), organogenesis, limb formation and 
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pathological processes such as oncogenesis, and cardiac hypertrophy / myopathy.  The 

ECM can be described as being composed of soluble and insoluble factors, engendering 

specific physical properties (Diagram 2).  Of the insoluble factors, some exist in an evenly 

distributed net-like architecture, while others form distinct fibers (Diagram 3C), 

separated by tens of microns.  Both types of insoluble factors serve as reservoirs for 

soluble factors, and are decorated with proteins, carbohydrates, and nucleic acids.  Some 

of the main insoluble factors are collagen, fibronectin, laminin and vitronectin. The two 

best studied ECM molecules are described below.   

1.12 Collagen 

Collagens are the most abundant ECM protein constituent in Chordates.  Currently, ~19 

different collagens have been characterized which exhibit different functional properties.  

Collagens are oligomeric complexes of three polypeptides (α-chains), each with large 

domains of Gly-X-Y repeats that fold into triple-helices (Burgeson, 1988).  Many 

collagens are specific for a given tissue, such as collagen type II which is found primarily 

in cartilage.  Types I, II, III are the most abundant collagens in the human body that 

form fibrils largely responsible for the tensile strength of tissues (Prockop & Kivirikko, 

1995).  Other collagens such as types IV, VII, IX, X and XII are found associated with 

collagen fibrils and organized in a mesh-like network in the basal lamina (Diagram 1). 

Exhibiting a fibril supramolecular structure, collagen types I, II, III, V and XI are similar 
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in size and contain large triple-helical domains with ~ 330 –Gly-X-Y repeats per α-chain. 

Interestingly, collagens are synthesized as large precursors, or procollagens, that are 

cleaved at both N- and C- terminals by N- and C- proteinases, respectively.  For example, 

network-forming collagen type IV, VIII, and X self assemble into net-like structures in 

which monomers associate at the C-termini to form dimers, and at the N-termini to 

form tetramers.   Collagen is implicated in numerous disease models such as osteogenesis 

imperfecta and osteoporosis (Collagen I mutations), cancer development and a renal 

disease known as Alport syndrome (Collagen IV) (Prockop & Kivirikko, 1995).  Images 

of collagen coated substrates are presented later in the introduction and collagen type I’s 

structure and self-assembly properties were taken into consideration in the experimental 

design.  Collagens biochemical properties engender many of its physical attributes, 

regulating specific cellular and physiological processes such as ECM and cellular 

homeostasis, cell motility, invasion, and development.  A better understanding of 

collagen synthesis, exocytosis, modification and metabolism is of great interest to many 

disease states.      
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1.121 Collagen type I 

Collagen type I is known to self-assemble in the absence of cells at physiological pH and 

ionic strength.  Collagen type I has also been shown to bind heparin sulfate (Parish, 

2006) allowing it to facilitate binding to numerous transmembrane cellular receptors 

(San Antonio JD et al., 1994).  Type I collagen’s primary cellular binding partners 

(Diagram 3) are α1β1, and α2β1 integrins (Xu et al., 2000), the receptor tyrosine kinase, 

discoidin domain receptor, and the transmembrane proteoglycan syndecan (San 

Antonio et al., 1994).  Little is known about the downstream activation resulting from 

integrin and syndecan binding to collagen and how that binding event results in 

cytoskeletal activation or cell survival. Initial evidence suggests that in fibroblasts, 

collagen-integrin binding results in cytoskeleton-directed, survival and proliferation 

signals via phosphatidylinositol 3-kinase (PI3K), and focal adhesion kinase (FAK) 

activation of the Akt survival pathway. Interestingly, on the same collagenous matrices, 

α1-null fibroblasts fail to recruit and activate the adaptor protein Shc. The failure to 

activate Shc is accompanied by an inability to recruit Grb2 and mitogen-activated 

protein kinase (MAPK) activation (Pozzi et al., 1998).   Less is known about downstream 

α2β1 signaling and addressed later on in this investigation. 
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1.13 Glycoproteins 

Glycoproteins are comprised of a diverse array of proteins.  A glycoprotein is defined as a 

molecule composed of a protein and a carbohydrate (an oligosaccharide). The 

carbohydrate may be attached to the protein in a cotranslational or as a posttranslational 

modification. The addition of sugar chains often occurs either at asparagine, termed N-

glycosylation, or at hydroxylysine, hydroxyproline, serine, or threonine, and is termed 

O-glycosylation. Monosaccharides commonly found in eukaryotic glycoproteins include 

glucose, N-acetylglucosamine, galactose, N-acetylgalactosamine, mannose, xylose and N-

acetylneuraminic acid (also known as sialic acid) (Lodish et al., Molecular Biology of the 

Cell). Interestingly, it is thought that the sugar group(s) can assist in protein folding, 

improve a protein’s stability and alter the protein’s effecter function.  Glycoproteins 

contain distinct, biochemically active polypeptide domains specialized for binding to 

specific transmembrane receptors as well as extracellular molecules.  Many glycoproteins 

form oligomers either by formation of interchain disulfide bonds at specific residues, or 

by non-covalent self association.  
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1.131 Fibronectin 

Fibronectin (FN), one of the better characterized glycoproteins, is encoded by one gene, 

exists in over 20 splice variants, and is particularly important for cell adhesion and 

migration. Understanding the regulation of FN transcriptional control under various 

ECM conditions may provide a convenient model system to better understand inside-out 

/ outside-in signaling.  Ubiquitous in organisms, fibronectin is secreted by cells as a di-

sulfide-bonded dimer and is found both in blood as soluble plasma-FN (0.3mg/mL), and 

in a fibril, insoluble form in interstitial ECM.  It has been observed that cells such as 

fibroblasts organize FN into extensive fibers and extracellular matrices (Hynes, 1990).     

Fibronectin is a multidomain molecule with discrete domains that interact with integrins 

and a number of other cell surface and ECM components.  Each monomer of FN consists 

of three types of repeating units (FN-repeats): type I, II, and III.  Each repeat is thought 

to mediate specific binding events such as self-oligomerization, integrin binding (α5β1, 

α4β1, α4β7, α-v-β3, α-v-β6), and fibrin, heparin sulfate, collagen and gelatin binding.  

Importantly, integrin binding is thought to be mediated by a tripeptide – RGD, with 

specificity being conferred by other peptide sequences within the FN repeat (i.e. PHSRN 

- α5β1) (Hynes, 1992).    Glycosylation sites that are either N-linked or O-linked reside 

mostly within type II repeats and the collagen-binding domain. In vitro, integrin β-1-

mediated cell adhesion to fibronectin is particularly efficient in supporting mitogen-



14 

 

dependent proliferation of fibroblast, epithelial, and endothelial cells (Pankov & 

Yamada, 2002). Over the past few years mitogenic signaling pathways that are modulated 

by integrin-mediated cell adhesion have been identified, including pathways downstream 

of the Ras and the Rho families of small GTPases, as well as the phosphoinositide 3-OH 

kinase, PI3K-PKB/Akt pathway in NIH3T3 fibroblasts (Ladeda et al., 2001).  

Interestingly, while growth factors induce a robust activation of the extracellular signal 

regulated kinase (ERK)-type mitogen-activated protein kinase (MAPK), cell adhesion to 

fibronectin induces a milder activation of ERK with slower kinetics (Ladeda et al., 2001). 

Most importantly, the two pathways do not function independently, but it is thought that 

crosstalk takes place between integrin signaling and a large variety of growth factor 

signaling pathways (Ullrich & Schlessinger, 1990; Hehlgans et al., 2007). It is postulated 

that integrin-mediated adhesion to FN components in vivo modulates the effects of 

soluble factors present in tissues.  In chapter 3 I present an additional example of 

receptor crosstalk leading to ERK activation sufficient for growth and proliferation.   

In the case of fibronectin based integrin signaling, it is thought that adhesion of 

fibroblast cells to FN promotes coupling of the adapter protein Grb2 with FAK, leading 

to FAK phosphorylation and subsequent MAPK activation in a cytochalasin D sensitive 

manner (Lipfert et al., 1992).  FAK phosphorylation in turn recruits activated tyrosine 

kinase, Src, to nascent sites of adhesion (FAK and Src).  Interestingly, these two tyrosine 
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kinases have been implicated in being involved in the activation of three GTPases via 

various intermediate kinases and GTPases (Price et al., 1998).   As I will discuss in more 

detail later, it is thought that FAK can activate the Cas/Crk/C3G complex, leading to 

Rap-1 activation of B-Raf, leading to MAPK kinase activation (Vuori et al., 1996; Sawada 

et al., 2006).  FAK has also been shown to activate PLC, PI3K, Rac, and Akt upon FN 

binding.  These interactions play an important role in understanding the downstream 

effects of observations presented in chapters 2 & 3.   

Furthermore, FAK, Src and Fyn have been shown to lead to Sos mediated activation of 

Ras, and subsequent MEK/Erk activation (Schlaepfer et al., 1998).  Interestingly, and 

toward further inquiry, central to these three major pathways is PAK. As multiple 

integrin based stimuli converge on PAK and lead to the downstream activation of either 

MEK, ERK, or JNK, thereby regulating motility, growth and proliferation. While better 

understood than collagen type I, exactly how fibronectin-mediated integrin-signaling 

activates the actin network and other signaling networks is still unclear and of potential 

therapeutic interest.  In chapters 2 & 3 I present data that implicates ECM-cell 

interactions in the regulation of MAPKs.    
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1.2 Physical Properties of ECM 

Of all the many mechanical properties inherent to biological systems, stiffness or rigidity 

is perhaps the most widely investigated.  In short, the mechanical rigidity of a material 

can be determined by measuring its complex modulus or the ratio of stress (force per 

unit area) to strain (fractional deformation) applied to a material. This value reflects the 

material’s ability to store and dissipate an applied mechanical force.  By definition, this is 

represented by the storage (elastic) modulus and loss (viscous) modulus. Regulated by 

the biochemical / physical constituents of the ECM, tissues and cells are viscoelastic and 

exhibit both fluid- and solid-like properties (Diagram 4).  Interestingly, the elastic 

modulus, the measure of the stress required to achieve a specific strain in a substrate 

without any deformation, has emerged as an important regulator of cellular processes 

such as growth and differentiation.  Physiologically, the elastic moduli of various tissues 

range over four orders of magnitude from <1 kPa for fat, brain (Gefen et al. 2003), and 

~5kPa for mammary tissue (Paszek et al., 2005) to~10 kPa for skeletal muscle (Engler et 

al., 2004) and 10MPa for bone (Goldstein et al., 1983; Moore, et al., 2010). Individual 

tissues can also contain significant internal differences in rigidity. For example, there is 

an approximately threefold variation in rigidity reported within the hippocampus of the 

brain and epithelial layers in organs such as the skin, lung, prostate and breast.  In 

dramatic contrast, the typical surfaces used to culture cells (e.g., plastic and glass) have 

stiffnesses on the order of >1 GPa,  
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which is as much as 10 million–fold stiffer than a wildtype cellular microenvironment 

(Moore et al.,  2010).   In this investigation I utilize bis-acrylamide substrates that 

provide ECM environments closer to physiological rigidities, better approximating the 

microenvironments found in tissues.  In addition to intrinsic mechanical properties of 

the microenvironment such as rigidity and extrinsic mechanical perturbations, the 

application of forces or stresses that induce deformation are important characteristics of 

cellular microenvironments.  Tissue-based examples of   mechanical perturbations 

include stretching and contraction of tendons, ligaments, and musculature, as well as 

cyclic loading or sheer stress of the vasculature. The mechanically dynamic nature of 

tissues suggests the potential importance of stress and strain in regulating cell behavior 

in inactive conditions (Albinsson et al. 2004).  Moreover and briefly discussed below, the 

different means to apply stress in a physiological context, include tensile, compressive, 

torsional, and shear forces.  Interestingly, these forms of stress, in concert and/or 

individually, are thought to influence cellular phenotype, motility and pathological states 

in relevant ways. 

 

Interestingly, sustained tensile strains have been observed at the cellular level in 

embryonic systems. Specifically, in Drosophila embryos, experimental compression of 

cells induced expression of Twist, an important transcription factor regulating germ 

layer specification and patterning (Farge, 2003). Moreover, stretching has also been 
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shown to induce molecular changes in mouse embryonic fibroblasts, where cyclic stretch 

activated the phosphorylation of a cryptic site on p130Cas, which is thought to lead to 

downstream signaling via MAPK’s (Sawada et al., 2006).  Given these observations, 

natural tissue dynamics during development may utilize compression and stretch to 

promote signaling and induce expression of specific genes responsible for growth, 

proliferation and differentiation.  

 

Another form of dynamic force application is shear flow, which is most often relevant to 

the circulatory system.  Interestingly, sheer stress has been found to be important in 

regulating non-endothelial cell function as well. Early work demonstrated that shear flow 

forces facilitates capillary formation of endothelial progenitor cells (Yamamoto et al. 

2003). Subsequent studies have found that shear flow forces can induce differentiation of 

a handful of stem cell types, including murine mesenchymal stem cells and embryonic 

stem cells, (Yamamoto et al. 2005) into specialized endothelial cells. 

 

Mechanical properties (i.e. elastic modulus / rigidity, stress, and strain) play clear roles in 

regulating growth, proliferation, and differentiation. Other biophysical properties also 

include structural characteristics such as topography, a substrates surface geometry and 

shape. Topographical structures such as grooves, ridges, and pits are present in many 

natural systems at the nanoscale (i.e. in the fibrous structure of collagen and other ECM 
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proteins) as well as at the microscale (i.e. in pores in bone marrow and discrete features 

of the basement membranes in the epidermis). The presence of topographical 

information in natural systems is a strong motivation to leverage technologies such as 

soft lithography, microfluidics, electrospinning, and construction of nanostructures in 

an effort to engineer a material’s topography to study cell responses to both nano- and 

micro-topography.   In this investigation I utilize nanofabricated substrates and 

substrates of different rigidities and ligand availability to better understand the 

molecular mechanisms that allow cells to interpret the specific physical features of their 

microenvironment.   

 

It has recently been observed that numerous biochemical and physical 

microenvironment cues regulate cell behavior such as ligand availability and patterning 

within developing tissues. Some developmental cues include discrete / distinct 

immobilized adhesive molecules (i.e., amino acid/peptide sequence or protein cleavage 

products), growth factors [i.e. epidermal growth factor (EGF)], and morphogenic factors 

(ex. Delta). In addition, steric availability of receptor-ligand binding, cryptic sites 

exposed by cell-exerted contractile / intermolecular-traction force, and ligand clustering 

has been recently postulated as being necessary for, or to enhance, classical biochemical 

signaling mechanisms. In chapter 3 I present data relevant to a cells ability to activate 
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translation based on biophysical cues such as the extracellular matrix (ECM) elastic 

modulus, and ligand availability.     

 

1.3 Model System 

Cell-spreading serves as an ideal experimental model system to better understand ECM-

cell interactions.  ECM-cell interactions lead to cytoskeleton activation (Dubin-Thaler et 

al., 2004), focal adhesion ontogeny (Geiger et al., 2009) and inside-out/outside-in 

signaling.  A better understanding of these interactions will lead towards a better 

understanding of important processes such as development, organogenesis and 

pathological conditions such as oncogenesis, metastasis, and cardiac hypertrophy.   Cell 

spreading requires the coordinated biochemical activation of integrins (Hynes, 2002), the 

acto-myosin network (Pollard et al, 2009), coordinated by GTPases (Etienne-Manneville 

& Hall et al, 2002), Src family kinases (Mitra and Shapaelfer, 2006), lipid species and 

modifiers (Di Paolo, and De Camilli 2006), and the dynamic equilibrium of numerous 

other proteins and protein complexes (Geiger et al., 2009).  The aforementioned dynamic 

biochemical states are generally regulated by individual protein expression levels, 

modification state, and discrete sub-cellular localization - all of which have been under 

investigation and implicated, in concert, in the context of a wide variety of physiological 

and pathological phenomenon.  Previously, cell spreading in mouse embryonic 

fibroblasts (MEFs) has been described to occur in 3 phases: 1. initial adhesion, where 
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initial integrin-ECM interactions occur and orchestrate the recruitment of the requisite 

actin polymerization machinery; 2. a fast spreading phase, characterized by the 

formation of new ECM–cell bonds, and 3. a contractile phase, in which focal adhesion 

formation and acto-myosin contraction occur, allowing for substrate traction and higher 

order motility events (Döbereiner, et al., 2004).    Much of the work described in the 

following chapters has utilized the cell spreading model system as an assay to better 

understand ECM-cell interactions, and actin and ECM-cell adhesion dynamics. 

 

1.4 ECM-Cell Contacts 

Cell–extracellular matrix (cell-ECM) interactions are mediated through specialized 

subcellular sites that contain specific adhesion receptors, cytoskeletal components and a 

wide variety of intermediate adaptor proteins (Zaidel-Bar et al., 2003 ; Critchley et al, 

2004). These adhesion complexes allow cells to sense numerous extracellular signals that 

signal to the biochemical composition, geometry and physical properties of the ECM 

(Zaidel-Bar et al., 2003; Bershadsky et al., 2006). Cells can thereby distinguish between 

different ECM components (Humphries et al., 1990), detect differences in adhesive 

ligand density, and allow cells to respond to mechanical perturbations and ECM rigidity 

(Lo et al., 2000; Choquet et al., 1997).   
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Living cells survive, proliferate, and function while being closely associated with the 

diverse biochemical and physical properties that engender the extracellular matrix 

milieu. Recently, it has become increasingly clear that the cellular response to ECM 

signaling involves the ability of the cell to chemically sense specific ECM ligands and 

interpret a diverse range of physical cues that are generated at, or that act on, the cell-

ECM interface. In turn, it is thought that cells can react to internally generated or 

externally applied forces (Geiger & Bershadsky, 2002; Bershadsky, et al., 2003; Chen, et 

al., 2008).  Moreover, it is thought that cells can sense the topography of the underlying 

ECM (Spatz, & Geiger, 2007; Vogel & Sheetz, 2006), as well as its rigidity (Engler,  et al., 

2006 ; Discher,  et al, 2005).  In this investigation, I present data that demonstrates how 

cell-ECM contacts both recognize, and are regulated by biochemical and / or physical 

cues thereby regulating specific activation steps in signaling cascades necessary for 

transcription and translation.   

Transmembrane adhesion receptors of the integrin family (Diagram 5) have a primary 

role in such recognition processes. Studies (Bershadsky et al., 2006) show that the 

biochemical characteristics of the substrate, as well as its rigidity and spatial 

organization, are recognized by cells through differential signaling from integrin 

mediated molecular complexes.  Moreover, integrin nucleated complexes are also 

involved in the sensing and processing of external mechanical stimuli, such as ECM 

stretching, modification and fluid shear flow. The mechanisms that underlie adhesion 
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mediated signaling events elicit many interesting questions. 1) How do adhesion 

receptors get activated by ECM ligands?  2) How do activated adhesions regulate 

cytoskeletal dynamics? 3) What spatial, and temporal scales do activated adhesions sense 

and operate in? 4) How are the molecular interactions at the adhesion site organized and 

regulated? 5) How do the biochemical and physical features of the ECM activate specific 

signaling pathways responsible for cytoskeletal activation, survival, growth and 

proliferation? 

1.41  Integrins 

Alpha and beta (αβ) heterodimeric integrins have been shown to mediate adhesive cell-

extracellular matrix (ECM) interactions in metazoa that are critical in growth and 

proliferation, development, homeostasis, and the immune response.  It is thought that 

this is achieved through interactions of the short cytoplasmic integrin tails with 

intracellular proteins. Moreover, these interactions trigger restructuring of the ligand-

binding site through conformational changes in the integrin extracellular domain. 

Ligand binding in turn elicits conformational changes that are then transmitted back 

into the cell to regulate numerous cellular responses (Diagram 6).  

 

In mammals, 24 integrins have been identified to date, resulting from different pairings 

among 18 α- and 8 β-subunits (Diagram 3). The extracellular domain of the α- and β-

subunits has approximately 1104 residues and 778 residues respectively.  Integrins 
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recognize a large number of physiologic ligands, including soluble and surface-bound 

proteins.   Integrins bound to soluble or immobilized biochemical ligands form micro- 

or macro- clusters (Kim  et al., 2004) and transmit mechano-chemical signals inwards 

(outside-in signaling) that reorganize the cytoskeleton. Integrins, as a result, modulate 

much of the cell’s metabolic and signal transduction machinery (Ingber, 2003; Schwartz 

& Ginsberg 2002).  Interestingly, the dissociation rates of high-affinity integrins (0.02–

0.2 s−1) responsible for stable adhesion are found to be an order of magnitude less than 

other ECM receptors (Bhatia et al. 2003). Furthermore it has been postulated that the 

high dissociation rates (~2.6–4.6 s−1) (Shimaoka et al. 2003, Smith et al. 1999) of the low 

and intermediate-affinity states allow some integrins (i.e. α4 integrins) to mediate cell 

rolling as in the case of platlets or lymphocytes. Thus depending on their affinity state, 

such integrins may mediate different forms of migration or motility.  Later in this 

investigation, I present data related to the engagement and activation of integrins, and 

the down stream effects low activation states have on cytoskeletal dynamics and signal 

generation.    

  

Subcellulary, integrins span the lipid bilayer of cells and promote intracellular signaling, 

typically in the context of activated cytokine receptors or growth factor receptors 

(Diagram 6).  It has been hypothesized that tumor growth and invasion probably depend 

on integrin crosstalk with growth factor receptors and other receptors that are known to 
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associate with focal adhesion proteins such as G-coupled receptors or cell-cell receptors 

(Ladeda et al., 2001).  Recent investigations suggest that some growth factors and 

oncogenes require specific integrins for tumor initiation and progression. These studies 

highlight the importance of integrin signaling, in homeostatic and disease states (Hynes, 

2002).  

 

The specific binding of the extracellular domains of integrins to ECM proteins or, in 

some cases, to counter-receptors on adjacent cells, supports cell adhesion and is crucial 

for embryonic development, tissue maintenance and repair, host defense and 

homeostasis. As mentioned earlier these processes rely on the binding of integrins to the 

intracellular cytoskeleton through the relatively short integrin cytoplasmic tails.  This 

linkage permits the bi-directional transmission of force across the plasma membrane 

(Calderwood et al., 2000; Evans and Calderwood, 2007). In addition to their mechanical 

roles in adhesion, integrins transmit chemical signals into the cell (outside-in signaling), 

signaling information on its local environment, adhesive state and surrounding matrix 

(Hynes, 2002; Miranti and Brugge, 2002). These signals determine cellular responses 

such as migration, survival, proliferation, differentiation and motility.  Moreover, these 

signals provide a context for responding to other inputs, such as signals generated by 

growth-factor- or G-protein- coupled receptors. Furthermore, as integrins mediate both 

force and signaling events, it is of experimental interest to investigate if and how both 
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mechanical and biochemical events are coupled.  In addition to outside-in signaling, 

integrins can regulate their affinity for extracellular ligands. They do this by undergoing 

conformational changes in their extracellular domains that occur in response to signals 

that propagate to the integrin cytoplasmic tails – a process that is termed inside-out 

signaling (Calderwood, 2004). Outside-in and inside-out signaling require dynamic, 

spatially and temporally regulated assembly and disassembly of multiple protein 

complexes (Diagram 7) that form around the cytoplasmic tails of integrins. Geiger and 

colleagues have recently described a network of 156 components (linked via 690 

interactions) that make up the integrin ‘adhesome’ (Zaidel-Bar et al., 2007).  In this 

investigation, I present data as to how actin dynamics can regulate outside-in signaling, 

such as signaling that is known to effect transcriptional activation.  Moreover, I add 

information that contributes to our understanding of how cells couple force generation 

and biochemical signal generation     
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1.42 Focal Adhesion Proteins 

Focal Adhesions (FAs) as large protein complexes have been described as central in the 

regulation of motility and growth.   Characterized by the initial clustering of α and β 

integrins (Hynes, 2002), focal adhesions promote the localization of numerous signaling 

molecules such as focal adhesion kinase (FAK), Src family kinases (Mitra and Schlaepfer, 

2006), Akt/PKB and phospho lipase kinases, MAP kinases and numerous adapter or 

scaffold proteins such as vinculin, talin, and paxillin.  Interestingly, the order and 

modification state of proteins that are recruited to FAs engender the protein complex 

with different cellular functions (Diagram 6).  The extracellular ligands that interact with 

integrins and anchor these adhesion proteins include collagen, and fibronectin.  The 

best-characterized adhesions are termed focal adhesions, which develop from early 

forming focal contacts, and subsequently develop into fibrillar adhesions (Diagram 7).  

Focal-adhesion components have been identified in numerous cell types in vitro, and can 

be found in many physiological settings in vivo such as adhesions formed by aortic 

endothelial and epithelial cells with the underlying basement membrane.  More than 50 

different molecules are found in focal adhesions and other cell–matrix adhesions.  The 

ability of focal adhesions to recruit or co-localize different signaling molecules allows for 

them to coordinate, amplify, and transmit extracellular signals into the intracellular 

environment as far downstream as, growth and proliferation pathways, and possibly 

mitochondrial regulation, translational activation and transcriptional activation.  In this 
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investigation I present data that supports the idea that focal adhesion formation allows 

for the activation of specific proteins that activate transcription and translation and 

highlight FA dynamics as a means to regulate such cellular processes.   

 

Following the interaction of cooperating proteins with integrin tails, conformational 

changes are thought to propagate across the membrane to the extracellular domains of 

integrins, in turn increasing their affinity for ligands. It is thought the binding of 

individual integrins to talin-mediated interactions between the cytoskeleton and the 

ECM enables forces to be transmitted, contributing to the reinforcement of the ECM-

cytoskeleton link and to the recruitment of additional cytoskeletal and signaling proteins 

(Giannone and Sheetz, 2006; Ginsberg et al., 2005).  As adhesions mature (Diagram 8), 

protein complexes assemble at the cytoplasmic interface of clustered, ligand-bound 

integrins. These complexes are responsible for connecting integrins to the actin 

cytoskeleton and transmitting signals into the cell. Many elements of the outside-in 

integrin signaling cascade have now been identified, but there is considerable variability 

in the molecular components of integrin-containing adhesions and how the dynamics of 

their assembly and turnover is regulated still remains largely understood.  Moreover, it is 

still unclear how the clustering of integrins, and the binding of ECM proteins, triggers 

signaling (Ginsberg et al., 2005).     As integrins cluster, and adhesions mature, it is 

hypothesized that given different molecular constituents populate the focal adhesion, 
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focal adhesions can take on different functional roles.  A better understanding of these 

molecular components, their role in cell behavior and the relevant spatial and temporal 

scales that they operate in is of great experimental interest.     

1.43 Talin 

The binding of talin to the cytoplasmic tail of integrin β subunits has been demonstrated 

to have a key role in integrin activation (Calderwood, 2004; Ginsberg et al., 2005; 

Tadokoro et al., 2003). Binding of the phospho-tyrosine binding (PTB)  subdomain of 

the protein 4.1, ezrin, radixin, moesin (FERM) domain of talin to the conserved 

WxxxNP(I/L)Y motif of the β -integrin tail allows for additional interactions between 

talin and the membrane-proximal region of the tail that triggers integrin activation 

(Wegener et al.,2007). The important role of talin in integrin activation in vivo is 

supported by studies in transgenic mice that show the importance of talin-integrin 

interactions for platelet aggregation (Nieswandt et al., 2007; Petrich et al., 2007). Talin 

also binds to actin and to numerous other scaffold and signaling proteins, (Critchley and 

Gingras, 2008) thereby coupling activated integrins directly to signaling and cytoskeletal 

protein networks  

 

Talin, a 270-kDa F-actin binding protein is thought to play an important role in integrin 

activation, the initiation of matrix adhesion formation and the linkage of integrin 
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receptors to the actin cytoskeleton. Talin, which self-associates via the rod-shaped C-

terminus to form a dimer, was one of the first proteins to bind cytoplasmic integrin tails. 

The globular head of talin contains a 4.1 ezrin, radixin, moesin (FERM) domain which 

binds with high affinity to the cytoplasmic tails of integrin β1, β2, β3 and β5 (Critchley 

and Gingras, 2008). It is thought that this interaction involves a conserved NPxY motif in 

β-integrin tails. The head region also contains binding sites for focal adhesion kinase 

(FAK), phosphatidylinositol-4,5-biphosphate (PIP2), phosphatidylinositol-4-phosphate 

5-kinase type I g (PIPKIg) and for the hyaluronan receptor layilin (Calderwood, 2004). 

The tail region contains two actin and vinculin binding sites that mediates integrin 

coupling to the cytoskeleton.  In this investigation I present data that demonstrates 

talin’s localization in cells interacting with collagen and its regulation of force generation 

and collagen contraction.    Understanding talins protein domain structure and binding 

partners may give interesting insight into focal adhesion ontogeny as well as force 

mediated cellular processes such as wound healing and tissue formation.   

 

As an early integrin binding partner, it is thought that talin plays a central role in the first 

steps of focal complex and adhesion formation following initial integrin engagement to 

the ECM.  Interestingly, it was demonstrated that talin degradation plays a critical role in 

focal adhesion turnover (Franco et al., 2004). Since talin-deficient mice die at E9 

(Monkley et al., 2000), much of the biological function of talin has been elucidated from 



34 

 

in vitro cell culture experiments. Talin-1-deficient embryonic stem (ES) cells fail to 

spread on collagen or laminin; however, these cells can spread on fibronectin but are 

unable to assemble vinculin- or paxillin-containing focal adhesions, or stress fibers 

(Zhang, 2008). This observation underscores the ability of cells with different FA 

components to sense individual ECM components differently.  Talin knockdown in 

CHO cells was shown to inhibit activation of integrin αIIbβ3, αVβ3 and α5β11 

(Tadokoro et al., 2003). Conversely, overexpression of the talin N-terminal head leads to 

a threefold increase in integrin αIIbβ3 activation in CHO cells (Calderwood et al., 1999). 

By using optical tweezers to obtain force measurements, talin was identified as the 

important component for maintaining a 2 pN slip bond between fibronectin and the 

cytoskeleton and is thought that talin is necessary for integrin mediated force generation 

events (Jiang et al., 2003).   In chapters 2 and 3 I explore the different molecular 

properties of FAs as they interact with either collagen, fibronectin or both, as well as 

adhesion strenths as measured by magnetic tweezers.   

 

In addition to the evidence that talin is required for integrin activation and force 

generation events, several observations have indicated that other activating factors might 

cooperate with talin. In recent studies, the proteins of the kindlin family – have been 

identified as important integrin activators (Moser et al., 2008). It is thought that the 

PTB-like subdomain within the kindlin FERM domain is similar to that of talin (Kloeker 



35 

 

et al., 2003) but binds to the second NPxY motif in β-integrin tails, whereas talin binds to 

the first motif. Interestingly, inhibition of kindlin binding inhibits integrin activation, 

whereas co-expression of kindlin and talin activates integrins.  Interestingly, inside-out 

integrin signaling appears to be a complex process that operates on multiple spatial and 

temporal scales involving more interactions than those between talin and integrin. 

 

1.44 Integrin-Linked Kinase (ILK) 

Integrin-linked kinase (ILK) is another key molecule in integrin signaling (Brown, et al., 

1998, Legate et al., 2006). Similar to talin, ILK is an essential protein that has a role as a 

cytoskeletal and signaling scaffold at integrin mediated adhesions. ILK forms a 

heterotrimeric complex with the LIM-domain protein PINCH and the actin- and 

paxillin-binding protein parvin.  This complex serves as a major scaffold in integrin 

signaling networks and, in mammals, formation of the complex is required for 

appropriate targeting of known FA proteins to integrin-mediated adhesions (Legate et 

al., 2006). ILK contains an N-terminal ankyrin-repeat domain that mediates protein 

interactions with PINCH1 or PINCH2, and a C-terminal kinase domain that supports 

interactions with parvins, paxillin, and β-integrin tails (Hannigan et al., 2005; Legate et 

al., 2006).  



36 

 

 

 

 

 

 

 

 



37 

 

Interestingly, the kinase domain lacks the catalytic residues that are normally conserved 

among protein kinases, and whether ILK has kinase activity remains controversial 

(Hannigan et al., 2005; Legate et al., 2006).  Less controversial is ILK’s role in integrin 

signaling and cytoskeletal connections.  Importantly, this role is conserved from 

invertebrates to mammals. In contrast to FAK and other FA proteins, there are only a 

few structural observations available for ILK.  Similar to talin, ILK also interacts with 

kindlin proteins (Mackinnon et al., 2002), and it is thought that this might account for 

the observations that implicate ILK in integrin activation (Tucker et al., 2008).  In 

chapter 2 I present data relevant to ILK’s role in the activation of β1 integrins and focal 

adhesion ontogeny.  

 

While ILK’s kinase function is still controversial, ILK’s role as an adaptor continues to be 

documented.  ILK’s kinase domain is thought to be important in integrin binding.  ILK is 

composed of three N-terminal ankyrin repeats followed by a linker domain that exhibits 

homology to a PH domain. The C-terminus of ILK contains a predicted kinase domain 

and mediates direct ILK binding to β1 and β3 cytoplasmic tails (Hannigan et al., 1996; 

Pasquet et al., 2002).  Many of the known binding partners of ILK also bind to the c-

terminus region.  Parvins, proteins composed of two calponin homology domains, have 

been shown to bind to ILK. It is thought that parvins provide a link to paxillin, α-actinin, 

alpha-PIX2 and F-actin. Of the three known parvin isoforms, α-parvin/actopaxin and β-
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parvin/affixin have been shown to bind to ILK (Tu et al., 2001; Yamaji et al., 2001). In 

addition, paxillin binds directly to ILK. The first ankyrin repeat of ILK binds PINCH-1 

and its homologue PINCH-2 (Tu et al., 1999; Zhang et al., 2002).  Many of these 

interactions have been identified in cells interacting with fibronectin, while still not 

elucidated on collagen.  In this investigation I probe ILKs interactions on collagen and 

identify the localization and dynamics of many ILK’s binding partners.  Similar to talin, 

insight into ILK’s protein domain architecture and binding proteins will provide 

interesting information on focal adhesion ontogeny and biochemical signal generation 

from integrin-ECM contacts.     

 

Moreover, quantitative investigations on focal adhesion turnover in cells deficient for 

components of the ILK-PINCH-parvin complex are required to further elucidate how 

each individual component contributes to the properties of the complex.  Knockout 

studies have revealed roles for ILK and PINCH in matrix adhesion formation and 

turnover, and in actin organization. Specifically, deletion of the ilk gene in mice leads to 

peri-implanation lethality, and ILK-deficient fibroblasts show severely defects in  

adhesion to fibronectin, vitronectin and laminin (Sakai et al., 2003).   In this 

investigation, I present quantitative analysis of focal adhesion protein dynamics in 

mouse embryonic fibroblast cells that either express or do not express ILK on collagen 

and fibronectin.   
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Interestingly, organism-wide loss of ILK expression and activity has demonstrated that 

ILK function is required for eukaryotic development. Gene knock out studies 

(Mackinnon et al., 2002) have shown that ILK is required to recruit actin filaments to the 

plasma membrane at muscle attachment points. In vertebrates, loss of-function analysis 

highlights the importance of ILK in the mediation of protein-protein interactions that 

regulate cytoskeletal dynamics and act to provide an important node for the activation of 

signaling pathways (Knoll et al., 2007; Sakai et al., 2003). For example, embryonic 

lethality was observed in Xenopus laevis and mouse (Sakai et al., 2003) models of ILK 

ablation, and this can be linked to defects in adhesive and motility mechanics.  Similarly, 

the zebrafish lost-contact mutant exhibited reduced signaling activity, and cardiac 

dysfunction (Knoll et al., 2007). Taken together, these observations provide a body of 

evidence that supports the physiological requirement of the adaptor functions of ILK.   

In this investigation I report the effects on motility and signal generation in mammalian 

cells interacting with physiologically relevant substrates and present data towards a 

better understanding of ILKs role in regulating protein dynamics at nodes of interest as 

well as adaptor dynamics and function.    

 

Of the experimental and clinical evidence available, sit is of interest to note that 

significant defects in normal tissue development and homeostasis occur when ILK is 

deleted.  In contrast, the overexpression of ILK either in cell culture or in transgenic 
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mouse models results in oncogenic progression (Dillon et al., 2007; Hannigan et al., 

2005; Legate et al., 2006). Interestingly, the expression of ILK is often elevated in human 

malignancies, and correlates with tumor stage and grade.  Importantly, increased ILK 

expression predicts poor patient survival in several types of cancers (Dai et al., 2003; 

Graff et al., 2001; Okamura et al., 2007; Takanami, 2005). Given the aforementioned 

observations, ILK knockout cell lines represent a powerful model system to investigate 

cancer progression.  Mounting evidence, suggests that the oncogenic capacity of ILK 

derives from its regulation of several downstream targets that promote cell proliferation, 

survival and migration.  In this investigation I leverage an ILK knockout cell line system 

and I present data that provides novel molecular mechanisms that implicate ILK in 

regulating the activation state of important regulators of translation, survival and 

growth.   

 

Recently, siRNA complementary to ILK have allowed for the investigation of 

downregulating ILK expression during oncogenic progression. Analogous to siRNA-

mediated downregulation of ILK, ILK antisense-oligonucleotide treatment of 

glioblastoma cells reduced ILK expression and the phosphorylation of Akt at Ser473 

(Edwards et al., 2005; Edwards et al., 2006), and induced apoptosis (Edwards et al., 2005). 

Furthermore, ILK-antisense treatment of mice harboring established glioblastoma 

xenografts resulted in stable disease, whereas the tumor volume in control animals  
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increased (Edwards et al., 2005).  Interestingly, cell-based studies have been conducted 

that use ILK-antisense in combination with inhibitors of Raf1 and MEK, thus providing 

concurrent regulation of survival and proliferative signaling pathways (Edwards et al., 

2006). These investigations showed that ILK-antisense and the Ras-MAPK inhibitors had 

a synergistic effect on glioblastoma-cell survival. Similar results were obtained with ILK 

siRNA in combination with a MEK inhibitor (Edwards et al., 2006). These studies point 

to a pro-survival function for ILK.   In this investigation I present data that provides 

additional support for a molecular mechanism linking ILK and MAPK signaling.   

 

1.45 Focal Adhesion Kinase (FAK) 

FAK is a non-receptor protein tyrosine kinase that plays a central role in signaling 

through integrins and a variety of other receptors (Parsons, 2003).  Interestingly, FAK 

has been implicated in ILK mediated / dependent signaling. An understanding of FAKs 

protein domain structure offers interesting insight into focal adhesion ontogeny and 

begins to highlight a pattern of protein domains found in focal adhesion proteins.  

Structural studies indicate FAK’s kinase domain is situated in the central part of the 

molecule and is flanked by large non-catalytic domains. The N-terminus contains a 

FERM homology domain which binds has been shown to bind to peptides of the β1-

integrin cytoplasmic tail (Schaller et al., 2005). The functional relevance of direct FAK 

binding to integrin is unclear since the integrin-binding region of FAK is not required to 
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target the molecule to focal adhesions (Shen et al., 1999).  Finally, the carboxyl terminus 

of FAK contains the focal adhesion targeting (FAT) domain, a four-helix bundle bearing 

homology to domains found in p130Cas and vinculin (Arold et al., 2002).  

 

Activation of FAK in response to integrin activation leads to autophosphorylation of 

Y397, creating a high-affinity binding site for Src family kinases (SFKs) (Cobb et al., 

1995; Schaller et al., 1995). FAK and Src can in turn phosphorylate the linker protein 

p130 Cas, which binds via its SH3 domain to a proline-rich region in the C-terminal half 

of FAK. A second proline-rich site is bound by the cytoskeletal effector Rho-GAP GRAF 

(Hildebrand et al., 1996).  Other known ligands of FAK include the survival and 

proliferation signaling molecules phosphatidylinositol-3-kinase, phospholipase C-

gamma and the adaptor protein Grb7.  Deletion of the FAK gene in mice leads to 

embryonic lethality before day E10.5 (Furuta, et al., 1995), while FAK-deficient cells 

show delayed spreading, increased number of focal adhesions and reduced adhesion 

turnover (Ilic et al., 1995).  

 

One of the first integrin signaling molecules to be identified, and as its binding partners 

suggest, FAK acts as a phosphorylation-regulated signaling scaffold.  Recently FAK has 

been shown to be important for adhesion turnover, cytoskeletal activation via Rho-

family GTPase activation, and cross-talk between growth-factor signaling and integrins 
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(Mitra et al., 2005).  In response to integrin clustering, the autophosphorylation of FAK 

generates docking sites for SH2-domain-containing proteins; these include Src kinases, 

which in turn become activated and phosphorylate FAK, promoting its kinase activity 

and its interaction with other proteins. Structural studies have revealed the interaction 

between FAK and paxillin, and highlights how FAK is inhibited by interactions between 

its FERM and kinase domains.  Interestingly, these structural studies have also elucidated 

a role for PtdIns(4,5)P2 in FAK activation (Hayashi et al., 2002; Lietha et al., 2007; Mitra 

et al., 2005). Continuing studies aim to integrate this structural information of FAK into 

a comprehensive picture of FAK function. A better understand of how FAK interactions 

are remodeled during adhesion turnover and how those interactions regulate integrin 

mediated motility and signaling events is of great interest to provide insight into themes 

or patterns that may describe other FA protein dynamics.   In this investigation I provide 

evidence to support a role for actin dynamics regulating FAK’s activation and function, 

adding to the current understanding of FAK localization and turnover in focal 

adhesions.    

 

1.46 Paxillin 

Central to integrin mediated adhesion formation and signal generation, is the 

recruitment of scaffold or adapter proteins to the sites of ECM-cell interactions.  One 

such scaffold and adapter molecule is paxillin.  Paxillin contains five N-terminal LD 
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repeats of 13 amino acids each and 4 C-terminal LIM domains that serve as sites for 

protein-protein interactions. Interestingly, proteins containing LIM domains have been 

shown to translocate to the nucleus, cycling between focal adhesions and transcription 

complexes.  There are three splice isoforms in mammals, of which only one isoform, 

paxillin-a, shows broad expression (Mazaki, et al., 1997). Similar to FAK, paxillin 

coimmunoprecipitates with β1 integrin and can bind synthetic peptides mimicking β1 

cytoplasmic tails (Chen et al., 2000).  Interestingly, paxillin has been shown to bind α4 

cytoplasmic tails with much higher affinity than β1 tails. Paxillin’s non-integrin matrix 

adhesion binding partners are thought to bind through a consensus paxillin binding 

sequence to at least one LD repeat. Two F-actin binding proteins have been shown to 

bind to paxillin: 1. vinculin is thought to bind LD1, LD2 and LD4 of paxillin (Brown et 

al., 1996); 2.  α-parvin has been shown to bind LD1 and LD4 (Nikolopoulos et al., 2000). 

Paxillin has also been shown to bind to the integrin-binding kinases FAK, via LD2 and 

LD4 (Hashimoto et al., 2001), and ILK, via LD1 (Nikolopoulos et al., 2001), in addition 

to the p21-activated kinase isoform PAK3 (Hashimoto et al., 2001).  Interestingly, both 

of these proteins link paxillin to the Rac1/Cdc42-specific Gaunine Exchange Factor 

(GEF)- β-PIX/ Cool-1, thereby linking paxillin to the regulation of actin polymerization.    

 

Important to its function is paxillin’s modification state.  Paxillin can be phosphorylated 

on four N-terminal tyrosines (Schaller et al., 2001), and evidence exists that the 
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responsible kinases may be FAK (Richardson et al., 1996) and Src family kinases 

(Klinghoffer et al., 1999). Tyrosine phosphorylation creates high-affinity binding sites for 

the SH2 domains of the adaptor protein Crk and for Src (Schaller et al., 1995).  As with 

many focal adhesion proteins, deletion of the paxillin gene in mice is embryonic-lethal 

(Hagel et al., 2002). The protein appears to be one of the first to be recruited to nascent 

focal complexes on fibronectin, and its incorporation into αvβ3-containing focal 

complexes appears to occur simultaneously with talin (Zaidel-Bar et al., 2003). 

Interestingly, studies have reported that paxillin recruitment is detectable in fibronectin 

mediated focal complexes before integrin α5β1 (Laukaitis et al., 2001).  This is another 

important example of how during the course of focal adhesion ontogeny, focal adhesions 

are composed of different proteins at given timepoints, with this composition predicted 

to dictate focal adhesion function.  It is still not clear, how paxillin is recruited into 

nascent focal complexes, although a C-terminal focal adhesion targeting sequence 

appears to be required (Brown et al., 1996). The function or binding partners of this 

sequence, and of all the paxillin LIM domains, have yet to be fully unidentified.  The 

localization and activation state of paxillin, as well as its binding partners, are addressed 

in the following investigation. Data is presented that details paxillin’s role in collagen 

mediated ECM-cell interactions.   
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Interestingly, the complex of paxillin, FAK, Cas and Src is emerging as a potential 

molecular switch that regulates focal complex turnover and higher order cellular 

functions such as motility and growth. Interestingly, FAK null and paxillin null cells 

display a similar phenotype of reduced migration velocity and slow turnover of matrix 

adhesions (Ilic et al., 1995; Hagel et al., 2002). A detailed study has recently addressed 

matrix adhesion turnover and FA protein recruitment in mouse embryonic fibroblasts 

(MEFs) null for FAK, Cas and Src (Hagel et al., 2002). While paxillin localization to focal 

adhesions does not require FAK, activated Y397-phosphorylated FAK and tyrosine-

phosphorylated paxillin localize to dynamic matrix adhesions and are thought to be 

required for high turnover rates. Interestingly, the aforementioned study demonstrates 

that in the absence of either paxillin, FAK, Src or Cas, fibronectin-matrix adhesion 

turnover rates are reduced.  This investigation details paxillin dynamics at the leading 

edge and within focal adhesions mediated by integrins bound to collagen.   

 

Central to interpreting the results of this investigation, paxillin, as a FAK and ILK 

binding protein, is an essential signaling scaffold that is recruited early to integrin 

adhesions (Deakin and Turner, 2008). Paxillin contains several protein-protein 

interaction modules (leucine-rich repeats, a proline rich region and LIM domains) and 

its numerous phosphorylation sites provide additional regulated sites of protein-protein 

interaction. Together, they mediate the binding of kinases (e.g. FAK, Src and ILK), 
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phosphatases (e.g. PTP-PEST), actin-binding proteins (e.g. vinculin and the parvins) and 

regulators and effectors of the Rho family of small GTPases and actin dynamics (e.g. the 

CrkII-DOCK180-ELMO complex and PIX).  As this investigation outlines the dynamics 

of paxillin at the leading edge, it is of great interest to probe and better understand the 

dynamics of many of its binding partners at the leading edge as well.  Some interactions 

of paxillin are understood at the structural level such as the FAK-paxillin complex that 

has been resolved by X-ray crystallography (Hoellerer et al., 2003). Competition between 

potential binding partners, regulation by conformational changes and signal-dependent 

phosphorylation may explain the ability of paxillin to coordinate multiple interactions 

and to regulate dynamic processes such as actin dynamics, adhesion turnover, growth, 

proliferation and migration (Diagram 6).   Phosphorylation of residues in the N-

terminus of paxillin by cellular kinases may account for the regulated recruitment of 

downstream effector molecules such as p130Cas.  Interestingly, recruitment of p130Cas 

could be potentially important for the transduction of external signals into changes in 

cell motility and for the regulation of gene expression by the various MAP kinase 

cascades (Deakin and Turner, 2008).  Data relevant to these observations is presented in 

chapters 2 & 3 and suggests a molecular mechanism that involves paxillin localization, 

paxillin modification state, binding partner localization, and MAPK activity.       
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1.47 p130Cas 

Similar to paxillin, p130Cas is a scaffold molecule that has been implicated in numerous 

cellular processes such as actin polymerization, focal adhesion formation, and mitotic 

signal generation.  p130Cas contains an N-terminal SH3 domain, a proline-rich region, a 

substrate-binding domain- containing 15 repeats of a YxxP sequence, a serine-rich 

region, and  a C-terminal domain. p130Cas’s most well-known feature is the tyrosine 

residues in the YxxP sequences.  These residues act as substrates of protein tyrosine 

kinases and, when phosphorylated, provide a binding site for the SH2 binding domains 

of effector proteins. Again, insight into the domain architecture of p130Cas may provide 

thematic clues as to how cells are able to transduce and amplify extracellular signals.  The 

C-terminal domain is characterized by a binding site that includes a proline-rich region 

(RPLPSPP), which binds to the Src SH3 domain. P130Cas also contains a tyrosine-

containing sequence (YDYV) which in turn binds to the Src SH2 domain when 

phosphorylated (Bouton et al., 2001). 

 

It is thought upon ECM binding or growth factor and hormone stimulation, integrins, 

receptor tyrosine kinases, estrogen receptors, and G-protein coupled receptors regulate 

p130Cas through the activation of  Src  kinase and the formation of a p130Cas–Src 

complex.  After tyrosine phosphorylation, p130Cas and Src recruit adaptors and effectors 

that activate downstream pathways, resulting in cell survival and increased cell motility 



50 

 

(Panetti, 2002). p130Cas is also required for transformation and metastasis.  

Interestingly, in response to pro-apoptotic stimuli, p130Cas dephosphorylation by 

eukaryotic phosphatases inhibits the formation of p130Cas-dependent signaling 

complexes and favors cleavage of p130Cas by proteases into smaller fragments, which 

have been shown to translocate to the nucleus and contributes to cell death (Panetti, 

2002).   The exact regulation and mechanism that allows for p130Cas derived peptides to 

translocate into the nucleus is of great scientific interest.   

 

Similar to paxillin and FAK, phosphorylation of tyrosine residues creates binding sites 

for the SH2 and PTB domains of effecter signaling proteins. Many growth factors and 

hormones regulate p130Cas tyrosine phosphorylation (Bouton et al., 2001). Integrin-

mediated adhesion also triggers p130Cas tyrosine phosphorylation, which correlates with 

regulation of actin cytoskeleton organization, cell spreading and focal adhesion 

formation. By contrast, in mitosis, when cells become rounder and temporarily detach 

from the extracellular matrix during cytokinesis is, p130Cas is phosphorylated 

on serine and threonine residues (Yamakita et al., 1999). Interestingly, at re-entry into 

G1, this serine/threonine phosphorylation is lost (Yokoyama et al., 2001). It has been 

hypothesized that the balance of serine/threonine versus tyrosine phosphorylation might 

be controlled by different phases of the cell cycle or vice versa.  Better understand this 
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type of molecular switch and signaling circuitry is of interest and data is presented in 

chapters 2 & 3 that support a molecular mechanism as to how this switch is activated.     

 

Recently, mechanical stretch has been shown to increases tyrosine phosphorylation of 

p130Cas and its association with the adaptor protein Crk which results in the activation 

of the small GTPase Rap1. Therefore, by unfolding p130Cas, mechanical forces expose 

effecter binding sites and phosphorylation sites, providing a potential molecular 

mechanism to transduce external forces into intracellular biochemical signals (Tamada, 

et al., 2004; Sawada, et al., 2006).  Interestingly, the current model of cell migration 

suggests that during migration, lamellipodia and filopodia extend from the cell leading 

edge and create new dynamic adhesions, which form and rapidly disassemble at the base 

of protrusions. The involvement of p130Cas in cell migration has been shown to be 

dependent on its tyrosine phosphorylation by Src and on the assembly of a p130Cas–

Crk–DOCK180 scaffold at adhesion sites (Gustavsso et al., 2004; Webb et al., 2004). It is 

thought that scaffold formation initiates Rac activation, thereby leading to actin 

polymerization and the recruitment of integrin receptors necessary for 

lamellipodia extension and cell migration.  Data is presented in this investigation that 

details how the localization of the p130Cas-Crk-DOCK180 complex affects cellular 

processes such as migration and proliferation.   
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In addition to its role in actin dynamics, p130Cas is an important transducer of survival 

signals. Prominent work detailed in some of the available literature  suggests that pro-

survival signals emanating from the ECM and soluble growth factors and hormones 

proceed through their respective receptors, then through FAK and Src, to p130Cas, 

activating the small GTPases Ras and Rac, as well as JNK and Erk1/2–MAPK (Giancotti 

et al., 2002). P130Cas is also required for integrin-dependent EGF-receptor activation, 

which in turn leads to cell survival. This implies a dual role for p130Cas in cell survival 

and motility as p130Cas behaves as a major downstream effecter in integrin and growth 

factor signaling and as an activator of actin polymerization. 

 

Many other important integrin-signaling proteins have been, and continue to be 

identified and implicated in pro-survival and growth directed events, perhaps even 

modulating transcription in the nucleus.  Experiments directed towards survival and 

growth signaling pathways, translation, mRNA localization, nuclear export / import, and 

transcription may yield further insights into the regulatory steps in integrin signaling, 

the roles of different integrins in signaling, focal adhesion assembly, as well as the 

presumable hierarchy and nature of the hypothetical focal adhesion – nucleus signaling 

axis.  In addition, integrins make many important direct or indirect interactions with 

other transmembrane signaling proteins, including those from the growth-factor 

receptor, syndecan, discoidin domain receptors, and GPCR families.  Understanding    
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how integrins are able to cluster with each other and other receptors is also an area of 

interest and discussed in part later in Chapter 3.   

1.5 Cytoskeletal Activation 

Cytoskeletal activation (Diagram 9), namely actin polymerization, branched-filament 

stabilization, acto-myosin contraction, and stress fiber formation, is necessary for 

polarization, cell motility, cell division, and higher order processes such as development, 

wound healing, the immune response and metastasis.  Cytoskeletal activation occurs 

concurrent with focal adhesion ontogeny at the leading edge of cells and as a result both 

processes are spatially, and biochemically coupled.  The interplay between Cdc42, Rac, 

and Rho GTPase activation is largely thought to regulate this biochemical coupling, as 

activation of Rac favors actin polymerization, initial focal contact formation, while 

activation of Rho favors acto-myosin contractility, focal adhesion formation and focal 

adhesion stabilization.      

 

Central to outside-in signaling, and perhaps better understood, is how integrin activation 

mediates actin dynamics.  Actin filaments are connected to integrin rich FA’s via a 

complex of proteins that include talin, vinculin, α-actinin, and paxillin.  This complex 

not only mediates actin polymerization events at the cell’s leading edge, or lamellipodia, 

but mechanically couples the actomyosin contractile apparatus to FAs, and is central in 

the force transmission between ECM and the cell.   
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It has been predicted theoretically (Mogilner and Oster, 1996) and demonstrated in single 

filament experiments (Kovar and Pollard, 2004) that actin polymerization produces 

mechanical forces. These polymerization forces in conjunction with the forces generated 

by the actinomyosin machinery, are thought to be responsible for different forms of cell 

motility and, in particular, overcoming the cell’s inherent membrane tension (Sheetz & 

Dai, 1996), thereby leading to extension of cellular protrusions (Mogilner and Oster, 

2003; Pollard and Borisy, 2003). Cell protrusion is a process in which chemical signaling 

results in the production of mechanical energy generated from the polymerization, 

retraction, and net-extension of actin.  The polymerization of these filaments is regulated 

by associated proteins, GTPases, and signaling proteins (Diagram 9). It is thought that 

protrusion at the leading edge, driven by actin polymerization, coupled with ATP 

hydrolysis and GTPase activity, is regulated by the dynamic equilibrium between actin 

nucleators and severing proteins.  Some examples of proteins that facilitate actin 

polymerization or depolymerization are the actin-related protein (Arp)2/3 complex, 

Spir, profilin, and formins and ADF/cofillin, Gelsolin/villin, and twinfilin (Pollard & 

Borisy, 2003) (Diagram 9).   

 

Interestingly, the elongation of actin bundles and branches has been described with an 

elastic ‘Brownian ratchet model’ where actin subunits are added in an ATP dependent 

manner to the barbed-end of actin filaments as they may be bent and pushed back from 
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the membrane, while the restoring force of polymerization pushes the membrane 

forward (Mogilner and Oster, 1996).  Concurrent with polymerization, the actin network 

(Diagram 10) undergoes retrograde flow away from the leading edge (Vallotton et al., 

2003).  To date, two types of retrograde flow have been distinguished, fast and slow, fast 

retrograde flow occurs in the distal most periphery of the lamellipodium while the slow 

retrograde flow occurs just inside the lamellipodium.    Central to this investigation is the 

reciprocal role actin dynamics and focal adhesion dynamics have on one another.   

 

1.51 Actin Nucleators 

Actin is one of the most abundant and conserved proteins in eukaryotic cells.  A 42kDa 

monomeric ATP-binding protein, globular (G)-actin, can undergo cycles of self-

assembly into filamentous actin, (F)-actin, ATP hydrolysis, and depolymerization. It is 

thought that actin filaments contain high-affinity barbed ends and less active pointed 

ends that are differentiated by structural and biochemical characteristics. As mentioned 

earlier, cell protrusion events, actin polymerization and filament turnover are controlled 

by many actin-binding proteins, including some that function in monomer 

sequestration, and others that promote filament nucleation, elongation, capping, 

severing, or depolymerization (Diagram 9 and 10). 
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The ability of the actin network to generate force, create structural scaffolds, and act as 

tracks for motor proteins contribute in actin’s role in numerous cellular functions, 

including growth, proliferation, morphogenesis, migration, cytokinesis, and membrane 

transport.  A central aim of this investigation is to better understand the link between 

actin dynamics and higher-order cellular processes such as migration and proliferation.  

Evidence is presented in chapters 2 & 3 that support a role for actin retrograde flow in 

the regulation of signaling molecules necessary for force generation, as well as 

transcription, translation, survival and proliferation.     

According to the large body of work geared towards actin polymerization, to initiate 

actin assembly during motility processes, cells generate free barbed ends that serve as 

sites for polymerization by uncapping or severing existing filaments, or by nucleating 

monomers. Interestingly, and accounting for energetic costs associated with actin 

polymerization, spontaneous actin assembly is thought to be inefficient, as the formation 

of actin dimers and trimeric nuclei is kinetically unfavorable. It is thought that to 

overcome this thermodynamic barrier, cells utilize factors that catalyze the nucleation of 

actin monomers into filaments. Specifically, the Arp2/3 (actin-related protein 2/3) 

complex, and formins are some of the proteins known to directly participate in 

nucleation (Goley et al., 2006; Chesarone et al., 2010).   The first central actin nucleator 

to be identified was the Arp2/3 complex, a 220kDa factor composed of seven stably-

associated proteins that are highly conserved across eukaryotic organisms. These include 
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Arp2 and Arp3 and five additional subunits, ARPC1-5. It is thought that the Arp2/3 

complex is unique in its ability to nucleate filaments as well as organize them into 

branched networks. 

In vitro biochemical experiments support the idea that the growing filament is capped by 

the Arp2/3 complex at its pointed end, while able to elongate at its barbed end. Similar to 

actin, Arp2 and Arp3 bind ATP (Goley et al., 2004). Efficient nucleation also requires 

phosphorylation of threonine and tyrosine residues in Arp2. A third contributor to 

Arp2/3 activation, and the best characterized, involves engagement of the complex by 

nucleation-promoting factors (NPFs) (Higgs, et al., 2005).  Most mammalian NPFs 

activate Arp2/3 using a WCA domain, which is comprised of one or more WH2 (WASP-

homology-2) motifs that bind actin monomers, plus an amphipathic connector region 

and acidic peptide that collectively bind the Arp2/3 complex. 

 

NPFs have been subcategorized into five groups: WASP and N-WASP, three WAVE 

(WASP-family verprolin homolog; also known as Scar) isoforms, and the recently-

identified factors WASH (WASP/Scar homolog), WHAMM (WASP homolog associated 

with actin, membranes and microtubules), and JMY (junction-mediating 

regulatory protein) (Chesarone, 2009).   
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1.52 WASP and N-WASP 

WASP and N-WASP, the best-characterized NPFs, are conserved across mammals, fungi 

and protists. Mammalian WASP is expressed specifically in hematopoietic cells, and its 

mutation results in defective cell migration, phagocytosis, and T-cell signaling, leading to 

immunodeficiencies in mice and the human disease state termed Wiskott-Aldrich 

Syndrome (Bosticardo et al., 2009). Another WASP protein, N-WASP is expressed in 

most cell types, and its deletion results in neurological and cardiac abnormalities, as well 

as embryonic lethality in mice.   N-WASP has been well characterized, and its domain 

architecture provides insights into how actin polymerization is regulated as well as how 

actin filaments are able to generate force within the cell and at the leading edge. N-

WASP possesses a modular domain organization consisting of an N-terminal WASP-

homology-1 (WH1) domain, plus basic, Cdc42/Rac-interactive binding (CRIB), 

and auto-inhibitory (AI) motifs that are collectively termed the GTPase-binding domain 

(GBD), and a proline-rich domain (PRD) proximal to its WCA domain.  N-WASP is 

central to cell spreading, and other motility events in that it coordinates the direction of 

actin protrusion and presumably is heavily regulated by proteins recruited at sites of 

ECM-cell interaction.  A better understanding of N-WASP’s activation, membrane 

localization, recycling, and degradation is an interesting topic of investigation that could 

yield important therapeutic insights into physiological processes such as wound healing, 

axon guidance, and organogenesis. 
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1.53 WAVE 

Very similar to the WASPs, the WAVE-family of NPFs are conserved across the 

metazoa. The three mammalian isoforms are expressed in many cell types, with WAVE1 

and WAVE2 distributed ubiquitously. Interestingly, WAVE1 knockout mice have 

sensorimotor defects, behavioral abnormalities, and reduced viability, whereas WAVE2 

ablation is lethal, and knockout embryos exhibit impaired angiogenesis, underdeveloped 

hearts, hemorrhaging, and brain malformation.  Better understanding WASP and 

WAVE activity and their regulation during motility events may provide important 

insights into how cells regulate different motility regimes such as rolling, and the  

invadapodia formation necessary for metastasis.  Data is presented in chapter 4 that 

underscores the relevance of motility events in pathological processes such as 

uncontrolled growth and metastasis.    

 

1.54 Formins 

Unlike the Arp2/3 complex, other actin nucleators produce single, unbranched 

filaments. The most familiar of these are the formins, which are present in most 

eukaryotes. Their defining feature is the presence of the conserved formin-homology 

(FH) domains, termed FH1 and FH2 (Higgs et al., 2005).  The best characterized 

mammalian formins are the diaphanous related formins (DRFs) based on their 

homology to the diaphanous protein from D.melanogaster. In mice and other mammals, 
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DRFs are referred to as mDia1-3.  Interestingly, the DRFs have a domain organization 

that can be divided into three functional domains. Their N-termini contain regulatory 

sequences, including a GBD and an overlapping diaphanous-inhibitory-domain (DID) 

that participates in autoinhibition (Li et al., 2003). These domains are followed by central 

coiled-coil (CC) and dimerization domains (DD) that are thought to influence 

autoregulation.  mDia-mediated actin assembly participates in the formation of a variety 

of cellular structures such as stress fibers, dorsal filaments that emerge from focal 

adhesions at the leading edge of migrating cells, and the contractile ring that forms 

during cytokinesis (Watanabe et al., 2008). Relevant to metastasis and wound healing, 

DRFs also localize to filopodia, where their ability to nucleate actin correlates with the 

ability to form filopodia (Peng et al., 2003).  Interestingly, multiple DRFs are found in 

lamellipodia and contribute to cell motility (Gupton et al., 2007). Moreover, it has been 

shown that actin polymerization intitiated by DRF FH2 domains results in activation 

of serum response factor (SRF)-mediated transcription.  This transcriptional circuit is 

thought to control developmental processes which regulate and rely on cell migration, 

contractility, or morphogenesis (Young et al., 2008). Delineating the signaling 

requirements initiated by actin polymerization to transcription activation is an 

interesting future line of inquiry and preliminary data towards this research aim is 

presented in the following chapters.   
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1.55 Myosin II 

On the cellular level, actin works in concert with the molecular motor myosin II.  

Formally, Non-muscle myosin II (NM II) is an actin-binding protein that has actin 

cross-linking and contractile properties, and is regulated by the phosphorylation of its 

light and heavy chains and dependent on ATP hydrolysis. The three mammalian NM II 

isoforms have both specific and redundant properties.  Given its position as a regulatory 

target for many signaling pathways, NM II is poised as a central node in the signaling 

circuitry that controls cell adhesion, cell migration and tissue architecture. Moreover, 

myosins constitute a family of motor proteins that play an important role in several 

cellular processes discussed in the following chapters such as traction force, motility and 

molecular translocations within the cell.  

 

Seminal work has established that myosin molecules walk along, propel the sliding of, 

and / or produce tension on actin filaments. This contractile activity requires energy, 

which is provided by the hydrolysis of ATP, and engenders myosin with catalytic sites 

harboring ATPase activity. Myosin catalytic sites are found in the amino-terminal (head) 

region of the molecule, and they are activated when myosin binds to actin. It is thought 

that the carboxy-terminal region of some myosins binds to and moves cargo in a cell, 

whereas the C-terminal domains of other myosins self-associate into filaments, which 

allows their heads to tether actin filaments and exert tension within the cell. 
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Interestingly, myosins may also act indirectly through actin to bring adhesion-related 

proteins, such as integrins, or signal transduction molecules into close proximity 

(Vicente-Manzanares, et al., 2009).  In this investigation I present evidence that is 

consistent with this idea and offer greater detail in the form of spatial and temporal 

scales of myosin dynamics to the body of evidence that explains stress fiber formation.   

 

To understand myosin driven processes, it is important to understand how myosin is 

regulated.  NM II molecules are comprised of three pairs of peptides: two heavy chains of 

230 kDa, two 20 kDa regulatory light chains (RLCs) that regulate NM II activity and two 

17 kDa essential light chains (ELCs) that in turn stabilize the heavy chain structure.  

Interestingly, NM II has a fundamental role in processes that require cellular reshaping 

and movement, such as cell adhesion, cell migration, force generation and cell division. 

NM II can use its actin cross-linking and contractile functions, which are regulated by 

phosphorylation and, to regulate the actin cytoskeleton.  I present data supporting and 

extending this concept in chapter 2.   

 

As mentioned earlier, NM II is an important regulator of adhesion and polarity in cell 

migration. These processes involve the dynamic remodeling of the actin cytoskeleton and 

the interaction of the cell with its environment.  In migrating cells, actin organizes into 

several distinct structures and its polymerization in cellular protrusions drives cell 
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migration. It is thought that protrusions generally consist of two physically, and 

kinetically distinct actin based structures: the lamellipodium and the lamellum.  It is 

thought that the lamellipodium is distinguished by a fast retrograde flow of actin, 

whereas the lamellum exhibits slower retrograde flow. The convergent zone between the 

two is characterized by active depolymerization of the dendritic network and the 

reorganization of actin (Ponti et al., 2004) and is referred to the exo-endoplasmic barrier.  

This is discussed in more detail later in this investigation.  While NM II does not reside 

in or regulate the physical organization of the lamellipodium, it may affect the net rate of 

cellular protrusion (Cai et al., 2006). Interestingly when NM II is perturbed, or inhibited 

via knock out, knock down, by small interfering RNA or with blebbistatin, large actin 

bundles are no longer observed in the lamellum, while the actin in the lamellipodium 

remains unchanged. This observation suggests a localization pattern and activation 

pattern of myosin where myosin plays a larger role in the organization of actin found in 

the endoplasmic region of cells plated on 2D substrates.  In many cells, advancement of 

the protrusion is interrupted by NM II-generated contractions (Giaonne et al., 2004) that 

are absent when myosin is inhibited or deleted.   One hypothesis for the role of NM II in 

protrusion formation is that NM II generates the retrograde flow of actin in the 

lamellum, which is connected to the lamellipodium (Giaonne et al., 2007).  Interestingly, 

inhibition of NM II activity with blebbistatin, or genetic deletion of NM II, greatly 

decreases the rate of actin retrograde flow in the lamellum (Ponti et al., 2004) and 
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inhibits aggregation of actin into small nucleating-bundles at the lamellipodium–

lamellum interface (Anderson et al., 2008).  This lack of aggregation ultimately increases 

protrusiveness (Even-Ram et al., 2007). These observations support the idea that NM II-

generated retrograde flow counters the actin polymerization mediated protrusion of the 

leading edge and thereby reduces the observed protrusion rate dependent on actin 

polymerization.   In chapter 2 & 3, I present data that further explores NMII role in actin 

retrograde flow and relate it to focal adhesion growth and ontogeny. 

 

Interestingly, NM II is dispensable for the assembly and disassembly of nascent 

adhesions inside the lamellipodium (Choi et al., 2008) and is thought primarily to be 

required for focal adhesion maturation. Moreover, it has been observed that adhesions 

mature along thin actin bundles that originate near the transition zone at the 

lamellipodium and lamellum interface or endo / exo-plasmic barrier (Choi et al., 2008).  

It is though that integrin–actin linkages translate the activity of NM II on adhesions and 

mediates adhesion formation and maturation.  One hypothesis on adhesion maturation 

is that NM II bundles actin filaments.  As a consequence, adhesion proteins at the ends of 

these actin filaments are thought to be brought together and clustered. This increased 

molecular interactions between adhesion proteins then results in increased integrin 

avidity (binding strength) and signaling. For example, it has been observed that the 

actomyosin-contractility promote binding of vinculin to talin and induces integrin 
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clustering (Humphries et al., 2007). A second hypothesis is that NM II-generated force 

results in conformational changes that expose cryptic binding or activation sites in key 

adhesion components (Sawada et al, 2006; del Rio et al, 2009).  Interestingly, these 

hypotheses need not be mutually exclusive.  In chapter 3, I present data that supports the 

idea of NMII being necessary for integrin-mediated adhesion formation, supporting 

both models.     

 

NM II is also an important part of the cellular response to mechanical stimulation. As an 

example of dynamic reciprocity, myosin reacts to mechanical stimuli through cellular 

signaling pathways that regulate its own activation.  One example is that the application 

of external forces produces post-translational modifications such as phosphorylation, or 

conformational changes in different signaling molecules, which inhibit protrusion 

formation and lead to adhesion maturation and actin filament bundling (Galbraith et al., 

2002). Conversely, cells in which NM II is inhibited do not respond to external forces 

(Chen et al., 2008).  

 

Based on previous observations, it is thought that NM II influences adhesive signaling 

through clustering and/or conformational changes, while adhesive signaling also 

controls NM II activation. For example, integrin activation induces phosphorylation of  
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the adhesion adaptor paxillin on Y118 and of FAK on Y397. These phosphorylation 

events trigger the activation and recruitment of signaling intermediates such as the 

p130Cas to adhesions and are used as molecular markers later on in this investigation for 

force generation and focal adhesion mediated signaling events.  Moreover I demonstrate 

the role actin and focal adhesion dynamics have on the activations states of FAK and 

paxillin.   

1.6 Integrins & Focal Adhesion (FA)-Actin Coupling 

As mentioned before, actin dynamics and focal adhesions are spatially and temporally 

coordinated.  Recently investigations directed at better understanding actin dynamics at 

the leading edge (Diagram 11 and 14) along with focal adhesions have been motivated by 

the fact that in order to survive and grow, cells such as fibroblasts (Folkman & Moscana, 

1978, Wang et al. 2001; Yang et al. 2006), smooth muscle cells (Tolic-Norrelykke and 

Wang, 2005), neurons, and cancer cells must attach to spread and maintain stable 

adhesions in their respective microenvironments.  Termed anchorage dependence, once 

attached, it is thought that these cells generate internal traction forces through 

actomyosin interactions on intracellular protein complexes proximal to the dynamic 

actin network at the leading edge.  These forces are then thought to be transmitted / 

propagated via the numerous electrostatic protein-protein interactions within the cell-

integrin-ECM interface, leading to the exertion of force or traction on the underlying 

substrate or ECM.  This extracellular cell traction force is essential for focal adhesion 
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ontogeny, cell migration, cell shape maintenance, mechanical signal generation, and 

relevant to physiological and pathological functions such as development, wound 

healing, the immune response, oncogenesis and metastasis.  Physical coupling of the 

ECM to the actin-myosin cytoskeleton is mediated via focal adhesion proteins, namely 

actin binding proteins such as talin, vinculin, and paxillin that either directly bind 

integrins as well or bind integrins through a secondary or tertiary interaction, thereby 

stabilizing the ECM-cytoskeletal biophysical connection.  The ECM-integrin-actin 

physical coupling along with the GTPase mediated actin dynamics results in intracellular 

traction forces that have been shown to facilitate focal adhesion formation and 

modification states of proteins localized to the leading edge.     

Moving forward, focal Adhesions (FAs) provide a mechanical link between the actin 

cytoskeleton and the extracellular environment, and in addition act as signaling centers. 

It is thought that cell adhesions, are mainly coupled to actin bundles called stress fibers 

which are contracted by non-muscle myosin II motors.  In cell migration, FAs are mainly 

coupled to the retrograde flow of the actin mesh, which is thought to be driven not only 

by non-muscle myosin II contractility close to the cell body, but also by the ATP driven 

process of actin polymerization at the leading edge. Moreover, it is thought that the actin 

cytoskeleton along with the focal adhesions and their interactions are very dynamic, with 

each component being in a state of continuous flow / turnover.  The details of how flow 

in the actin cytoskeleton is coupled to the dynamics of protein localization and force 
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transmission at focal adhesions are not clear. Chapter 2 presents data towards further 

understanding these interactions.  For different cell types, including neurons,  
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keratocytes, and fibroblasts it has been shown that the slower the retrograde flow, the 

faster the cell protrusion, suggesting that the growing actin network pushes the cell 

envelope forward if coupled at FAs.  Interestingly, measurements have shown that an 

increased rate of cell protrusion occurs when retrograde flow decreases (Lin & Forscher, 

1995; Jurado et al., 2005).  This observation suggests that adhesions act as a ‘molecular 

clutch’ to the extracellular matrix, modulating interactions between the F-actin 

cytoskeleton and the immobilized extra- cellular matrix (Mitchison and Kirschner,1988). 

It is hypothesized that when the clutch is engaged, focal adhesion proteins bind strongly 

to actin and transmit forces to the extracellular matrix via their attachment to integrins - 

when disengaged, it is thought that focal adhesions bind with low affinity to actin and 

NMII mediated contractility allows fast retrograde flow of actin and slippage past the 

focal adhesion. Interestingly, traction force experiments revealed a biphasic relationship 

between F-actin speed and traction force (Gardel et al., 2008). Near the cell edge where 

F-actin speed is fast, F-actin speed and traction force are inversely related, consistent 

with the idea of a molecular clutch.  Interestingly, recent experiments and modeling have 

shown that such a slip/catch clutch could additionally act as a mechanical sensor (Wang, 

2007; Chan and Odde, 2008). Future work is needed to determine how the F-actin 

retrograde flow affects cellular processes in concert with focal adhesions to enable 

adherent cells to sense the mechanical properties of their surrounding extracellular 

matrix.   A main highlight of this investigation provides evidence and a molecular 
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mechanism that involves actin retrograde flow and focal adhesion coupling in the 

regulation of migration, downstream signal activation and the rigidity response. 

 

1.7 The Rigidity Response  

As mentioned before the cellular microenvironment (i.e. the ECM) displays both 

biochemical adhesive ligands important to anchorage-dependent cells as well as 

important physical cues. One such stimuli, matrix stiffness or rigidity, has recently been 

recognized as key to cellular processes ranging from spreading (Kostic and Sheetz, 2006) 

motility (Lo et al., 2000; Pelham and Wang, 1997) to phagocytosis (Beningo and Wang, 

2002) and differentiation (Cukierman et al., 2001; Deroanne et al., 2005). Specific cells 

such as fibroblasts exhibit a preference to spread on stiffer substrates in cell motility—a 

phenomenon referred to as ‘durotaxis’ (Lo et al., 2000) or the rigidity response (Vogel & 

Sheetz, 2006). 

 

As previous examples are descriptive, the rigidity response can be defined as a 

phenomenon / mechanism that enable cells to probe and respond to the mechanical 

property of the substrate they interact with / spread on. To test this hypothesis, it is 

important to culture cells on substrates with physical properties that can be modulated, 

while maintaining a constant chemical environment. This is a general theme in the cell 

spreading system, and discussed further later in this introduction.  By maintaining a 
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constant total concentration of acrylamide while varying the concentration of bis-

acrylamide, one obtains a series of chemically identical surfaces / substrates that exhibit a 

wide range of flexibility (Pelham & Wang, 1998). By using various imaging techniques, 

and chemical and biochemical methods to perturb a given cell, it is possible to investigate 

the molecular mechanism that cells need to respond to differences in substrate flexibility 

- presumably by altering both their adhesion structures and actin-based motile behavior.  

 

While the rigidity response, as a phenomenon, has been documented and observed for 

over 40 years, the underlying molecular mechanism has just begun to be delineated.  It is 

thought the rigidity response is an early response of cells to substrates and correlates with 

early focal complex formation. Specifically, rigidity of a substrate has been defined as the 

amount of displacement per unit force on the surface (Moore et al., 2010). It has been 

postulated by Sheetz et al., that there are at least two major theoretically postulated 

mechanisms for the rigidity response: kinetic mechanisms where cells “measure” rigidity 

by the rate of increase in force as the cell pulls / pushes on the matrix, or positional 

mechanisms where cells sense the distance that integrins move for a given force (Kostic 

& Sheetz, 2006).   

 

Progress in the Sheetz lab suggests the latter molecular mechanism for rigidity sensing. 

Recent studies in the lab have aimed to define a molecular pathway responsible for 
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sensing rigidity on fibronectin.  Recent evidence suggests that rigid fibronectin-integrin 

binding leads to RPTPα-mediated activation and recruitment of Fyn to the leading edge 

in a rigidity-dependent manner. Furthermore, it has been postulated that Fyn then 

phosphorylates p130Cas in a force and position-dependent manner.  As a result 

phospho-p130Cas catalyzes downstream signaling events by activating SH3 binding 

domains within the p130Cas molecule (Kostic & Sheetz, 2007).  

 

Previous work in the Sheetz lab has implicated discrete molecular components of a 

working rigidity sensing mechanism.  Specifically, it was shown that compared to control 

cells, Shp2 null, integrin β1 null, and talin1 null cell lines all spread to a threefold greater 

area on fibronectin coated rigid polyacrylamide surfaces than soft fibronectin coated 

gels. In contrast, RPTPα null cells spread to the same area independent of rigidity on 

fibronectin surfaces but spread 3× greater on rigid collagen type IV coated surfaces than 

on soft collagen-type IV surfaces. Interestingly, RPTPα and αvβ3 integrins were shown 

previously to be colocalized at leading edges and interestingly, antibodies 

to αvβ3 blocked fibronectin rigidity sensing (Jiang et al., 2006).  Taken together, these 

observations postulated that the RPTPα receptor, and αvβ3 integrin form a rigidity-

sensitive complex at the leading edge. Subsequently the Sheetz lab showed that increased 

spreading and growth on rigid fibronectin correlates with leading edge recruitment of 

Fyn, but not endogenous c-Src (Kostic & Sheetz, 2007).  Moving forward, more work 
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established that the stretch-activated substrate of Fyn and c-Src - p130Cas, is also 

required for a rigidity response and it is phosphorylated at the leading edge in a Fyn-

dependent process. Furthermore, work with stretching cells on fibronectin further 

implicated p130Cas in the working model of contraction induced rigidity sensing by 

demonstrating that tyrosine phosphorylation of p130Cas (Cas) is involved in force-

dependent activation of the small GTPase Rap1 (Sawada et al., 2006). 

 

Toward a clearer understanding of the molecular components in mechanotransduction 

and perhaps rigidity sensing, the Sheetz lab showed, via bead and magnetic tweezer 

experiments, that the clustering of fibronectin domains within 40 nm led to integrin 

α5β1 recruitment, and increased the ability to maintain adhesion forces. Interestingly, 

this force was supported by α5β1 integrin clusters.   Thus, it was inferred that high 

matrix forces are primarily supported by clustered α5β1 integrins, while less stable αvβ3 

integrin linkages initiate mechanotransduction (Roca-Cusachs et al., 2009). 

 

Towards a more intimate understanding of rigidity sensing, it is interesting to note that 

the depletion of talin 2 in talin 1 null cells did not affect the initiation of matrix-activated 

spreading or Src family kinase (SFK) activation, but abolished the ECM-integrin-

cytoskeleton linkage and sustained cell spreading and adhesion. Specifically, focal 

adhesion assembly, focal adhesion kinase (FAK) signaling and traction force generation 
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on substrates were found to be perturbed. Interestingly, the talin 1 head domain restored 

β1 integrin activation but only full-length talin 1 restored ECM-cytoskeleton linkages 

and wild-type cytoskeleton organization. This suggested that talin is not required for 

initial cell spreading. However, talin provides an important mechanical linkage between 

ligand-bound integrins and the actin cytoskeleton required to activate focal adhesion-

dependent and mechano-sensitive mechanisms (Zhang, et al., 2008). 

 

Recently the Sheetz lab used magnetic tweezers, total internal reflection fluorescence, 

and atomic force microscopy to investigate the effect of force on the interaction between 

talin and vinculin, a focal adhesion protein that is activated by talin binding, leading to 

reorganization of the cytoskeleton.  Application of physiologically relevant forces caused 

stretching of single talin rods that exposed cryptic binding sites for vinculin. Thus in the 

talin-vinculin system, molecular mechanotransduction can occur by protein binding 

after exposure of buried binding sites in the talin-vinculin system (del Rio et al., 2009). 

 

While many components of the fibronectin rigidity response have been identified, very 

little is know about the collagen rigidity sensing mechanism.  The data in chapter 2 and 3 

I present relevant observations towards the delineation of molecular components 

involved in the collagen rigidity sensing mechanism.   Interestingly, a prominent feature 

of the rigidity response is that different cells respond to rigidity in different ways. 
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Specifically, one of the earlier observations related to the rigidity response was that 

cancer cells are able to spread and proliferate on soft surfaces while wild-type cells 

cannot (Stoker et al., 1968).   

1.8 Integrins, Focal Adhesions and Cancer  

As previously mentioned, the integrin signaling adaptors such as p130Cas, ILK, and 

paxillin, are crucial players in oncogenesis and invasion by regulating basic processes 

such as cell cycle control, survival, cytoskeletal re-organization and migration (Diagram 

12). To the point, these scaffold molecules have been implicated in many human cancers 

and when either their expression and/or function are perturbed, tumorigenesis is 

inhibited.  As discussed earlier, p130Cas (also known as BCAR1), the integrin-linked 

kinase (ILK) and paxillin adaptors are necessary effectors of integrin ECM-cell contact 

mediated signaling.  These adaptor proteins function as multivalent scaffolds that 

integrate and propagate signals from the ECM to intracellular signaling pathways, 

thereby promoting cell proliferation, survival and motility (Cabodi et al., 2010). 

 

In chapters 2 & 3 I present data that identifies a novel mechanism regulating p130Cas 

localization and p130Cas mediated protein interactions.  Interestingly, overexpression of 

p130Cas proteins contributes to the development of human cancer. p130Cas is necessary 

for transformation by several oncogenes, such as Src  and Her2 (Honda et al., 1998;  
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Korah et al., 2004). Recently, p130Cas has been shown to be required for k-ras, b-raf,  

PTEN  and  PI3K oncogene-dependent proliferation (Avraham et al., 2003)(Diagram 

13). Interestingly, the C-terminal region of p130Cas contains the same Src-binding 

domain implicated in the rigidity response and is required for anchorage-independent 

growth mediated by constitutively active Src. This observation highlights that the 

association between p130Cas and activated Src kinase is essential for the 

tyrosine phosphorylation of p130Cas and cellular transformation (Huang et al., 2002).  

In Chapter 2 data about p130Cas localization and its effect on cellular function is 

presented.  Interestingly, in Her2-transformed cells, p130Cas overexpression confers 

invasive properties in three-dimensional cultures, sustaining and strengthening PI3K–

AKT and ERK1, ERK2, ribosomal protein S6 kinase (p70S6K) signaling downstream of 

Her2, which leads to Rac activation and MMP9 secretion, respectively (Cabodi, et al., 

2010).   In chapter 3 I present data relevant to how integrins are able to activate these 

survival and growth pathways.   

In chapter 2 I detail a molecular mechanism that regulates a cells ability to generate 

force, migrate, regulate translation and proliferate in cells expressing and null for ILK.  

The expression of ILK has been analyzed in a large number of human malignancies (Eke 

et al., 2009; McDonald et al., 2008; Hannigan et al., 2005) and is often found to be 

increased and associated with tumor progression and shortened survival. As mentioned 

previously, increased ILK expression has been associated with more differentiated areas 
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of malignant gastrointestinal, renal, neural and bone marrow tumors, suggesting that 

ILK might also be an indicator of differentiated, later stage cancers (Eke et al., 2009; 

Haase et al., 2008).  Chapter 2 presents data that described the molecular effects of ILK 

ablation and relates it to signaling towards growth, proliferation and motility. 

Evidence for the role of ILK in breast cancer development was initially observed via the 

generation of transgenic mice that overexpress ILK in the mammary gland epithelium.  

ILK overexpression leads to mammary gland hyperplasia and breast tumors of multiple 

phenotypes (White et al., 2001). Moreover, targeted deletion of ILK in the mammary 

gland demonstrated that this molecule is required in the initiation of HER2- induced 

tumors, resulting in delayed tumor growth in vivo and block metastatic properties in 

vitro (Pontier et al., 2010). Chapter 2 employs an ILK knockout model to better 

understand the effects of ILK on molecular mechanisms relevant to growth and 

metastasis.  Recently, it has been described that transgenic MMTV–Ilk mice have 

lobuloalveolar hyperplasia and MMTV–Ilk; MMTV–Wnt1 mice show significant 

acceleration in mammary tumor incidence and growth (Oloumi et al., 2010), further 

highlighting ILKs role in cancer progression.    

With respect to a cell’s microenvironment, it has recently been proposed that ECM 

stiffness modifies the context of signaling and promotes the invasion of oncogene-

transformed pre-malignant mammary cells (Yu et al., 2010) and that integrins are 
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mechanosensors for matrix and tissue rigidity (Moore et al., 2010). Interestingly, 

p130Cas has been described as a major mechanotransduction protein, which undergoes 

phosphorylation on force-mediated conformational changes (Sawada et al., 2006) which 

senses fibronectin, but not collagen, rigidity (Kostic and Sheetz et al., 2006). These data 

suggest that p130Cas might strengthen the intracellular signaling cascades that are 

activated by the ECM stiffness that is caused by the presence of a tumor.  In chapter 2 

and chapter 3 data is presented that further delineates the molecular mechanisms of why 

ECM stiffness might strengthen intracellular signaling cascades.   

 Cytoskeletal mediated cell spreading is closely linked to cell survival and growth.  

Integrins, focal adhesion proteins, myosin and actin are likely candidates for mediators 

of this cell spreading requirement (Giannone & Sheetz, 2006; Folkman & Moscana, 

1978).  Rac and focal adhesion proteins such as p130Cas, and paxillin promotes cell cycle 

progression, and facilitates a cells ability to organize the cytoskeleton and promote 

spreading (Murga et al., 2002).  This suggests that integrins and integrin associated 

proteins may aid in the localization of important signaling molecules, promoting growth 

and mitogenic signals.  Thus, with regards to the cell spreading model system and the  
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concept of anoiksis, a possible hypothesis to explain the connection between spreading 

and growth may be that certain cells are unable to grow when spreading is either blocked 

by the inhibition of actin polymerization, insufficient focal adhesion growth, or integrin 

clustering due to an inability to localize activated signaling molecules or scaffolds that 

are thought to confer growth capability.  This inability to localize or an altered 

localization pattern could in turn affect the modification state of focal adhesion proteins 

necessary for productive protein-protein interactions, and thereby the activity level of 

important signaling molecules necessary for survival, growth and proliferation.  While at 

least one other alternate hypothesis to explain the connection between spreading and 

growth exists (i.e. that the physical forces exerted on the nucleus by integrin-induced 

changes in the cytoskeleton may regulate nuclear events thereby perturbing growth 

directly (Ezratty, et al., 2005)), the following investigation addresses the former 

hypothesis.  In the following investigation I present data to support the model that ECM-

mediated cell spreading is important to localize scaffold and signaling molecules, thereby 

providing a proper localization and activation pattern for proteins inside the cell for 

adequate generation of signals towards survival, growth and proliferation.  Moreover, I 

highlight actins role in regulating the localization of important proteins involved in 

migration and growth, thereby modulating the activation state, regulating higher-order 

processes such as growth,  collagen remodeling, and migration.   
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1.9 Summary 

As a cell’s microenvironment dictates its physical, chemical and emergent biological 

properties, recapitulating that microenvironment in a controlled manner and probing 

the resultant dynamics and kinetics is of potential interest.  A cell utilizes integrins and 

focal adhesion proteins to sense biochemical and physical cues from the ECM, and 

integrate these external signals into intracellular signals that regulate cytoskeletal 

dynamics, and signal transduction towards survival and growth.  The cell spreading 

model system is ideal to probe the molecular mechanisms involved in ECM-cell signaling 

and may lead to the discovery of novel molecular events involved in the reciprocal 

interaction of a cell’s constituent components such as focal adhesion proteins, actin, and 

myosin with the ECM.  As many pathological states are better understood, and the role 

of the ECM in its regulation of cellular behavior becomes more relevant, the information 

gleamed from a basic scientific investigation of cell spreading may be translated into 

powerful therapeutic gains.   
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1.91 Preliminary Data, Methodology & Objectives 

The region of the cell that is the focus of this inquiry is highlighted in Diagram 14.  The 

data that is presented in the following chapters describes the interactions and dynamics 

of focal adhesion proteins and actin at the leading edge of the cell (Diagram 14) – a thin 

membrane protrusion composed of spatially segregated protein complexes interacting 

with a dynamic actin and myosin network.  As a means to characterize the experimental 

system, and identify lead molecules involved in cell spreading as well as how cells sense 

rigidity on collagen or fibronectin, two main preliminary experiments were performed.  

First, as collagen coating of polyacrylamide substrates had never been verified in the lab, 

scanning electron micrographs were generated to confirm uniform collagen coating 

(Preliminary Figure 1).  These micrographs confirmed the ability to adhere 

polyacrylamide gels to glass coverslips, and coat the polyacrylamide hydrogels with 

10ug/ml of collagen type I uniformly.  Interestingly, at concentrations greater than 

20ug/ml, collagen type I formed fibers instead of the small punctuate aggregates it 

formed at lower concentrations (Preliminary Figure 1C).  To ensure the molecule was 

covalently attached to the substrate, bis-acrylamide gels were activated with sulfo-

sanpah, a heterobifunctional crosslinking agent containing an N-Hydroxysuccinimide 

ester (NHS ester) and a photoreactive phenyl azide group.  The NHS ester reacts with the 

surfaces of the hydrogels, resulting in a covalent bond between substrate and ECM 

protein.  This covalent attachment is important and comes to bear when measuring 
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force-related interactions between integrins, focal adhesion proteins, actin and the ECM.  

To identify candidate molecules of interest, and characterize the downstream signaling 

molecules involved in cell spreading, a small molecule and knockout-cell line screen was 

employed.  The results of the small molecule screen are presented in Preliminary Figure 

2.  The small molecule screen yielded several interesting and novel results.   

Interestingly, inhibiting myosin with blebbistatin resulted in rescue of spreading of 

mouse embryonic fibroblasts on soft substrates (>1 kPa), as did an activator of Adenyl 

Cyclase, inhibitors of PKB or Akt, transcription and translation on fibronectin 

(Preliminary Figure2).  These results were used to direct further investigations detailed 

in the following chapters. The result of the knock-out cell line screen yielded only one 

novel result and is the focus of chapter 2.  While I observed that ILK null cells did not 

sense rigidity on collagen, ILK null cells did sense rigidity on fibronectin, and given ILK’s 

role in oncogenesis, I set out to better understand the molecular mechanism responsible 

for ILK, collagen sensing and collagen rigidity sensing 
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While a significant body of work has been done to understand the signaling and motility 

events initiated by fibronectin-integrin engagement, less work had been done on 

understanding collagen mediated signaling and motility events.  The first aim of this 

study was to better understand collagen mediated integrin based signaling and to 

determine if and how collagen-based signaling may be different than fibronectin 

mediated integrin based signaling.  During the course of this study, the concepts of the 

rigidity response and focal adhesion coupling were new and emerging phenomena.   As 

detailed in the introduction, both phenomena were being investigated using multiple 

working models and hypotheses.   The second and third aims of this investigation were 

to better understand the molecular components and pathways responsible for the rigidity 

response and focal adhesion-actin coupling respectively.   

 

To better understand collagen-based integrin mediated signaling events I set out to 

compare the differences between collagen and fibronectin based motility events by 

spreading mouse embryonic fibroblasts (MEFs) on both collagen and fibronectin, 

perturb the cell either with small molecule inhibitors, and knock-out cell lines that 

removed a specific protein from a given population of MEFs.  After observing differences 

in spreading behavior on collagen and fibronectin, I probed the localization and 

activation state of a given protein using standard and emerging biochemical and 

microscopy techniques.   
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To better understand and delineate the molecular mechanisms involved in the rigidity 

response. I utilized the ability to create substrates of different rigidities using 

polyacrylamide gels.  By varying the concentration of the polymer- acrylamide and 

crosslinker- bis, I was able to adjust the rigidity of substrates that the cells interact with, 

and in some cases spread on.  Again, using small molecule inhibitors and knock-out cell 

lines I probed the molecular pathway involved in rigidity sensing on collagen and 

fibronectin (Preliminary Figure 2).  To better understand the dynamics of the molecular 

components involved in the rigidity response I used biochemical and microscopy 

techniques.   Finally, as it has been hypothesized that focal adhesion-actin coupling is 

molecularly linked and perhaps regulates both cell  spreading and the rigidity response, I 

utilized assays  such as  the pillar assay and collagen contraction to better characterize 

focal-adhesion– actin coupling. 

   

In chapter 2 I present results that identify a molecular pathway that is specific to 

collagen-based integrin mediated signaling, identify a new component necessary for 

collagen based rigidity sensing, highlight the effects of low focal adhesion-actin coupling 

on spreading, motility, and downstream signaling that regulates growth and 

proliferation.  Moreover, I propose a model in which actin retrograde flow is involved in 

activating and regulating the localization of proteins necessary for integrin activation, the 

rigidity response, force generation, and signal generation necessary for growth and 
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proliferation. Modulating ECM composition and substrate rigidity in chapter 3, I present 

data that highlights the effects of high focal adhesion-actin coupling.  Specifically, I 

present data that supports the idea that increased focal adhesion-actin coupling allows 

for activation of cytoskeletal and growth signaling pathways on both soft and rigid 

substrates. The overall objective of this investigation was to better understand collagen 

mediated rigidity sensing, through the analysis of focal adhesion, and actin dynamics, 

and the effects actin dynamics and focal adhesion ontogeny might have on downstream 

signaling.   
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Chapter 2 

 

 

Integrin-Linked Kinase Stabilizes β1 Integrin Adhesions Involved in Rigidity 

Sensing, Traction Forces, Actin Dynamics and Signaling 
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2.1 Abstract 

Cell spreading and motility involves physical linkages between the extracellular matrix 

(ECM), integrins and the cytoskeleton. Here we show that integrin-linked kinase (ILK) is 

necessary for the stabilization of α2/β1 mediated adhesions, traction force and signal 

generation. Further, ILK-/- cells do not respond to collagen rigidity but do respond to 

fibronectin rigidity. Expression of full length ILK restores normal spreading but the 

paxillin binding mutant of ILK does not. On fibronectin, initial spreading that depends 

upon αv/β3 integrin is minimally affected by the loss of ILK, while mature adhesions that 

depend upon α5/β1 are affected.  In ILK-/- cells, the linkage of the integrin to actin is 

dramatically weakened leading to increased actin retrograde flow, and reduced traction 

forces.  Although talin, paxillin and p130Cas assemble in small adhesions, these 

molecules move inward at an increased rate, with paxillin moving at the slowest rate. 

Downstream activation events are also reduced including MAP kinase signaling. Thus, 

we suggest that ILK is important for β1 integrin-mediated coupling to the cytoskeleton, 

focal adhesion formation, reinforcement, substrate traction and the localization and 

activation of signaling proteins.      
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2.2 Introduction 

Integrin-dependent cell adhesions are critical for cell growth, differentiation and the 

organization of tissues.  While many focal adhesion proteins are commonly found in all 

adhesions, some focal adhesion proteins localize, bind and activate the different integrin 

heterodimers, as well as bind integrins at different times during the maturation of the 

focal adhesion (Zaidel-Bar et al., 2004).  Moreover, at different stages of motility and 

growth, different focal adhesion proteins are thought to interact and transduce signals 

from adhesions.  For example, recent work has shown that high forces on cell-fibronectin 

bonds are supported by α5β1 integrins, while the αV/β3 integrins bind with less strength 

but are needed for mechanotransduction (Roca-Cusachs et al, 2009).  Moreover, certain 

physiological and pathological responses depend upon specific ligand activation of 

integrins.  For example, cellular responses to rigidity of fibronectin involve a different set 

of proteins than needed for cellular responses to collagen rigidity (Jiang et al., 2006; 

Kostic et al., 2006).      

 

Integrins are the primary transducers of extracellular matrix (ECM) signals into an 

intracellular response.  Recent studies have shown that not only the biochemical but also 

the mechanical nature of the ECM can affect the cellular response.  In the case of 

collagen and fibronectin, the β1 and β3 integrins are critical and partner with α v, 1, 2, 5 

and 11 in binding to type 1 collagen and fibronectin.  Once an integrin binds to its 
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matrix partner, it undergoes a conformational change that activates a number of internal 

binding sites for the cytoskeleton that then tests the physical characteristics of the ECM, 

localizes focal adhesion proteins, and in turn regulates and is responsive to the cellular 

and extracellular state.  How these cytoplasmic processes are activated is not well 

understood.  In the case of the αvβ3 integrin binding to fibronectin, there is an activation 

of the receptor-like tyrosine phosphatase, RPTPα, that in turn activates Src family 

kinases (von Wichert et al., 2003).  There may be similar accessory proteins that are 

involved in the control of β1 interactions with ECM. 

 

Although focal adhesions are not prominent in vivo, they do provide a view of the 

important factors that are involved in cytoskeleton matrix coupling and force generation. 

Numerous studies have shown that the matrix will signal to small GTPases and locally 

modulate their activity.  In certain cases, GTPase stimulated contraction of the coherent 

actomyosin network produces traction forces through actin-adhesion-integrin-ECM 

linkages (Hu et al., 2007); Cai et al. 2010) that further facilitates focal adhesion formation 

(Zamir et al., 2000).   

 

The exact nature of the coupling, and the steps involved in activation have yet to be 

determined for many of the ECM-cell interactions.  It is expected that the control of  
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these interactions will play a critical role in normal tissue function and alterations will be 

linked to many disease processes. 

 

One focal adhesion protein, Integrin-linked kinase (ILK), has recently been the topic of 

investigation due to its role in numerous pathological states (Radeva  et al., 1997; Dai et 

al., 2003; Hannigan et al., 2005; McDonald et al., 2008).  Integrin-linked kinase (ILK) was 

first identified in a yeast two-hybrid screen based on its interaction with the Β1 integrin 

cytoplasmic domain (Hannigan et al., 1996).  Previous studies have implicated ILK in a 

range of diverse roles including inhibition of apoptosis (Attwell  et al., 2000), and 

regulation of α5β1 integrin function and fibronectin matrix assembly (Wu  et al., 1998).  

Furthermore, gross deficits in normal development and tissue homeostasis occur when 

ILK is deleted. Overexpression of ILK either in cell culture or constitutive activation in 

transgenic mouse models results in oncogenic transformation (Dillon et al., 2007; 

Hannigan et al., 2005; Legate et al., 2006). Interestingly, the expression of ILK is often 

elevated in human cancers, and correlates with tumor stage and metastatic potential (Dai 

et al., 2003; Graff et al., 2001; Okamura et al., 2007; Takanami, 2005).  In light of ILK’s 

cellular, physiological and pathological relevance, and to better understand ILK’s role in 

mammalian, ECM-cytoskeleton coupling, we investigated the actin and focal adhesion 

protein dynamics in embryonic fibroblasts derived from a mouse ILK knock-out line,  
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(Sakai, T, et al., 2003) and have found that the loss of ILK dramatically alters 

cytoskeleton-β1 integrin coupling in a paxillin-dependent manner. 

 

2.3 Results 

Spreading on Collagen versus FN (Integrin dependence) 

To determine if there is an integrin dependence in ILK-/- cells, we analyzed the 

spreading of ILK-/- and control cells on collagen or fibronectin-coated surfaces.  When 

control suspension cells were added to collagen-coated glass, they spread primarily 

(~60%) in an isotropic fashion with a significant fraction spreading in an anisotropic 

fashion (40%) (Dubin-Thaler et al., 2004).  In contrast, ILK-/- cells spread almost 

completely in an isotropic fashion (~90%) and had a greatly expanded lamellipodium 

(Figure 1).  After 5-10 minutes, the ILK-/- cell area gradually decreased whereas the 

control cells continued to increase in area. If ILK-/- cells were placed on fibronectin, they 

spread almost normally for the first 5-10 minutes but then retracted their lamellipodia 

rapidly (Figure 1B).  In most cases the central cytoplasm remained spread on fibronectin, 

unlike on collagen where there was a dramatically contracted central cytoplasm 

(Figure1A, and  8).   

 

The morphology of the ILK-/- cells on collagen was similar to that of talin depleted cells 

where the central cytoplasm was contracted by myosin because integrins were not  
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mechanically coupled to the actin-myosin network in the periphery and contraction 

collapsed the cytoplasm (Zhang et al., 2008). To test for the role of myosin contraction in 

the morphology of  ILK null cells, we added the myosin inhibitor blebbistatin which 

resulted in endoplasm spreading as well as rescue of normal morphology similar to the 

talin depleted MEF’s (Figure 3). Thus, there appears to be a myosin mediated collapse of 

the actomyosin network due to weakened coupling to adhesions in ILK-/- cells. 

  

To determine if the apparent lack of connection between collagen and the cytoskeleton 

had a functional consequence, we tested the ability of the cells to sense rigidity by 

determining if the cells spread less on soft surfaces.  When the extent of spreading on soft 

versus rigid polyacrylamide gels was measured, ILK-/- cells showed the same degree of 

spreading on soft and rigid collagen (Figure 1, E and F).  In contrast, the control cells 

spread to larger areas on rigid collagen than soft.  In the ILK-/- cells, similar to when they 

were spread on collagen-coated glass, there was again a highly contracted core of 

cytoplasm and broad lamellipodium on both soft and rigid collagen (Figure 1E).  With 

fibronectin-coated acrylamide, both ILK-/- and control cells spread to a larger area on 

rigid than on soft polyacrylamide.  Thus, we see that the rigidity response (rigidity 

sensing) of collagen was selectively lost in the ILK-/- cells (Figure 1,E and F). 
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To determine if ILK was able to restore function to the knockout cells, ILK-GFP was 

transiently expressed in ILK-/- cells.  Normal spreading was restored with full length 

ILK-GFP but a mutant form of the protein that would not bind to paxillin (Nikolopoulos 

and Turner, 2001), ILK-PBS was not able to support normal spreading (Figure 2).  

Further, a mutation of E359K that disrupts the putative kinase C-terminal integrin 

binding domain, blocked spreading on collagen, but not initial binding of the cells to the 

surface (Figure 3). Thus, on collagen, ILK function appears to involve both paxillin 

binding and maintenance of the putative, structured kinase, and integrin binding 

domain. 

 

ILK Localization Supports an Early Role in Collagen Adhesions 

To better understand ILK’s role in collagen adhesion, we determined the localization of 

ILK during spreading on collagen-coated glass. To do this we transfected ILK null cells 

with ILK-GFP.  Using total internal reflection fluorescence (TIRF) imaging, ILK-GFP 

localized to early focal contacts in transfected ILK -/- cells during isotropic spreading on 

collagen-coated glass (Figure 2).  Fluorescent foci developed at the late stages of rapid 

spreading, and moved outward with the velocity of the leading edge protrusion, staying 

within 0.5 μm of the leading edge (Figure 2).  In addition to transfecting a wild-type ILK-

GFP fusion protein, we transfected two mutant ILK GFP  
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fusion proteins to better understand what part of ILK might be responsible for its 

localization.  A paxillin binding mutant form of ILK, termed ILK-PBS-GFP exhibited 

diffuse localization throughout the cell (Figure 2) as well as a fast retrograde flow rate of 

8 nm/sec ± 4.3    (n=9) compared to the 0.4 nm/sec ± 0.1 (n=6) of ILK-GFP. 

Interestingly, the E359K point mutation GFP fusion protein that disrupts the integrin 

binding domain, termed ILK-E359K-GFP, inhibited spreading completely.   Thus the 

paxillin binding domain was not need for spreading, but was needed for localization to 

the adhesions. However, the structured, C-terminal integrin binding domain was needed 

for initiation of spreading (Figure 2, and 3).  

 

Increased Actin Flow in ILK-/- cells and Decreased Force 

If the condensed cytoplasm in the ILK-/- cells was due to a lack of attachment of the 

actomyosin cytoskeleton with the peripheral adhesions, then the rate of actin flow 

inward may have been increased as previously observed for talin-depleted cells (Zhang et 

al., 2008).  Several methods were used to measure the actin flow rate, including the rate 

of dorsal bead transport, of fluorescent actin movement, and of dorsal wave movement.  

All three methods showed that the rate of movement of actin inward was increased in 

ILK-/- cells on collagen. As mentioned above, ILK+/+ cells spread faster than ILK-/- cells 

(86 nm/sec ± 21 (n=16) and 51 nm/sec ± 11 (n=18) for ILK+/+ and ILK-/-, respectively).    
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When we measured actin retrograde flow via the transport of 1 μm diameter beads 

coated with collagen, the velocity in the ILK+/+ line of cells was 43 nm/sec ± 9 nm/sec 

(n=7) and in ILK-/- cells it was 128 nm/sec ± 22 (n=7) (Figure 4).  Another means of 

measuring actin retrograde flow was to track actin-based distortions in the membrane by 

DIC microscopy.  In this assay, ILK+/+ cells exhibited an actin rearward flow rate of 37 

nm/sec ± 5 nm/sec (n=6) while ILK-/- cells exhibited 117 nm/sec ±15 nm/sec (n=8) 

(Figure 4).  Finally, we measured the rearward flow rate of actin-gfp speckle patterns by 

TIRF microscopy. In this assay, the actin retrograde flow rate was 44 nm/sec ± 9 nm/sec 

(n=9) in ILK+/+ cells, versus 143 nm/sec ± 20 nm/sec (n=9) in ILK-/- cells (Figure 4).  

Taken together, the average actin retrograde flow rates for ILK+/+ and ILK-/- were 43 

nm/sec ± 9 nm/sec (n=22) and 128 nm/sec ± 22 nm/sec (n=24), respectively (Figure 4).  

This increased retrograde flow in ILK-/- cells indicated a defect in the ability of integrins 

to link to the cytoskeleton in ILK-/- cells, resulting in decreased attachment of actin to 

the adhesions and greater rate of contraction inward. 

 

Myosin-driven Inward Flow Causes Contracted Cytoplasm  

A corollary of the increased actin flow is that myosin flow should be increased as well 

and myosin distribution should be altered.  MLC-GFP localization was significantly 

altered in an ILK-/- background (Figure 4).  MLC-GFP appeared at the basal membrane 

earlier in the initial spreading phase in the ILK-/- background, and the contractile ring 
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was more prominent. There were also deficits in the formation of transverse stress fibers 

across the cell.  Interestingly, in ILK-/- cells, the contractile ring maintained a position ~ 

3.8 μm interior from the leading edge (Figure 4, D-G) compared to ~ .9 μm from the 

leading edge in ILK+/+ cells.  Consistent with this observation, the small myosin foci that 

formed at the leading edge in ILK-/- cells flowed rearward at ~3x the velocity in ILK null 

cells, 44 nm/sec ±11 nm/sec (n=8) versus 15 nm/sec ±9 nm/sec (n=8) (Figure 4, D-G) in 

ILK+/+ cells.  

 

If the compressed endoplasmic region in ILK-/- cells resulted from the rapid inward 

transport of the actin cytoskeleton by myosin II, then alteration of myosin contraction 

activity should alter endoplasm compression.  When ILK+/+ cells were treated with 

calyculinA, an activator of myosin II, 29% showed a spread cytoplasm in contrast to 73% 

in untreated ILK+/+ cells (Figure 3).  Furthermore, inhibition of myosin II by 

blebbistatin increased the percentage of ILK-/- cells with a spread endoplasmic region 

from 15% to 66% (Figure 3). These observations pointed to the importance of myosin in 

inhibiting endoplasm spreading when actin was not coupled to peripheral adhesions. 
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β1 Integrin Function But not β3 Appears Altered 

To test whether ILK was playing a larger role in specific integrin-mediated functions, we 

compared Β1 to Β3 mediated binding, using inhibitory antibodies to integrins. MEFs 

were incubated in suspension with inhibitory antibodies and plated on glass substrates 

coated with 10ug/ml fibronectin or collagen (Figure 1, C and D). Cells were allowed to 

spread for 30 minutes, fixed and imaged via DIC microscopy.  The early time point of 

fixation ensured that we observed primarily early integrin-ECM interactions.  Consistent 

with previous studies, we observed that inhibition with a cyclic RGD peptide, specific for 

αvβ3 integrin blocked rapid spreading on fibronectin in both ILK+/+ and ILK-/- cells 

(Figure 1, C and D).  Interestingly, α5β1 blocking antibodies preferentially inhibited 

spreading of ILK+/+ cells on fibronectin and not ILK null cells, indicating that cells 

without ILK may preferentially utilized β3 integrin to spread on fibronectin.  For cells 

interacting with collagen, we observed that when treated with inhibitory antibodies to β1 

and α2β1 integrins, MEF’s were unable to spread on collagen (Figure 1, C and D). These 

results confirmed the previous observations that early interactions with fibronectin and 

collagen were mediated by β3 and β1, respectively. We suggest that ILK preferentially 

mediates coupling of the ECM to the actin cytoskeleton via β1 integrins.  
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Decreased Traction Force Resulting from Decreased Coupling 

An important consequence of decreased attachment to the integrins is that traction 

forces may be decreased.  A pillar displacement assay was used to measure the traction 

forces of control and ILK-/- cells.  Pillar displacement was determined for spread cells 

after 60 minutes of spreading.  ILK+/+ cells produced an average pillar displacement of 

164 nm ± 22 nm (n=17), while ILK-/- cells averaged 62 nm ±24 nm (n= 19) of 

displacement per pillar on collagen coated pillars (Figure 6).  Using a similar method we 

investigated the pillar displacement by ILK+/+ and ILK null cells on an array of pillars 

coated with fibronectin.  ILK +/+ cells produced an average pillar displacement of 167 

nm ±31 nm (n=24), while ILK-/- cells produced an average displacement of 52 nm ±38 

nm (n=19) (Figure 6). With collagen- or fibronectin-coated pillars, ILK-/- cells generated 

considerably lower forces than ILK+/+ cells. These measurements were at later times 

after spreading where we expected that the fibronectin was bound by α5/β1 integrin.  

Spread areas were not sufficiently different to account for the differences in force.  Thus, 

it appeared that ILK was selectively needed for the generation of β1 mediated traction 

forces on collagen and fibronectin. 
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Initial Integrin Binding is Strong, but Reinforcement is Weaker without ILK 

To further confirm our hypothesis that ILK null cells had weakened β1 mediated 

interactions with the cytoskeleton, we employed a magnetic bead reinforcement assay.  

Using magnetic tweezers and magnetic beads coated with either fibronectin or collagen 

(Roca-Cusachs et al.  2009, Tanase et al., 2007), we applied an oscillatory force of .8nN at 

1Hz to the bead-cell interface to probe early ECM-integrin interactions.  Cells were 

allowed to interact with beads while spreading on collagen.  When a cell bound and 

moved a bead, the magnetic tweezers probe was placed ~20um away from the bead/cell 

interface and a 0.8nN oscillatory force was applied to the magnetic bead. ILK +/+ cells 

were able to maintain a consistent degree of attachment to beads coated with collagen 

and fibronectin, exhibiting an average displacement of 45 nm ±6 nm (n=10) for collagen 

coated beads, and 37 nm ±7 nm (n=11) for fibronectin coated beads that was relatively 

constant over the duration of the applied force (Figure 5).    In contrast, ILK-/- cells 

maintained a constant level of displacement over time for fibronectin coated beads, but 

were unable to reinforce and maintain a constant level of displacement of collagen-

coated beads.  When subjected to the 0.8 nN oscillatory force, collagen coated beads 

interacting with ILK-/- cells exhibited an average displacement of 74 nm± 15 nm (n=12), 

while fibronectin-coated beads exhibited an average displacement of 41 ± 8nm (n=11) 

when interacting with ILK-/- cells (Figure 5).  Because collagen-coated beads were  
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displaced more on ILK-/- cells by the same oscillatory force at early times, we suggest  

that ILK preferentially stabilizes β1 mediated ECM- actin cytoskeleton coupling. 

 

Adhesion Size is Smaller in the Absence of ILK 

Previously ILK knockdown and dominant negative studies in Hela cells have shown focal 

adhesion deficits on fibronectin (Nikolopoulos, S. N. and C. E. Turner (2001)). To 

determine if adhesion formation was also altered in ILK null cells on collagen, we stained 

for different adhesion proteins after 1 hour. The ILK null cells, on average, exhibited 

focal adhesions 5x smaller than wild type MEF’s expressing ILK, with adhesion  

sizes of 1.1 μm2± .4 for ILK+/+ and  0.19 μm2 ±.06 for ILK-/- cells (Figure 10).  Not only 

actin-binding proteins such as vinculin, and talin were depleted from focal adhesions, 

but scaffolding and signaling molecules such as p130Cas, paxillin and FAK were depleted 

as well.  
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Adhesions Migrate More Rapidly in the Absence of ILK 

To determine if smaller adhesions resulted from greater turnover or lower rates of 

assembly, we observed the dynamics of talin, p130Cas and paxillin during the rapid and 

contractile phases of cell spreading using total internal reflection fluorescence (TIRF) 

microscopy. Paxillin-GFP localized to focal complexes early on in the rapid spreading 

phase.  During contractile spreading, in ILK+/+ cells, paxillin-GFP persisted at the 

leading edge and formed two stable fluorescent lines or borders at the leading and 

interior edge of the lamellipodia, presumably demarcating nascent focal contacts at the  

leading edge and more mature adhesions toward the interior of the lamellipodia.  While 

paxillin-GFP was stable in adhesions in ILK+/+ cells, paxillin-GFP was remarkably more 

dynamic at the leading edge in ILK-/- cells (Figure 7, A and D), moving rearward at a 

velocity of 9 nm/sec ± 3 nm/sec (n=9),  paxillin-GFP in ILK+/+ cells moved rearward at 

0.2 nm/sec ± .05 nm/sec (n=8) or 45-fold slower (Figure 7, A and D).  The retrograde 

flow of a focal adhesion protein was surprising and we wondered if other focal adhesion 

proteins behaved similarly.   

 

Using the same techniques, we investigated if two other focal adhesion proteins, talin 

and p130Cas, moved at the same or different rates in the ILK-/- background. Talin-GFP 

was directly bound to integrin as well as actin filaments and was present throughout the 

basal membrane region in small foci early in spreading.  Subsequently, it was 
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concentrated in adhesions in early rapid spreading that persisted into late contractile 

spreading.  While talin-GFP in ILK-/- cells was localized to adhesions during early 

spreading, talin-gfp failed to form sharp, defined focal contacts in fully spread ILK-/- 

cells.  We observed talin formed globular, fluorescent foci in spread ILK-/- cells that 

moved rearward at ~25 nm/sec ±4 nm/sec (n=5) (Figure 7, C and D).    Talin-gfp in 

spread ILK+/+ cells persisted at the leading edge and moved slowly rearward at 2.4 

nm/sec ± .9 nm/sec (n=4) on substrates coated with collagen.  For comparison, we 

measured movements of p130Cas, a protein of the CAS (Crk-associated substrate) family 

that was only indirectly bound to integrins in adhesions.  Qualitatively, p130Cas-GFP 

exhibited similar localization and dynamics to paxillin, except that it was recruited to the 

leading edge later in spreading than ILK and paxillin, concurrent with the start of 

contraction.  p130Cas localized to focal adhesions and formed a characteristic 

fluorescent band, circumscribing the cell, spanning the length of the leading-edge in 

ILK+/+ cells spread on  collagen and moved inward at a low rate of  0.91 nm/sec ±.04 

nm/sec (n=9)  (Figure 7, B and D).  In contrast, p130Cas was more dynamic in the ILK-/- 

background and moved rearward at a rate of 19 nm/sec ± 6.4 nm/sec (n=11) (Figure 7, B 

and D).  Thus, consistent with the observed smaller focal adhesions in ILK null cells, the 

observed adhesion proteins move more rapidly inward at different rates in ILK-/- cells. 
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Consistent with our observations that paxillin and p130Cas move rearward in cells ILK 

null cells, immunofluorescent staining of phospho-paxillin (Y118) show a diffuse 

staining pattern in ILK-/- cells as well as significant staining towards the interior of the 

cell.   This is in contrast to the distinct punctate staining pattern found in ILK+/+ cells 

(Figure 13).  Staining of phospho-p130Cas (Y165) shows a distinct band ~ 2.5μm interior 

to the leading edge in ILK-/- with diminished staining at the leading edge, in contrast to 

the punctate staining at the leading edge in ILK+/+ cells ( Figure 13).   

 

MAP Kinase Phosphorylation is Decreased in ILK-/- Cells  

In contrast to what we found with other signaling molecules such as FAK, p130Cas, and 

src (Figure 9), when we looked at absolute phosphorylation levels of JNK and p44ERK 

via western analysis, a difference was observed when we compared ILK+/+ and ILK-/- 

lines (Figure 8).  In addition to the difference in overall phosphorylation levels of JNK 

and p44ERK, we noticed a significant and consistent difference in the localization of the 

phosphorylated forms of JNK, and p44ERK (Figure 13). Phospho-JNK localizes to small 

foci at the leading edge in ILK+/+ cells, while it localizes along the entire width of the 

lamellipodia in ILK -/- cells.  Similarly, phospho-p44ERK localized to foci at the leading 

edge of ILK+/+ cells but was unable to localize at any part of the lamellipodia, and 

remained in the endoplasm of ILK-/- cells (Figure 13).  This localization is consistent 

with the localization of their binding partners phospho-paxillin (Y118) and phospho-
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p130Cas (Y165).  Finally, we set out to quantify the difference in proliferation between 

the ILK+/+ and ILK-/- lines using the BrdU assay.  After serum starvation to synchronize 

both cell lines, we incubated each line with BrdU in the presence of serum for 30, 60 and 

120 minutes.  Upon staining for BrdU incorporation, we observed significantly higher 

levels of incorporation of BrdU in the ILK+/+ line with an estimated doubling time 640 

±54 minutes for ILK+/+, in contrast to ILK-/- line that had an estimated doubling time 

of 820 ±52 minutes.  Taken with our observations of actin and myosin retrograde flow, 

these observations suggest that the presence of ILK is critical for activation of the 

MAPK’s involved in stimulation of growth.  
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Collagen Gel Contraction Requires ILK 

Previous studies on migration of ILK-/- cells have shown decreased rates of movement 

on 2-D surfaces.  We further wished to determine if contraction of 3-D collagen 

networks would be altered in ILK-/- cells; therefore, we measured 3D type I collagen-gel 

contraction (Ngo, et al., 2006).  An equal number of cells (5K) were seeded in gels of 

different collagen densities and allowed to grow in culture for 12 days.  ILK-/- cells were 

unable to contract any gel of 1.8 mg/ml, 1.6 mg/ml, or 1.2 mg/ml collagen at day 12, and 

up to day 21, while ILK+/+ cells were able to contract gels of 1.2 mg/ml  and 1.6 mg/ml 

to 60% and 40% of the original size, respectively, by day 12 (Figure 12).  This further 

underscored ILK’s role in the physical linkage of the cytoskeleton to a collagen based 

ECM.   

 

2.4 Discussion   

These studies show that ILK-/- cells are particularly deficient in the coupling of matrix to 

the actin cytoskeleton through the collagen binding integrins and result in increased 

actin retrograde flow in the lamellipodia.  From assays of early spreading to long-term 

assays of matrix contraction, there is consistently a defect in cytoskeleton-matrix linkage 

in ILK-/- cells (Figure 1, 3, 6 and 12). The central cytoplasm fails to spread on collagen 

but spreads on fibronectin (Figure 1).  There is a greater rate of actomyosin transport 

inward and a lower force generated on collagen both on collagen-coated pillars  
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and 3-D collagen fibers (Figure 4, 6 and 12).  Although adhesions do form on collagen, 

they are typically smaller and more dynamic in ILK-/- cells (Figure 7 and 10).  Moreover, 

actin and myosin dynamics are significantly altered with ILK-/- cells exhibiting rapid 

retrograde flows of actin and myosin.  Perhaps the most striking defect is the weakness of 

the link between talin and integrins bound to collagen in the absence of ILK and the fact 

that paxillin has the lowest rate of transport inward.  One possible explanation is that 

paxillin is associated with a complex of proteins more tightly coupled to the β1 integrin 

than talin and ILK would aid in forming a larger, more stable complex.    Many of the 

other changes can be explained as the result of a weakness in the linkage between α2 β1 

integrins and talin.   

  

Rigidity dependent spreading has been shown previously to involve a different set of 

components on collagen and fibronectin (Jiang et al., 2006; Kostic et al., 2006; Wang, et 

al., 2003).  In the case of fibronectin, there is evidence of a β3 integrin dependence 

involving the receptor-like protein phosphatase α (RPTPα) and the Src-family kinase, 

Fyn (Kostic et al. 2006).  RPTPα and Fyn knockout cells spread to the same extent at 

early times on soft and rigid fibronectin, but they do sense collagen rigidity and spread to 

a larger area on rigid collagen (Jiang et al., 2006; Kostic et al., 2006).  Focal adhesion 

kinase (FAK) was previously shown to be involved in collagen rigidity sensing since FAK 

null cells spread to the same area on soft and rigid collagen (Wang, et al., 2000).   
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However, FAK null cells can sense the rigidity of fibronectin-coated surfaces (Jiang, et 

al., 2006).  The behavior of the ILK null cells is similar to FAK-/- in that they have a 

defect in the sensing of collagen but not fibronectin (Figure 1, E and F).  This is all 

consistent with a role for ILK in the activation of Beta 1 integrin.  The role of paxillin is 

highlighted in the ILK knockout cells.  Expression of ILK lacking the paxillin binding 

domain was not able to restore normal cell behavior and paxillin moved inward in the 

knockout cells on a collagen-coated surface (Figure 2 and 7).  This indicates that ILK 

stabilization of adhesions involves the anchoring of the LIM domain containing protein, 

paxillin. Alternatively, this interaction may be influenced by the LIM containing protein 

complex of PINCH-PARVIN and ILK (Wickström, et al., 2009; Legate, et al., 2006; Wu, 

2004).  Paxillin’s slower rate of inward flow in ILK-/- cells may be due to the observations 

that paxillin is one of the earliest components of adhesions and it may be bound to other 

components of the activated integrin complex (Turner, 2000), and unlike talin and 

p130Cas has no direct actin binding domain.  An additional linkage to ILK would further 

stabilize the bond to the integrin and keep the complex from moving inward and would 

enable the generation of high forces on adhesion contacts.  Thus, we suggest that ILK is 

particularly involved in the stabilization of paxillin linkage to liganded β1 integrin.    

 

Previously it was shown that the paxillin binding domain in ILK was necessary for its 

localization on fibronectin and our results suggest the same for collagen (Nikolopoulos 
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and Turner, 2001).  Our results with the dominant negative point mutation (Figure 3) 

suggest that while ILK may not be necessary for spreading on fibronectin and collagen, 

perturbations in its putative kinase domain, presumably destabilizing the α-helical 

structure of its C-terminal region and can act as a dominant negative isoform, blocking 

activation of spreading on collagen.  

 

In previous studies of talin-depleted cells on fibronectin, the rapid inward transport of 

actin was shown to pull the microtubules and vesicles inward and inhibition of myosin 

enabled the microtubules to extend to the periphery (Zhang, et al., 2008).  Both the 

constricted central region of cytoplasm and the rapid actin movement inward indicate 

that the assembling actin filament complexes are not strongly coupled to the matrix 

adhesions and as a result ILK null cells may not be able to extend their microtubules on 

collagen like talin depleted cells on fibronectin.  In contrast, in ILK null cells, the 

coupling of the early fibronectin, β3 mediated, adhesions to the actin filaments enabled 

the spreading of the cytoplasm but the later transition to α5β1 integrin caused the release 

of adhesions and retraction of lamellipodia (Figure 1). 

 

Previous studies on rigidity sensing postulate an early connection between the ECM, 

integrin, and cytoskeleton enabling the cell to sense the rigidity of the substrate as it 

spreads, mediated by the initial interactions of integrin and substrate.( Giannone and  
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Sheetz 2006 ; Danen, et al., 2002).  Initial and sustained contacts between the ECM and 

actin cytoskeleton have been described previously using the mechanical analogy of a 

clutch (Brown, et al., 2006, Macdonald, et al., 2008; Hu,  et al., 2007, Giannone, et al., 

2009).   

 

The observation that ILK-/- cells exhibit increased retrograde flow and do not sense 

rigidity on collagen, points to the importance of cytoskeletal coupling in early stages of 

cell motility, the rigidity response, and ECM sensing  (Figure 1).  Given the current 

model, rigidity is thought to be sensed via nascent ECM-integrin-focal adhesion-

cytoskeleton coupling events that lead to the mechanical stretching of proteins found at 

nascent focal contacts.  The ability of the cell to transduce force across the plasma 

membrane through the linkage of ECM-integrin-FA-actin-myosin is also linked to 

chemical signals via mechanotransduction (Vogel & Sheetz, 2006). Since ILK-/- cells did 

not sense rigidity on collagen (Figure 1E,F), we suggest that the cytoskeletal linkage is 

necessary to sense, or transduce the rigidity of the substrate and activate the MAPK 

pathway that is perturbed in ILK-/- cells.  Specifically, perhaps it is the weakened actin, 

focal adhesion and ECM coupling, increased retrograde flow of actin (Figure 4), that 

results in less transduction by less protein stretching.  That is to say that the reduced 

traction between integrins, focal adhesion proteins and the cytoskeleton in ILK null cells, 

manifested by increased actin and myosin retrograde flow, allows for the sustained 
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activation of actin polymerization characteristic of initial spreading or ‘P1’ (Döbereiner, 

et al., 2004), or initial fast cell spreading.  Moreover, the ability of ILK-/- cells to sense 

rigidity on fibronectin (Figure 1, E and F) coated surfaces indicates that ILK is not 

necessary for the initial coupling of fibronectin to the cell’s cytoskeleton in β3-integrin 

dependent sensing (Kostic and Sheetz, 2006). Interestingly, when collagen-coated 

magnetic beads are subjected to 1nN oscillatory forces, they are displaced by twice as 

much on ILK-/- than on ILK+/+ MEFs’ (Figure 5).  This larger displacement further 

indicates that the ECM-integrin-FA-actin linkage is weakened.  Furthermore, the ability 

of the cell to stretch the ECM-actin linkage more in the absence of ILK supports the idea 

that  the protein complex at the focal adhesion is stabilized by ILK.      

 

Previous studies have described traction force, and clutch dynamics as necessary 

components of cell motility (Brown, et al., 2006; Macdonald, et al., 2008;, Hu, et al., 2007; 

Giannone, et al., 2009). It is perhaps not surprising that knockdown of ILK or dominant 

negative ILK causes defects in late stage fibronectin-mediated focal adhesion formation 

(Nikolopoulos and Turner, 2001). In line with these previous studies, our observations 

on collagen and β1-ILK mediated interactions, highlight the fact that significant focal 

adhesion size deficits and increases in retrograde flow velocities in ILK null cells leads to 

mislocalization of myosin (Figure 4), focal adhesion proteins (Figure 7), reduced force 

generation (Figure 6), slower migration and reduced collagen contraction (Figure 11 and 
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12).  This study points to ILK as an important molecular component in the mechanical 

linkage between β1 integrins and the adhesion complex.  Finally, the decreased strength 

of the integrin-adhesion protein linkage has important cellular consequences such as 

reduced levels and mislocalization of phosphorylated scaffold proteins and signaling 

molecules such as phosphorylated (Y118) paxillin, phosphorylated (Y165) p130Cas, 

phosphorylated (T183/Y185) JNK, and phosphorylated (T204/Y204) ERK (Figure 13).  

Since phosphorylated paxillin and p130Cas (Turner, 2000; Defillippi, et al., 2006; Ishibe, 

et al.,  2004) have previously been shown to act as scaffolds and substrates for MAPK’s, 

among other signaling molecules (Cabodi, et al., 2010; Wu and Dedhar, 2001), the 

reduced cytoskeleton coupling and increased retrograde flow could explain the effects on 

downstream signaling and growth.   

 

Although previous studies have focused on the abnormalities of ILK null cells moving on 

fibronectin, the contrast between the early spreading on collagen versus fibronectin 

suggests that the primary role for ILK is in the linkage of adhesion proteins to β1 

integrins.  In particular, the stabilization of paxillin binding to the integrin appears 

weakened and the more rapid rearward movement of talin inward implies that its 

interaction with β1 integrin is greatly weakened or that it has a stronger coupling to the 

moving actin filaments.  Because there are alternative types of motility that rely upon 

different integrins and adhesion molecules, the phenotype of the ILK null cells is difficult  
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to fully understand.  However, most of the results can be traced to the weakening of β1 

integrin binding to adhesion proteins and increased actin retrograde flow. 

 

2.5 Materials and Methods 

Cell Culture:  The ILK +/+ and ILK -/- mouse embryonic fibroblast cell lines were a kind 

gift for R. Fassler (Sakai, et. Al., 2003), and were maintained in DMEM high glucose 

(Gibco-Invitrogen) supplemented with 10% fetal bovine serum, 100IU/ml of penicillin-

Streptomycin, 2μM of L-Glutamine, and 2μM of HEPES (Gibco-Invitrogen).  Cultures 

were kept at 60% confluence at 37oC in a 5% CO2 incubator.  Prior to experiments cells 

were prepared by trypsinizing with Trypsin Like Enzyme (Gibco-Invitrogen), washed 

with soybean trypsin inhibitor, centrifuged at 1000rpm for 5 minutes, and resuspended 

in phenol red- and serum-free DMEM (Gibco-Invitrogen).  Next, cells were incubated 

for 20 minutes at 37oC in suspension, and plated on substrates in serum-free media for 

observation.    

 

Constructs and transfection:  ILK-GFP, and ILK-PBS-GFP were generous gifts from C.E. 

Turner (Nikolopoulos, and Turner, 2001).  Actin-GFP, myosin-light chain-GFP, talin-

GFP, paxillin-GFP, and p130Cas-GFP were described in (Giannone, et al., 2007).  DNA 

constructs were transfected into ILK +/+ and    ILK-/- cells using Fugene (Roche) 
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transfection system.  Roughly 2-3 μg of DNA and 8-12 μl of fugene were used per 

reaction (105 cells).   

 

Cover slip-coating and bead coating:  Cover glasses were washed 2 hours in 20% nitric 

acid and then silanized by exposure to gaseous 1,1,1,3,3,3-Hexamethyldisilazane (Sigma).  

Silanized cover slips or cultures dishes were coated with 10 μg /ml rat tail collagen type I, 

dissolved in .2% Acetic Acid in 1M PBS overnight at 37oC.  For live-imaging, cells were 

sealed in a live-imaging chamber and mounted onto a motorized 37oC stage.  DIC and 

TIRF images were taken on an Olympus BX50 fluorescence microscope with a 60x, N.A. 

1.45 objective.  Silica beads (100 μl of 2.7-μm) (Dynal Biotech) were washed with 0.1M 

carbonate buffer and 0.02 M phosphate buffer sequentially before being incubated in 

750 μl 2% carbodimide/phosphate buffer for 3 h at room temperature. The beads were 

then washed with 0.1 M borate buffer.  Silica beads were then treated with cyanogen 

bromide (Technote #205, Bangs Laboratories) and incubated with 10ug/ml collagen, 

fibronectin or laminin, in .2% Acetic Acid in 1M PBS for collagen and 1M PBS for 

fibronectin and laminin, overnight at 4oC and stored in 1 μg/ml of albumin from chicken 

egg white (Sigma).  

 

Magnetic Bead Assay:  To apply forces to magnetic beads, a previously described 

magnetic tweezers apparatus (Tanase et al., 2006) was used. Briefly, an electromagnet 
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with a sharpened ferromagnetic core was used to apply a strong magnetic field gradient, 

generating a force on the beads. The force exerted by the tweezers was calibrated from 

the velocity of beads in liquids of known viscosity measured as a function of the tip-bead 

distance and applied current. For force measurements, fibronectin and collagen-coated 

beads were deposited on cover slips silanized with 1,1,1,3,3,3,-hexamethyldisilazane 

(Aldrich) and coated with 10 μg/mL collagen (Roche) for 2 h at 37 °C. Cells were then 

trypsinized, resuspended in DMEM high glucose (Gibco-Invitrogen) supplemented with 

2μM of L-Glutamine, and 2μM of HEPES (Gibco-Invitrogen) for 30 min at 37 °C for 

recovery, and plated on the coverslips.  The system was then mounted on a motorized 

37°C stage on an Olympus IX81 fluorescence microscope. DIC images and videos were 

taken with a 60× objective and a Cascade II CCD camera (Photometrics) at a frequency 

of 12.8 Hz. 

 

TIRF and retrograde velocity measurements:  To follow the dynamics of paxillin-GFP, 

p130CasGFP, actin-GFP, MLC-GFP, and talin-GFP in cells, time-lapse images were 

captured with a cooled CCD camera (Roper Scientific) attached to an Olympus IX81 

inverted microscope (objective, Olympus TIRF PIanApo 60×/1.45 oil; imaging software, 

SimplePCI) coupled to the 488-nm excitation light from an Inova argon-ion laser. Five 

second time-lapsed images were taken. For retrograde bead measurements, cells were 

plated onto collagen (10 μg/ml) -coated coverslips preloaded with laminin or collagen-
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coated 2.7-μm silica beads and spread at 37°C. Two-second time-lapse images of beads 

transported centripetally on the surface of spreading cells were captured on an IX81 

Olympus inverted microscope (objective, Olympus PIanApo 60×/1.45 oil; cooled CCD 

camera, Roper Scientific; imaging software, SimplePCI). 

 

Chemicals, and antibodies:  The following antibodies were used: a mouse monoclonal 

antibody (mAb) against paxillin (BD Transduction Laboratories), a mouse mAb against 

p130Cas (BD Transduction Laboratories), a mouse mAb against Src (Upstate 

Biotechnology), a mouse mAb against FAK (Chemicon), a rabbit polyclonal antibody 

against vinculin (Abcam), an affinity purified polyclonal rabbit phospho-paxillin (Y118), 

an affinity purified polyclonal rabbit anti-phoshoY165Cas antibody (Cell Signaling 

Technology, Beverly, MA), an affinity-purified rabbit polyclonal phosphoY416-Src 

kinase family antibody (Cell Signaling Technology),  an affinity purified rabbit 

polyclonal phospho Y397-Focal Adhesion Kinase (P-FAK) (Biosource), an affinity 

purified mouse polyclonal anti-phospho p44/p42 (T202/Y204), an affinity purified 

mouse polyclonal anti-phospho pJNK (T183/Y185), an affinity purified mouse 

polyclonal anti-MLC (Cell Signaling Technology), and affinity purified mouse polyclonal 

anti-phosphoMLC (Ser18,19), a goat anti-rabbit immunoglobulin (Ig) conjugated with 

Alexa 647 (Molecular Probes, a goat anti-rabbit Ig conjugated with Alexa 488 (Molecular 

Probes), and goat anti-mouse Ig conjugated with Alexa 568 (Molecular Probes), 
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horseradish peroxidase–conjugated anti-mouse and anti-rabbit antibodies (Amersham).  

For antibody inhibition experiments, a cyclic-peptide specific for αVβ3 (Bachem) at 

7.5ug/ml, an inhibitory β1 antibody, clone 6S6, (Millipore) at 5ug/ml, an inhibitory α2β1 

antibody  clone Ha1/29 (BD Biosciences) at 5ug/ml, and an inhibitory α5β1 antibody, 

clone BMC5 (Millipore) at 5ug/ml were used.  Cells were trypsinized, counted, and 

incubated with inhibitory antibody in suspension for 15 minutes and allowed to spread 

on either 10ug/ml collagen or 10ug/ml fibronectin coated glass.  Cells were fixed at 30 

minutes after plating, washed with PBS and spread cells were counted.    

 

Western blot quantification:  Cells in culture were rinsed once with PBS and lysed 

directly in RIPA buffer. For time-lapse western blotting, transfected cells were 

trypsinized and incubated in suspension for 20 min before being plated on collagen-

coated culture dishes. At the indicated times, cells were washed once with PBS and lysed 

in RIPA. All cell lysates were combined with 4x loading buffer and boiled before loading 

onto 4–20% gradient bis-acrylamide gels (Lonza). Protein was then transferred to 

Optitran reinforced nitrocellulose membrane (Whatman). The membrane was blocked 

with 5% dry milk-PBST, and incubated with primary antibody overnight at 4 °C. The 

membrane was then incubated for 1 hour at room temperature with anti-mouse or anti-

rabbit- HRP (Jackson Laboratories). The signal was detected with ECL western blotting 
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detecting reagents (Amersham Biosciences) on Kodak BioMax XAR film. Signal 

quantification was performed with NIH ImageJ. 

 

Immunohistochemistry:  Fibroblast cells were plated onto collagen coated coverglasses 

(10 μg/ml). After incubation for the described time, cells were fixed in 3.7% 

formaldehyde and permeabilized with 0.1% Triton. Cells were then incubated in PBS-

1%BSA to block non-specific antibody-antigen interaction.  Cells were then incubated 

with primary antibodies for 1 h followed by washing with PBS-1%BSA and incubated 

with appropriate fluorescent secondary antibodies.  Fluorescent signals from all samples 

were visualized by confocal microscopy, acquired using a Fluoview confocal microscope 

(Olympus, Melville, NY). DIC images of the cells plated on polyacrylamide substrates 

were recorded with a cooled CCD camera attached to an Olympus IX81 equipped with a 

60× objective. Analysis of acquired images was performed with the image analysis 

program, ImageJ (by W. Rasband, NIH, Bethesda, MD; http://rsb.info.nih.gov/ImageJ).   

 

Force generation measurements, collagen contraction:  The polydimethylsiloxane 

(PDMS) micro-posts were prepared and characterized as described previously (Cai, et al., 

2006). The dimension of the PDMS micro-posts was 2 μm in diameter, 3 μm center-to-

center, and 7 μm in height.  To coat posts with collagen, arrays of posts were immersed 

in 10μg/ml of collagen or fibronectin solution for 1 hr at 37°C and then washed with 
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DPBS. Then, cells were plated on the posts in a 37°C incubator for 5 - 30 min. The tips of 

the posts were visualized with a LUCPIanFI 40×/0.60 air objective in bright-field mode 

on an IX71 Olympus inverted microscope (cooled CCD camera, Roper Scientific; 

imaging software, SimplePCI). A multiple-particle tracking program was used to analyze 

the displacement of the posts. Briefly, this multiple particle-tracking program calculated 

the position of each post for an acquired image. This routine was based on the fact that, 

in bright-field microscopy, micro-posts acted as wave-guides and appeared bright, 

whereas the background appeared dark. We were able to identify positions of micro-

posts with good accuracy by determining the center of mass of the corresponding bright 

pixels (Cai, Y., et al., 2006).   Collagen gels of specified densities were prepared as to the 

manufacturers specifications (BD Biosciences).  An equal number of cells were seeded 

and the gel was immersed in culture media for indicated times.   

 

Rigidity response assay:  The collagen and full-length FN-coated polyacrylamide 

substrates were prepared as described previously (Pelham and Wang, 1997). The 

flexibility of the substrate was manipulated by maintaining the total acrylamide 

concentration at 10% while varying the bis-acrylamide component between 0.4% (rigid) 

and 0.03% (soft; E = .2 N/m2x104, and E = 1.8 N/m2x104, respectively; Engler et al., 2004). 

The uniformity of FN and collagen coating on the substrate surface was examined using 

scanning electron microscopy.  
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Statistical Analysis:   

Data sets exhibiting a normal distribution were subjected to an unpaired Student T-test.  

Data sets displaying non-Gaussian distributions were subjected to a Mann-Whitney test.   

A value of P<.05 was considered statistically significant.  All errors are given as ±1 

standard deviation (SD). 
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Chapter 3 

 

β1 and β3 Integrin Engagement Rescues Spreading, Growth & Proliferation on Soft 

Surfaces. 
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3.1 Abstract 

Cell function is regulated in large part by extracellular stimuli, including soluble and 

adhesive factors that bind to cell-surface receptors. Recent evidence suggests that 

mechanical properties of the extracellular matrix, particularly rigidity, can also mediate 

cell signaling, proliferation, differentiation and migration.  Often pathological states such 

as oncogenesis, allow cells to circumvent mechanical cues otherwise necessary for the 

regulation of motility, growth and proliferation.  Termed rigidity sensing, or the matrix 

rigidity response, wild-type fibroblasts require a substrate rigidity of ~3kPa or higher to 

spread and proliferate.  Here we find that engagement of both collagen and fibronectin 

receptors are sufficient for focal adhesion formation and cell spreading on typically 

unpermissive soft (~0.5kPa) surfaces.  Furthermore, β1 and β3 integrins as well as ILK 

are necessary for focal adhesion formation on soft surfaces. The recruitment of paxillin 

and FAK allows for enhanced focal adhesion clustering and increased FA-actin coupling 

leading to sufficient traction forces at the leading edge on soft surfaces to sustain 

spreading.  We propose engagement of β1 and β3 leads to an increase in focal adhesion 

coupling to the cytoskeleton, or intracellular traction force. Activation of both integrins 

enable cells to reinforce and stabilize focal adhesions, activate ERK, the PI3K - Akt 

pathway and translation on otherwise unpermissive soft substrates.    
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3.2 Introduction 

 

Through integrins, cells sense physical and biochemical properties of the extracellular 

matrix (ECM). Cells respond differently to substrates of different rigidity, activating 

distinct signaling pathways for matrices of given rigidities. Direct integrin signaling and 

indirect integrin modulation of growth factor, as well as other intracellular signaling 

pathways, regulate cell behavior and tissue organization. The substrate-rigidity 

preferences that different cell types exhibit, have been correlated to the rigidities of their 

native tissues in vivo (Discher et al., 2005), but their rigidity response mechanisms 

remain unclear. In addition, recent studies have shown that matrix rigidity affects the 

gene expression and differentiation of stem cells (Engler et al., 2006).  Wild-type 

fibroblasts require a substrate of ~3kPa or higher to spread and proliferate.  The 

rigidity response involves interactions with extracellular matrix (ECM) mainly through 

integrin receptors, which regulate organization of the actin cytoskeleton (Giancotti and 

Ruoslahti, 1999). Our previous studies showed that the generation of force on rigid 

matrix contacts causes reinforcement of the integrin–cytoskeleton linkages through 

recruitment of focal adhesion proteins, increased cell adhesion, and spreading 

(Choquet et al., 1997; Giannone et al., 2004).  Further studies have identified components 

required for cells to sense rigidity on fibronectin (Jiang et al., 2006; Kostic et al., 2007). 
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Previous studies showed that the generation of force on rigid matrix contacts results in 

reinforcement of the integrin-cytoskeleton linkages through recruitment of focal 

adhesion proteins, increased cell adhesion, and spreading (Choquet et al., 1997; 

Giannone et al., 2004).  Various cell types respond to matrix rigidity in fundamentally 

different ways (Yeung et al., 2005). Furthermore, response to increased matrix rigidity 

can result in tissue disorganization and malignant transformation (Paszek et al., 2005). 

 

Integrins function as heterodimers of noncovalently associated transmembrane α and β 

subunits, (Humphries et al., 2006; Hynes, 2002). The specific binding of the 

extracellular domains of integrins to extracellular-matrix (ECM) proteins  or in some 

cases, to counter-receptors on adjacent cells, support cell adhesion and is crucial for 

embryonic development, tissue maintenance, tissue repair, host defense homeostasis, 

survival and proliferation. These processes rely on the linkage of integrins to the 

intracellular cytoskeleton through the generally short integrin cytoplasmic tails; such 

linkage permits the bi-directional transmission of force across the plasma membrane 

(Calderwood et al., 2000; Evans and Calderwood, 2007). In addition to their 

mechanical roles in adhesion and anchorage, integrins transmit chemical signals into the 

cell (outside-in signaling), providing information on its location, local environment, 

adhesive state and surrounding matrix (Hynes, 2002; Miranti and Brugge, 2002).   How 

integrins contribute to survival and proliferation under physiological conditions is 
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poorly understood.  Classically, survival and growth pathways activate Akt, ERK and 

kinases downstream regulating translation and transcription.   

 

RNA translation and protein synthesis is a fundamental biological process required for 

cell growth, survival and proliferation. Translation initiation is the rate limiting and 

thought to be the most regulated step of translation. In eukaryotes, translation initiation 

is facilitated by multiple protein factors collectively called eIFs (for eukaryotic translation 

initiation factors).  Numerous studies have shown that eIF4B is phosphorylated and 

activated by Ras-MAPK and PI3K-mTOR signaling cascades via the p90RSK1 effector. 

Interestingly, eIF4B regulates translation of proliferative and pro-survival mRNAs.  

Deregulated translational control is believed to play an important role in oncogenic 

transformation. Indeed, many eIFs are classified as proto-oncogenes. In many types of 

human cancers, eIFs are either overexpressed or activated by Ras-MAPK and PI3K-

mTOR signaling cascades, again via p90RSK1, resulting in increased survival and 

accelerated proliferation (Carriere et al., 2008). 

 

Many of the players in outside-in signaling have been identified, but an improved 

understanding of the specificity and dynamics of interactions is needed.  The effect of 

matrix organization on signaling is now being investigated, and it is thought 

that matrices of different rigidities elicit different, and often more physiologically 
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relevant, signaling activities in many cell types. In addition, the impact of matrix stiffness 

and mechanical or shear forces on integrin signaling towards survival, growth, 

translation and transcription, and the molecular basis for these effects are important 

areas for research (Evans and Calderwood, 2007; Giannone and Sheetz, 2006).  

 

While our previous studies have reported on molecular mechanisms involved in the 

rigidity response, here we report on a signaling pathway that allows for wild-type 

fibroblasts to spread, survive, activate translation and proliferate on soft substrates, 

circumventing the rigidity response.  Given the ability of tumor cells to spread and 

proliferate on soft surfaces, this pathway may be informative as a model to understand 

integrin mediated signaling events in oncogenesis.     
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3.3 Results 

Collagen and FN Rescues Cell Spreading on Soft Surfaces, allowing for growth and 

proliferation.   

Extracellular matrix (ECM) proteins bind to specific integrin receptors on the cell surface 

(Giancotti and Ruoslahti, 1999), causing formation of integrin-cytoskeleton bonds that 

are reinforced by force-dependent recruitment of focal-contact proteins. 

Reinforcement of the integrin-cytoskeleton bonds is crucial for the response to the matrix 

rigidity (Choquet et al., 1997; Giannone et al., 2004; Kostic and Sheetz, 2006).  To test the 

hypothesis that increased integrin engagement would rescue spreading of wild-type 

mouse embryonic fibroblasts (MEF’s) on soft surfaces, we coated soft bis-acrylamide 

hydrogels (~.05kPa) with 10ug/ml collagen type I and 10ug/ml fibronectin (Col type I + 

FN).  In contrast to wildtype MEF’s plated on soft hydrogels coated with 10ug/ml 

collagen type I (Col type I) and soft hydrogels coated with 10ug/ml fibronectin (FN), 

MEF’s plated on Col type I + FN spread to 433 um2 (± 76um).  When MEF’s were plated 

on soft Col type I and soft FN, they spread to a reduced area of 153 um2 (± 41um), and 

132 um2 (± 34um), respectively (Figure 14, A and C).  Further we looked to see if Col 

type I + FN rescued and sustained growth on soft substrates.  Cells plated on soft Col  
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type I + FN exhibited a doubling time of 43hours.  Cells coated on soft Col type I or soft 

FN were unable to grow or proliferate (Figure 14D).   

 

β1 and  β3 integrins are necessary to rescue spreading on soft substrates 

To determine if other ECM combinations could rescue spreading on soft surfaces, we 

coated soft and rigid control surfaces with paired combinations of collagen type I (Col 

type I), collagen type IV (Col type IV), fibronectin (FN), laminin (LN) (Figure 16A).  

Interestingly, Col typeI + FN was the only ECM combination that rescued spreading on 

soft surfaces.  As the other ECM engagements involved only β1 engagements, and Col 

type I and FN involved engagement of β1 and β 3 integrins, we hypothesized that it was 

the engagement of β1 and β3 that enabled spreading on soft surfaces.  To further confirm 

that it was the engagement of both β1 and β3 integrins that rescued spreading on soft 

surfaces, we coated soft surfaces Col type I + RGD peptide, and Col type I + FNIII (7-10), 

and found that cells were still able to spread on soft surfaces (Figure 23).  We then 

treated cells with inhibitory antibodies to further confirm that both β1 and β3 were 

needed to spread on soft surfaces.  Interestingly, blocking α2 and αV integrins on 

collagen and fibronectin, respectively, rescued spreading on soft surfaces, while blocking 

β1 and β3 integrins inhibited spreading on rigid collagen and fibronectin surfaces  
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respectively.  Blocking β1 or β3 integrins inhibited spreading on soft surfaces coated with 

Col type I + FN as did blocking α2β1 but not α5β1.  Moreover, β1 integrin is necessary 

for spreading on rigid surfaces coated with Col type I and FN, while β3 integrin is not. 

 

Cells interacting with Collagen + Fibronectin exhibit enhanced FA-actin coupling.  

To confirm that engagement of β1 and β3 integrins were involved in focal adhesion 

formation and development, we stained for paxillin to measured focal adhesion size on 

soft and rigid surfaces coated with Col type I, FN, and Col type I + FN.  Cells plated on 

soft surfaces coated with Col type I and FN, exhibited average focal adhesion sizes of .09 

um2 (±.02) and .1um2 (±.02) respectively, while cells spread on soft surfaces coated with 

Col type I + FN, exhibited average focal adhesion sizes of .9um2 (±.18), similar to rigid 

surfaces coated with Col type I or FN alone (Figure 15).  Due to the observed large focal 

adhesion size on Col type I + FN coated substrates we hypothesized that engagement of 

β1 and β3 integrins resulted in greater FA-actin coupling, and measured actin retrograde 

flow velocity.  Consistent with our observations that focal adhesion size was increased, 

actin retrograde flow velocity was decreased in cells spread on surfaces coated with Col 

type I + FN.  Cells plated on soft surfaces coated with Col type I, or FN exhibited actin 

retrograde flow velocities of 189 nm/sec (± 46 nm/sec) and 121 nm/sec (± 45nm/sec) 

respectively (Figure 15).  When cells were plated on Col type I + FN coated soft surfaces 

cells exhibited similar actin retrograde flow velocities as if they were plated on rigid 
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surfaces.  Cells plated on soft Col type I + FN exhibited an average actin retrograde flow 

velocity of 42 nm/sec ± 15 nm/sec.   

 

Traction Force Index correlates with spreading and proliferation  

As we observed the engagement of β1 and β3 integrins resulted in larger focal adhesions 

and slower actin retrograde flow on soft surfaces, I postulated that the increase in FA-

actin coupling was responsible for the observed ability to spread and proliferate 

independent of rigidity.  To better understand and quantify FA-actin coupling I 

introduced an index termed the Traction Force Index (TFI).  The TFI is defined as the 

average focal adhesion size divided by the average actin retrograde flow velocity.  By 

taking DIC and TIRF time-lapse images of MEF’s transfected with paxillin-GFP, we were 

able to measure the actin retrograde flow velocity and focal adhesion size of individual 

cells.  Consistent with our previous observations, cells that were able to spread and 

proliferate exhibited larger focal adhesions and slower actin retrograde flow velocities - 

the resulting TFI (focal adhesion size (um2) / actin retrograde flow velocity (um/sec)) for 

cells that spread and proliferate was greater than 10 um x sec (Figure 17B).  Cells with 

TFIs < 10 um x sec are unable to spread, presumably due to the fact they are not able to 

generate the sufficient external and internal traction forces necessary to develop and 

sustain focal adhesion formation (Figure 17B).  
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Early Traction Forces are greater on FN, collagen and FN and collagen respectively 

To better understand the β1 and β3 mediate interaction, we measured the traction forces 

generated on soft substrates coated with Col type I, FN, and Col type I + FN.  To do this, 

we employed a pillar assay using PDMS .5um diameter, 1.8um height pillars.  Cells were 

plated after being in suspension for 20 minutes in serum-free media and images were 

taken at 1Hz.  Interestingly, at early time points during the time rigidity is sensed by the 

cell, pillars coated with Col type I were displaced an average of 81 nm (± 3), pillars coated 

with Col type I + FN were displaced on average 153 nm (± 41), and pillars coated with 

FN were displaced an average of 223 nm (± 61) (Figure 18).  This result is surprising and 

suggests that α2Β1 integrins transmit less force during early time points of spreading 

than αVβ3.    

 

β1 and  β3 co-localize with phospho-focal adhesion proteins 

To confirm that β1 and β3 integrins are at the leading edge and co-localized, we 

transfected cells with β3-GFP, fixed and stained for β1 integrins and phospho-(Y118)-

paxillin (Figure 19).  On substrates coated with Col type I, β3 integrins did not localize to 

focal adhesions and therefore did not colocalize with the β1 integrin and phospho-  
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paxillin rich focal adhesions.  Cells plated on substrates coated with FN exhibited focal 

adhesions enriched with β3 integrins.  When cells were plated on Col type I + FN, β1 and 

β3 integrins colocalized along with phospho-paxillin (Figure 19).   

 

P13K-Rock1-Akt pathway and Ca++ signaling are necessary for spreading and 

proliferation on collagen + FN  

Using knock-out mouse embryonic fibroblast (MEF) cell lines, we probed what other 

molecules may be involved in β1, and β3 integrin mediated rigidity-independent 

signaling.  Consistent with our previous results, MEFs with β1 or β3 integrins were 

unable to spread on Col type I + FN, while cells null for α11 integrin were able to spread.  

The β1 binding protein Integrin-Linked Kinase (ILK) was also necessary for spreading, 

as were members of the Src-family kinases, p130Cas, and Focal Adhesion Kinase (FAK).  

PLCγ was not necessary for spreading or proliferation on soft surfaces coated with Col 

type I + FN (Figure 21 A and B).  In addition to the knockout cell line screen we looked 

at how sensitive spreading and proliferation on soft surfaces coated with Col type I + FN 

was to small molecule inhibitors of the PI3K-Akt pathway (Figure 21C).  Inhibitors of 

L&T-type Ca++ channel, PI3K, Rock1, and Akt all blocked spreading and proliferation.  

Surprisingly, an inhibitor of translation also blocked spreading and proliferation.    
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Phosphorylation of FAK and Paxillin is enhanced in cells spread on collagen + FN 

compared to cells spread on collagen or FN 

As we saw increased focal adhesion formation on soft substrates coated with Col type I + 

FN, we aimed to confirm that focal adhesion markers known to be associated with focal 

adhesion formation and stabilization were activated.  By western blot analysis we looked 

at relative levels of phospho-(Y397)-FAK and phospho-(Y118)-paxillin on soft substrates 

coated with Col type I, FN, and Col type I + FN.  Consistent with our previous 

observations of focal adhesion size, and the knockout cell line screen, we observed 

elevated levels of phospho-(Y397)-FAK and phospho-(Y118)-paxillin at 60 minute and 

120 minute time points on soft Col type I +FN, but not on soft Col type I or soft FN 

coated substrates (Figure 20).  

 

Engagement of Collagen and Fibronectin activates PI3K - Akt pathway and 

translation   

As we saw spreading and proliferation was sensitive to the PI3K-Akt pathway and the 

translation inhibitor cyclohexamide, we probed activated phospho-species of Akt, p70S6  
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kinase and the translational activator p90RSK1.  Interestingly, β1 and β3 integrin 

engagement was sufficient to activate Akt, p70S6 kinase and p90RSK1 (Figure 22).  We 

observed by western analysis at 12 and 24 hour time points, Phospho-(S473)-Akt, 

Phospho-(T389)-p70S6K, and Phospho-(T359/S363)-p90RSK1 existed in cells plated on 

soft substrates coated with Col type I + FN but not in cells plated on soft substrates 

coated with Col type 1  or FN alone.  Finally, the MAP kinase ERK, was also 

phosphorylated at the 12 hour and 24 hour time points on soft Col type I + FN while it 

was not on soft Col type 1 or soft FN.    

 

3.4 Discussion 

Here we report a novel integrin pathway that is sufficient to activate actin-mediated cell 

spreading and sustain growth and proliferation independent of substrate rigidity.  The 

rigidity response is a coordinated molecular process that underlies many cellular 

functions including cell growth and transformation. Soft matrices inhibit normal cell 

growth, while oncogenic transformation enables cells to grow on soft hydrogels.  

Previous studies have reported on integrin signaling on substrates with far greater 

rigidities up to 45 GPa (glass).  As rigidities relevant to physiological conditions range 

from .05 kPa (brain), 0.5-5 kPa (inside cell layers) 3-7 kPa (connective tissue), ~55 kPa 

(bone), our study highlights cytoskeletal activation and integrin-mediated signaling 

under relevant physiological conditions.  By various ECM pair combinations, inhibitory  
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antibodies and knock out cell lines we showed that both β1 and β3 integrins were 

necessary for cytoskeletal activation, growth, and proliferation on 0.5 kPa surfaces 

(Figure 14 and 16).   

 

As cell spreading and proliferation on 2D surfaces requires focal adhesion formation, 

and focal adhesions (FA) require tension to grow and to be maintained, we postulated 

that the cells spread on soft substrates coated with Col type I + FN were able to couple 

FA’s with the actin cytoskeleton (Figure 17 and 18).  Consistent with this hypothesis we 

observed larger focal adhesions and slower actin retrograde flow on soft surfaces coated 

with Col type I + FN than soft surfaces coated with Col type I or FN alone.  Moreover, 

cells plated on soft Col type I + FN exhibited FA sizes and actin retrograde flow speeds 

similar to cells plated on rigid surfaces coated with Col type I and FN alone (Figure 15 

and 17).  We conclude that engagement of both β1 and β3 integrins leads to larger focal 

adhesions and slower actin retrograde flow than when β1 or β3 are engaged with their 

component ECM molecule alone.   As we observed larger focal adhesion size and slower 

actin retrograde flow velocity are characteristic of increased FA-actin coupling and 

important for spreading and proliferation on substrates of physiologically relevant 

moduli, I introduced the Traction Force Index (TFI) as a means to describe the degree of, 

and quantitatively characterize, FA-actin coupling.  I defined the TFI as the ratio of 

average focal adhesion size (um2) of a cell line on a given substrate divided by average  
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actin retrograde flow speed (um/sec) on a given substrate.  On soft substrates coated with 

Col type I, FN, and Col type I + FN we calculated the respective TFIs to be:  0.27, 0.5, and 

25.0 (Figure 17B).  As cells were unable to spread and proliferate on soft Col type I and 

soft FN, we suggest a TFI of less than 10 um x sec is an indicator of low focal adhesion-

actin coupling and suggestive of unpermissive intracellular spreading and growth 

biochemical states.  Similarly, on rigid substrates coated with Col type I, FN, and Col 

type I + FN we calculated the respective TFI’s to be:  22.4, 31.5, and 78.3 (Figure 17B).  

We suggest that the greater TFI indicates a greater degree of coupling and correlates with 

faster growth (Figure 17C).   

 

Previously we show that a decrease in FA-actin coupling leads to spreading on soft 

surfaces and mislocalization of ERK and JNK.  In ILK depleted cells, coupling was 

decreased and as a result leads to increased retrograde flow of paxillin, p130Cas, and 

signaling molecules such as FAK, Src, ERK, and JNK.  The mislocalization of FA proteins 

also led to altered modification states of ERK and JNK.  We then postulated that it was 

the altered FA-actin coupling responsible for slower growth and proliferation of ILK 

depleted cells.  In this report we suggest a correlation with TFI, as a measure of FA-actin 

coupling, and growth and proliferation.  By modulating FA size using substrates coated 

with different ECM combinations and rigidities, we were able to  
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modulate the level of FA-actin coupling.  As focal adhesions grew in size, actin 

retrograde flow reduced in speed, and growth and proliferation increased.   

 

Previously, early and late force measurements for fibronectin have been made, while only 

measurements in late spreading on collagen have been made.  In this investigation we 

report that the initial traction force generated on collagen is greatly reduced compared to 

fibronectin (FN) for cells with nascent ECM-FA contacts interacting with pillars.  Cells 

interacting with collagen coated pillars were able to displace .5um diameter pillars an 

average of 81 nm (±39) while cells interacting with FN coated pillars displace these pillars 

an average of 223 nm (±61).  This suggests that the initial contacts mediated by α2β1 for 

collagen are coupled less to the actin cytoskeleton or do not activate the acto-myosin 

networks to the same level as the initial αVβ3 integrins for FN.  Interestingly, contrary to 

our hypothesis, the average pillar displacement for pillars coated with Col type I + FN 

were no greater than pillars coated with FN alone.  Pillars coated with Col type I + FN 

were displaced an average of 153 nm (±41).  This intermediate value could be due to the 

fact that α2β1 integrins interfere with or cancel out the larger activity of αVβ3 mediated 

force generation or that pillars were not uniformly coated and the ensemble average is an 

average of pillars coated with either Col type I or FN.  An alternate interpretation of this 

result takes into account that cells plated on Col type I + FN exhibit slower actin 

retrograde flow velocities than cells plated on Col type I or FN alone.  The observed  
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increase in FA-actin coupling with cells plated on Col type I + FN could suggest that 

some of the traction force generated by the acto-myosin machinery may be absorbed in 

the intracellular FA-actin contacts and not transmitted to the external integrin-ECM 

bond or the acto-myosin network is not activated to the same level as on FN alone.  If 

this is the case, if FA-actin bonds dissipate some of the force generated by the acto-

myosin contractile machinery, this could also provide an explanation for the engagement 

of Col type I + FN to rescue spreading.  By generating more force on FAs, or engaging 

the molecular clutch at the appropriate level, the cell is able to achieve the molecular 

stretch and displacement needed for activation of protein complexes and spreading.  We 

suggest it is the increase in intracellular traction forces that allows for spreading and 

proliferation as well as the reduced traction force.   

 

To verify that other MEFs were able to spread on soft surfaces coated with Col type I + 

FN, and to identify molecular components that are involved in the signaling pathway, we 

employed a knockout cell line screen.  Of the eight knock out lines we examined, we 

found that α11 integrins and PLCγ were not necessary for cell spreading and 

proliferation, while Integrin-Linked Kinase (ILK), Src-family kinases, p130Cas, and 

Focal Adhesion Kinase are necessary for spreading on Col type I + FN.  Consistent with 

our previous data, we also observed β1 and β3 are both necessary for spreading and 
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proliferation on soft Col type I + FN, supporting their coordinated role in initiating 

spreading and proliferation. 

 

Previously integrins have been shown to activate numerous pathways. Either acting in 

concert with growth factor receptors or on substrates with rigidity moduli ~100 fold 

greater, integrins have been shown to activate MAPK pathways and survival PI3K 

pathway.  In this investigation we show integrins, independent of rigidity, can activate 

ERK, the PI3K-Akt-p70S6Kinase pathway and the regulator of translation, p90RSK1.  

Our data supports the idea that engagement of β1 and β3 integrins allows for the 

activation of survival and growth pathways independent of rigidity, and delineates a 

novel integrin-mediated-biochemical pathway towards actin polymerization, translation, 

growth and proliferation.   

 

In addition to activating FA proteins such as Phospho-(Y397)-FAK, and Phospho-(118)-

paxillin, allowing for focal adhesion turnover and growth, engagement of β1 and β3 

integrins allows for activation of phospho-(T202/y204)-ERK, phospho-(S473)-Akt, 

phospho-(T389)-p70S6Kinase, and the translational activator phospho-

(T359/S363)p90RSK1.  Consistent with our knock out cell line screen, Integrin-Linked 

Kinase, a known activator of Akt and substrate for PI3K is necessary for spreading and 

proliferation on soft Col type I + FN.  Furthermore, Akt’s downstream activator 
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p70S6Kinase is activated upon engagement of β1 and β3 integrins.  Interestingly, The 

90kDa ribosomal S6 kinases (p90S6K) is a member of the family of widely expressed 

serine/threonine kinases characterized by two unique, functional kinase domains (Smith 

et al., 1999) and a C-terminal docking site for extracellular signal-regulated kinases 

(ERKs) (Dalby et al., 1998). Several sites both within and outside of the RSK kinase 

domain, including Ser380, Thr359, Ser363, and Thr573, are important for kinase 

activation. RSK1 is activated via coordinated phosphorylation by MAPKs, by 

autophosphorylation, and by phosphoinositide-3-OH kinase (PI3K) in response to many 

growth factors, polypeptide hormones, and neurotransmitters (Fisher and Blenis, 1998).   

Here we show that engaged β1 and β3 integrin is sufficient to activate this regulator of 

translation.      

 

In this investigation we report on a novel integrin signaling pathway.  Previous studies 

have reported on integrin signaling on substrates with rigidities > 8kPa.  In this study, we 

have shown that engagement of α2β1 and αVβ3 integrins is sufficient to activate 

spreading and proliferation independent of substrate rigidity.  As integrins have been 

shown to be deregulated in pathological states such as cancer, this cell based assay system 

can be used as a model system to probe and investigate solely integrin mediated 

signaling.  In addition to identifying a model system to explore integrin-based signaling, 

we have shown that 10ug/ml Col type I + FN is sufficient to induce focal adhesion  
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formation and FA-actin cytoskeleton coupling.  In an effort to better characterize the 

FA-actin coupling necessary for spreading and growth, we introduced the Traction Force 

Index (focal adhesion size / actin retrograde flow velocity), and find that the Traction 

Force Index correlates with spreading and growth proliferation.  Finally we show that 

engagement of α2β1 and αVβ3 integrins, leading to increased focal adhesion – actin 

coupling (and a larger TFI) on surfaces, is sufficient to activate the MAPK, ERK, Akt, 

p90S6K and the translational regulator p70RSK1.   

 

3.5 Materials and Methods 

Cell lines, antibodies and reagents 

Mouse fibroblast cells (β1 Integrin+/+, β1 Integrin−/−, β3 Integrin+/+, β3 Integrin−/−, α11+/+, 

α11−/−, ILK+/+, ILK−/−, E507, SYF, RPTPα+/+, p130Cas−/−, FAK+/+, FAK−/−, PLCγ+/+, PLCγ−/−,) 

were maintained at 37°C and 5% CO2 in Dulbecco's Modified Eagle's medium 

(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 2 mM L-

glutamine, 50 μg/ml streptomycin, and 50 units/ml penicillin.  The following antibodies 

were used: a mouse monoclonal antibody (mAb) against paxillin (BD Transduction 

Laboratories), a mouse mAb against FAK (Chemicon), an affinity purified polyclonal 

rabbit phospho-paxillin (Y118), an affinity purified polyclonal rabbit anti-

phoshoY165Cas antibody (Cell Signaling Technology, Beverly, MA), an affinity-purified 

rabbit polyclonal phosphoY416-Src kinase family antibody (Cell Signaling Technology),  
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an affinity purified rabbit polyclonal phospho Y397-Focal Adhesion Kinase (P-FAK) 

(Biosource), an affinity purified mouse polyclonal anti-phospho p44/p42 (T202/Y204), 

an affinity purified polyclonal rabbit anti-phospho-(S473)-Akt p70S6Kinase (Cell 

Signaling Technology), an affinity purified polyclonal rabbit anti-phospho-(T389)-

p70S6Kinase (Cell Signaling Technology), an affinity purified polyclonal rabbit anti-

phospho-(T359/S363)p90RSK1 p70S6Kinase (Cell Signaling Technology), a goat anti-

rabbit immunoglobulin (Ig) conjugated with Alexa 647 (Molecular Probes, a goat anti-

rabbit Ig conjugated with Alexa 488 (Molecular Probes), and goat anti-mouse Ig 

conjugated with Alexa 568 (Molecular Probes), horseradish peroxidase–conjugated anti-

mouse and anti-rabbit antibodies (Amersham).  For antibody inhibition experiments, a 

cyclic-peptide specific for αVβ3 (Bachem) at 7.5ug/ml, an inhibitory β1 antibody, clone 

6S6, (Millipore) at 5ug/ml, an inhibitory α2β1 antibody  clone Ha1/29 (BD Biosciences) 

at 5ug/ml, and an inhibitory α5β1 antibody, clone BMC5 (Millipore) at 5ug/ml were 

used.  Cells were trypsinized, counted, and incubated with inhibitory antibody in 

suspension for 15 minutes and allowed to spread on either 10ug/ml collagen or 10ug/ml 

fibronectin coated glass.  Cells were fixed at 30 minutes after plating, washed with PBS 

and spread cells were counted.   
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Cell spreading on polyacrylamide substrates and microscopy 

The polyacrylamide substrates were prepared as described previously (Discher et al., 

2005). The flexibility of the substrate was manipulated by maintaining the total 

acrylamide concentration at 8% while varying the bis-acrylamide components between 

0.4% (rigid surface) and 0.03% (soft surface). The uniformity of FN coating on the 

substrate surface was examined by coating the gels with Alexa 568 labeled FN and 

observed by immunofluorescence microscopy. The uniformity of Col type I coating on 

the surface was examined by SEM.  Phase contrast images were recorded with a cooled 

charge-coupled device camera attached to an Olympus IX81 equipped with a 10× 

objective. The spread area of individual cells was quantified with Image J software. At 

least 50 cells were counted for each cell line under each condition. 

Immunohistochemistry and Confocal microscopy 

Fibroblast cells were plated onto Col type I, FN, or Col type I + FN -coated 

polyacrylamide hydrogels (10 μg/ml). After incubation for the described time, cells were 

fixed in 3.7% formaldehyde and permeabilized with 0.1% Triton. Fixed cells were 

incubated with primary antibodies (described above) for 1 h followed by washing and 

incubation with appropriate fluorescent secondary antibodies (also described above). 

Fluorescent signals from all samples were visualized by confocal microscopy. 
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Fibroblasts were transfected with β3 Integrin - GFP and plated as described in Spreading 

assays. Cells were fixed 30 min after plating in 4% PFA for 20 min and permeabilized 

with 0.2% Triton X-100. Cells were incubated with monoclonal described above for 1 h 

followed by detection with Alexa-labeled (488, 568, and 647 nm) secondary antibodies. 

Samples were further analyzed by confocal microscopy (Fluoview 300; Olympus). 

DIC and TIRF, and bright-field microscopy of cell spreading  

Coverslips were prepared as previously described (Cai et al., 2006). Cells were 

trypsinized, resuspended in serum free culture medium, and then incubated for ~40 

minutes at 37°C with or without inhibitor or antibody treatment. For TIRF microscopy 

of cell-spreading, cells were transfected with paxillin-GFP.  TIRF and DIC time-lapse 

sequential cell images were captured with an Olympus IX81 inverted microscope 

(objective, Olympus TIRF PIanApo 60×/1.45 oil; imaging software, SimplePCI) coupled 

to the 488-nm excitation light from an Inova argon-ion laser.  Bright-field images of 

pillar tips were captured with a LUCPlanFI 40× air objective on an Olympus IX81 

inverted microscope. All microscopes were equipped with cooled CCD cameras (Roper 

Scientific) and temperature control boxes. 

Traction force measurements 

The polydimethylsiloxane (PDMS) micro-posts were prepared and characterized as 

described previously (Cai et al., 2006). The dimension of the PDMS micro-posts was 

0.5 μm in diameter, 1 μm center-to-center, and 1.8μm in height. To coat posts with 



178 

 

fibronectin, arrays of posts were immersed in 10 μg/ml of Col type I, FN, or Col type I + 

FN solution for 1 hr at 37°C and then washed with DPBS. Then, cells were plated on the 

posts in a 37°C incubator. The tips of the posts were visualized with a LUCPIanFI 

40×/0.60 air objective in bright-field mode on an IX71 Olympus inverted microscope 

(cooled CCD camera, Roper Scientific; imaging software, SimplePCI). A multiple-

particle tracking program was used to analyze the displacement of the posts. Briefly, this 

multiple particle-tracking program calculated the position of each post for an acquired 

image. This routine was based on the fact that, in bright-field microscopy, micro-posts 

acted as wave-guides and appeared bright whereas the background appeared dark. We 

were able to identify positions of micro-posts with good accuracy by determining the 

center of mass of the corresponding bright pixels. Although each micro-post in a square 

array would be the intersection of a row and a column of the matrix, each micro-post 

belonged to three rows with angles of 60° and 120° between them in a hexagonal lattice. 

To determine the rest position of a given covered micro-post, the computer program 

located the positions of the uncovered posts belonging to the same row and fitted them 

linearly. The unbent position of the pillar was estimated as the intersection of two lines, 

given by the rows to which it belongs. 
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Western Blot Analysis 

Cells in culture were rinsed once with PBS and lysed directly in RIPA buffer. For time-

lapse western blotting, transfected cells were trypsinized and incubated in suspension for 

20 min before being plated on collagen-coated culture dishes. At the indicated times, 

cells were washed once with PBS and lysed in RIPA. All cell lysates were combined with 

4x loading buffer and boiled before loading onto 4–20% gradient bis-acrylamide gels 

(Lonza). Protein was then transferred to Optitran reinforced nitrocellulose membrane 

(Whatman). The membrane was blocked with 5% dry milk-PBST, and incubated with 

primary antibody overnight at 4 °C. The membrane was then incubated for 1 hour at 

room temperature with anti-mouse or anti-rabbit- HRP (Jackson Laboratories). The 

signal was detected with ECL western blotting detecting reagents (Amersham 

Biosciences) on Kodak BioMax XAR film. Signal quantification was performed with NIH 

ImageJ. 

Image and Statistical Analysis 

Cell area measurement was performed using the particle analysis function in ImageJ. 

Force measurement was performed as described previously (Cai et al., 2006). Force 

mapping was done using a custom function in Igor. All statistical analyses were 

performed using a Student's t-test tool.  All errors are given as ±1 standard deviation 

(SD). 
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Chapter 4 

Conclusions & Perspective 
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Cell spreading and motility involve physical linkages between the extracellular matrix 

(ECM), integrins and the cytoskeleton.  Numerous proteins compose the subcellular 

structures termed focal adhesions involved in ECM-cell linkages.  Paramount to focal 

adhesion (FA) formation is integrin activation. This process involves intra-molecular 

dynamics and inter-molecular interactions resulting in protein oligomerization and focal 

adhesion formation.  Focal adhesions form proximal to the leading edge on similar 

temporal and spatial scales as the actin cytoskeletal dynamics that regulate protrusive 

and retraction forces involved in motility events.  It is still unclear how FAs and actin 

interact and what mechanistic function FA-actin interactions may have on motility 

events.  Better understanding how focal adhesion proteins and actin interact has largely 

been a point of interest with regard to force generation, polarization, and migration.  In 

light of phenomena such as the rigidity response and anchorage-dependent growth, the 

subject may also be relevant to other cellular processes such as survival, growth and 

proliferation signal generation, and oncogenesis.  In chapter 2 and 3 of this thesis I 

present data that demonstrates the effects of altered FA-actin dynamics on ECM sensing, 

rigidity sensing, force generation, and signal generation.  The data presented advances 

the current understanding of these cellular processes by supporting a more dynamic 

model where catch-slip focal adhesion-actin flow interactions regulate FA protein 

localization, the physical linkages between the ECM and cell, as well as survival and 

growth signaling at the leading edge.   
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Integrin adaptor or binding proteins are important players in the emergent properties 

resulting from ECM-cell interactions.  ECM-cell interactions are thought to be involved 

in numerous physiological and disease processes such as development, wound healing, 

cell transformation, metastasis, and tissue fibrosis (Vogel & Sheetz, 2006).  ECM-cell 

interactions have been shown to play a role is these diverse processes by regulating basic 

processes such as survival and growth signal generation, traction force generation, 

cytoskeletal re-organization and migration (Cabodi et al., 2010).    

 

The leading edge of the cell is an important zone where ECM-cell contacts form.  

Mediated by integrins, ECM-cell contacts involve the oligomerization of numerous 

proteins (Zaidel-Bar, 2007) that form focal adhesions.    ECM-cell cytoskeletal linkages 

are thought to be constructed via intermolecular bonds between ECM molecules – 

integrins – FA proteins and – actin.  Given the current understanding of ECM-actin 

linkage architecture, it was still unclear as to the exact molecular interactions, order, and 

dynamics of ECM-FA-actin interactions mediating cellular processes.  Previous 

investigations have proposed a model in which ECM-FA linkages are mediated by stable 

stress fibers.  While this model is consistent with data from long-term or later stage 

ECM-cell interactions, the architecture and dynamics of early ECM-cell linkages is still 

unclear.   Moreover, at early time points during ECM-cell interactions, or during 
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migration, stable stress fibers are not observed at the leading edge suggesting the need for 

an alternative model.   

 

In turn, a growing area of research is the investigation of how early focal adhesions (FAs) 

and actin networks interact as well as the emergent cellular properties that arise from FA 

– actin interactions.  Previous work has shown that actin dynamics are sufficient to alter 

focal adhesion protein turnover and dynamics (Gupton & Waterman-Storer, 2006).   In 

experiments with migratory cells, actin motion can be identified as the drift of 

fluorescent speckles of actin-gfp in the actin network proximal to FAs. For different cell 

types, it has been found that the slower the actin retrograde flow, the faster the cell 

protrusion, suggesting that the growing actin network pushes the cell forward if 

sufficiently stalled at FAs (Mitchison et al., 1988; Lin et al., 1995; Jurado et al., 2005).  

These findings have led to the suggestion that FAs can act as molecular clutches.  It is 

thought that as the clutch engages, retrograde flow slows down and protrusion is 

increased (Wang 2007; Giannone et al., 2009).  It is still uncertain if FAs act as clutches 

and even more unclear if any cellular mechanisms are regulated by actin flow over FAs 

and the proposed clutch like behavior.   In the previous chapters, I present data that 

shows that actin rearward flow at the leading edge can regulate focal adhesion protein 

localization on the order of micrometers within the leading edge.  This mislocalization 

results in altered binding and modification states of these proteins, as well as altered 
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rigidity response, altered force generation on collagen, and altered downstream signaling 

effecting translation, growth, and proliferation.  Observations in chapter 2 & 3 highlight 

how varying levels of clutch engagement regulates the localization and modification of 

FA proteins and these cellular consequences.     

 

The previous chapters present data that contributes to a better temporal and spatial 

understanding of ECM-cell interactions.    The molecular mechanisms that mediate 

ECM-cell interactions can be described as the following steps:  1. adhesion, 2. rigidity 

sensing, 3. FA formation and actin polymerization, 4. force generation, and 5. 

downstream signaling.  Many intracellular proteins have been implicated in these 

processes but the exact role they play, and the temporal and spatial order of their 

participation in these processes is of interest.   Moreover, the dynamics and molecular 

mechanisms that allow for these steps is of great interest.  I discuss advances to the 

current understanding of these five molecular steps in the following section.   

 

Adhesion: ECM Sensing, Integrin Activation and Cooperation 

Adhesion is thought to involve integrin activation via the binding of integrins to ECM 

molecules such as collagen or fibronectin.  Interestingly, it has been known for sometime 

that different integrins mediate cell-ECM interactions for different ECM molecules i.e. 

α2β1 integrins are known to bind collagen while, αvβ3 integrins bind fibronectin (Hynes, 
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2002).  Moreover, it has been observed that as cells spread on fibronectin, αvβ3 integrins 

mediate early fibronectin interactions, while α5β1 integrins mediate later stage 

interactions.  In light of this observation, a current area of interest is to better understand 

the different molecular mechanisms involved in ECM sensing, or in other words, how do 

cells sense different biochemical components of the ECM.  In the previous chapters, I 

present data that supports the idea that different molecular mechanisms involved in the 

interactions between cells with different ECM molecules such as collagen and 

fibronectin.  Specifically I observe that ILK null cells are unable to maintain linkages 

mediated by β1 integrins while they are able to maintain β3 mediated linkages (Figure 1 

and 15).  When cells are spread on collagen coated substrates, ILK null cells exhibit 

increased actin rearward flow, an indication of weaker FA-actin coupling (Figure 1A).  In 

contrast when cells are spread on fibronectin, early αvβ3 interactions appear normal, but 

later stage α5β1 integrin interactions are unable to sustain the contractile forces 

generated by the cell and adhesions are retracted (Figure 1B).  Specifically, the 

observations that ILK null cells are unable to contract early in spreading on collagen, 

resulting in an inability to spread their cytoplasm (Figure 1).  This is  in contrast to  their 

ability to spread their cytoplasm while retracting late forming adhesions on fibronectin, 

thereby suggesting a functional difference in ILK’s role in sensing collagen and 

fibronectin (Figure 1). 
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In chapter 3 I find that engagement of both collagen and fibronectin receptors are 

sufficient for adhesion formation and cell spreading on typically unpermissive soft 

(~0.5kPa) surfaces.  Furthermore, β1, β3 integrins, and ILK are necessary for focal 

adhesion formation on soft surfaces. The recruitment of paxillin and FAK allows for 

enhanced focal adhesion clustering and increased FA-actin coupling, leading to sufficient 

traction forces at the leading edge on soft surfaces to sustain spreading. Engagement of 

both α2β1 and αvβ3 integrins leads to an increase in adhesion and FA coupling to the 

cytoskeleton.  Data presented in chapter 3 supports the idea that enhanced FA-

cytoskeletal coupling enable cells to reinforce and stabilize focal adhesions, activate ERK, 

the PI3K - Akt pathway and translation on soft substrates.    

 

Upon ECM-cell interactions, adhesion and clustering of integrins result in the 

recruitment of adaptor proteins.  Integrin adaptor proteins have been classified into 

three categories: 1. adaptors that have mainly a structural function, 2. adaptors that fulfill 

a scaffolding function by providing binding sites for additional focal-adhesion proteins, 

and 3. adaptors that have catalytic activity.  Structural adaptors, including talin, kindling, 

filamin, and tensin, bind to F-actin and therefore couple integrins to the cytoskeleton 

directly, allowing for traction force mediated motility events.   Catalytic adaptors, such as 

FAK, Src, and protein phosphatase 2A (PP2A), are thought to be involved in the 

propagation of signal-transduction pathways from adhesion sites. Data presented in 
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chapter 2 identifies integrin-linked kinase (ILK), as a structural adaptor necessary for 

talin localization on collagen (Figure 5).  Furthermore, ILK’s structural role is 

underscored by its involvement in maintaining β1integrin-cytoskeletal linkages, 

endoplasm spreading, adhesion reinforcement, force generation and collagen 

contractions (Figure 1, 5, 6, & 13).  Interestingly, the observations in chapters 2 & 3 that 

activated forms of proteins such as Src and FAK are mislocalized towards the interior of 

the leading edge also identifies integrin-linked kinase as a scaffold adaptor, necessary for 

catalytic adapter localization (Figures 6, 10, 14, & 16).    

 

By definition, FA adaptor proteins bind to other protein partners including integrins. It 

is thought that there is significant functional crossover between adaptors due to the 

variety and redundancy of protein interactions they mediate.   For example, talin and 

paxillin can both recruit FAK to focal adhesions (Chen et al., 1995; Hildebrand et al., 

1995; Tachibana et al., 1995). FAK can also interface with the actin cytoskeleton through 

an interaction with the actin-regulatory Arp2-Arp3 (Arp2/3) complex (Serrels et al., 

2007). On fibronectin, ILK can connect integrins to F-actin by binding to the actin-

binding proteins α- and β-parvin (Nikolopoulos and Turner, 2000; Nikolopoulos and 

Turner, 2001; Yamaji et al., 2004).   The data presented in chapter 2 demonstrates that 

ILK can connect integrins to f-actin on collagen via paxillin (Figure 2).  Moreover, the 

differences in the way ILK null cells sense collagen versus fibronectin suggest that ILK 
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plays a different functional role in forming linkages between fibronectin and collagen 

(Figure1).  The model moving forward is that ILK preferentially mediates β1 integrin 

interactions, as opposed to β3 integrins.  More work is needed to better understand this.  

This investigation highlights ILK’s role in α2β1 integrins binding to collagen and α5β1 

integrins binding to fibronectin (Figure 1, 5 & 12).  Taken with the observations that ILK 

null cells are able to sense rigidity on fibronectin, but not collagen, and exhibit different 

focal adhesion dynamics on collagen and fibronectin (Figure 1), the data support the idea 

that ILK mediated integrin activation occurs in an ECM specific manner. 

 

Rigidity Response 

After a cell adheres to the ECM via integrin receptors, and integrins are activated, a cell 

tests the local rigidity of its microenvironment. This mechanism is not clear and work 

presented in chapters 2 & 3 advances the understanding of this process.   Another clue as 

to the difference in ILK’s role in linking β1 interacting collagen but not β3 interacting 

fibronectin was the observation that ILK null cells spread on soft collagen while they are 

unable to spread on soft fibronectin (Figure 1).  Earlier work in a number of laboratories 

suggests a role for substrate rigidity in regulating cellular behavior (Ben-Ze’ev et al., 

1988 ; Burton et al., 1997; Ingber, 2003; Ingber, 2006 ; Lee et al., 1984 ; Li, et al., 1987 ; 

Lindblad et al., 1991; Lin et al., 1993 ; Jiang et al., 2006). Some consider the first formal 

study investigating cell – ECM stiffness in a controlled system to have been published in 
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1997.  In their investigation Pelham and Wang (Pelham et al., 1997) describe changes in 

cellular properties including shape, spreading, and focal adhesion formation for both 

normal rat kidney (NRK) epithelial cells and 3T3 fibroblasts with alterations in substrate 

stiffness. 

 

The cytoskeleton of cells is composed of actin–myosin stress fibers that actively pull on 

the surrounding matrix or neighboring cells and generate internal and external traction 

forces (Bershadsky et al., 2003).  Moreover, it is thought that the general purpose of these 

forces is to provide cells with a means to actively sense and respond to mechanical 

properties such as the geometry, topography, and rigidity of the environment (Schwarz 

& Bischofs, 2005; Vogel & Sheetz, 2006).   Data presented in chapters 2 and 3 provide 

evidence for a different model of rigidity sensing.  The first clue as to how an alternate 

model of the rigidity response could be useful is that rigidity sensing is thought to occur 

early in the cell spreading process before stable stress fibers are present in the cell.  The 

preliminary observation that spreading is rescued on soft surfaces when Mouse 

Embryonic Fibroblasts are treated with blebbistatin (Preliminary Figure 2) was another 

clue into better understanding of the rigidity response.  This observation suggests that 

when myosin or contractile activity is inhibited, cells are able to spread on soft surfaces 

(.05 kPa).   Given the observation that reduced coupling and contractile activity in ILK 

null cells allow cells to spread on soft collagen, the degree of FA – actin coupling at the 
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leading edge during spreading may be involved in the rigidity response.  It is important 

to note that ILK null cells, while they spread on soft coated collagen, do not reinforce 

their focal adhesions and do not undergo the transition to a contractile phase of 

spreading.  Importantly, ILK null cells also exhibit large rates of actin rearward flow.  I 

hypothesize that it is the lack of FA-actin coupling that allows ILK null cells to spread on 

soft surfaces.  Conversely, when I increase FA-actin coupling by increasing rigidity or 

ligand availability, I measured slower actin retrograde flow, resulting in spreading on soft 

surfaces.  By coating soft polyacrylamide gels with 10ug/ml collagen and fibronectin I not 

only rescue spreading on soft surfaces but rescue contractile activity and growth and 

proliferation on soft surfaces.  Given these observations I propose a model in which the 

degree of FA-actin coupling during spreading allows for rigidity sensing by the cell.  

Decreased FA-actin rearward flow coupling as observed in the ILK null cells circumvents 

the rigidity sensing mechanisms, allowing for spreading but preventing contractile 

activity and growth.  Increased FA-actin coupling at early time points allows for 

spreading as well as contractile activity and growth on soft surfaces.  In other words it is 

the level of FA-actin coupling to the rearward flow of actin that allows for rigidity 

sensing and not the physical interaction, and active contraction of stress fibers on FAs. 

 

These studies, which used cells grown on ECM-coated polyacrylamide gels, with elastic 

moduli controlled by varying the amounts of acrylamide monomer or bis-acrylamide 
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crosslinker, established a serum free experimental method for investigating cellular 

responses to integrin interactions and substrate rigidity.  A better understanding of 

cellular mechanosensitivity is of relevance as the process of rigidity sensing plays an 

important role in the growth, proliferation and function of cells. The work described in 

this investigation contributes to a better understanding of these processes.  Specifically, 

this investigation implicates ILK as a protein involved in collagen rigidity sensing.  

Furthermore, this investigation identifies an integrin based mechanism that rescues 

spreading and growth on soft surfaces (Figure 15) as well as highlights the importance of 

actin rearward flow and FA-actin coupling with regards to rigidity sensing.  Interestingly, 

these observations contribute to the mechanistic understanding of a cancer cells ability to 

circumvent the rigidity response.  The data presented in chapter 2 & 3 suggest a model 

where the interaction of nascent FAs with the proximal actin rearward flow regulates the 

mechanism of the rigidity response (Diagram 14).  Increased interaction between FAs 

and the rearward flowing actin results in intermolecular forces that promotes FA growth 

and cell spreading.  This model is in contrast to the model that supports stable stress 

fibers at focal adhesions mediating the rigidity response.   Interestingly, the observation 

that cells were able to spread on soft surfaces (Figure 12 – 14) coated with collagen and 

fibronectin proved to be dependent on ILK, suggesting that ILK plays a role in the 

engagement and cooperation of β1 and β3 integrins, and their ability to allow for FA-

actin coupling, cell spreading and proliferation on collagen & fibronectin coated soft 
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surfaces.  This observation is consistent with the previous results suggesting that ILK is 

necessary for β1 integrin function.  Finally, the observation that ILK null cells still sense 

rigidity on fibronectin but do not sense rigidity on collagen, provides more functional 

evidence supporting ILK’s differential role in collagen and fibronectin sensing.  

 

Force Generation 

As mentioned in relation to the rigidity response, cells are constantly probing, pushing 

and pulling on the surrounding ECM.   These cell generated forces drive cell migration, 

tissue morphogenesis and maintain the intrinsic mechanical structure of tissues and the 

cells they are composed of (Dembo et al., 1999; Keller et al., 2003).  Such forces are 

thought to guide mechanical and structural events, as well as trigger signaling pathways 

that promote functions ranging from proliferation to stem cell differentiation (Huang et 

al., 1998 ; McBeath et al., 2004).  Therefore, it is thought that precise measurements of 

the spatial and temporal nature of these forces are essential to understanding when and 

where mechanical events come to play in both physiological and pathological settings. 

At late stage ECM-cytoskeleton interactions it is thought that stress fibers form stable 

contacts with FAs.  These stress fiber – FA contacts are thought to mediate force 

generation events, where contractile forces propagate from stress fiber to FA, and 

subsequently to the ECM.  Interestingly, previous work has hypothesized that stress fiber 

activation and contraction is involved in the rearward flow of actin at the leading edge.  
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This investigation describes conditions of FA protein and actin rearward flow coupling 

that regulate specific early force generation events and investigates the relationship 

between early FA-ECM contacts, actin retrograde flow, stress fiber formation and force 

generation.  I observe that actin rearward flow localizes myosin ~ 3 um inward from the 

leading edge (Figure 4D-G).  Interestingly, as observed by live TIRF microscopy, this 

rearward localization of myosin results in rearward localization of stress fibers (Figure 

4D-G).  Specifically the observations support a model that at early time points of cell-

ECM interaction force can be generated by the dynamic interaction of FAs and actin 

rearward flow. This observation supports a catch-slip bond model where FA proteins 

dynamically bind and release actin as it flows rearward, proximal to FAs.  For example 

under periods of small focal adhesion size, actin rearward flow in MEFs exhibit rates 

approaching 130nm/sec, this rate is indicative of large internal forces within the focal 

complex or adhesion thereby mechanically disrupting  physical bonds within the 

growing focal complex.  These internal forces prevent stable ECM-cytoskeletal 

interaction and the linkages between integrins and structural adaptors necessary for 

traction force generation. Moreover, I present data that structural adapter proteins such 

as talin, under conditions of high actin retrograde flow, also moves rearward at higher 

rates of retrograde flow (Figure 7). This observation further supports the idea that 

proteins necessary for ECM- actin linkages are mislocalized and unable to mediate the 

physical linkages necessary for cellular tractions forces under conditions of high actin 
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retrograde flow.  These observations move the current body of evidence closer to a 

detailed spatial and temporal understanding of how actin and FA protein flow in the 

lamellipodia effect force generation, actin-myosin localization, and stress fiber 

generation.  Given the observations that increased FA size and decreased actin retrograde 

flow speed result in spreading on soft surfaces (Figure 16 - 20) a more dynamic picture of 

ECM-actin linkages emerges in contrast to a model where stable stress fibers are involved 

in early ECM-cytoskeletal linkages and force generation events.   

 

Data from ILK knockout cells show that ILK is necessary to maintain early force bearing 

contacts with collagen, and late force bearing interactions with fibronectin (Figure 1).  

Interestingly, paxillin is necessary to maintain contacts with collagen as a paxillin-

binding deficient ILK mutant does not rescue spreading on collagen, while wild-type 

ILK-GFP does (Figure 2).   Before this investigation force measurements on collagen 

have not been reported in mouse embryonic fibroblasts.  Cells null for ILK were unable 

to generate as much force on collagen, displacing collagen coated pillars ~3x less 

compared to wild-type cells (Figure 6).  ILK null cells were also unable to contract 

collagen gels (Figure 10).  Moreover, when an external oscillatory force was applied to 

magnetic beads coated with collagen or fibronectin, ILK null cells were unable to 

reinforce collagen coated beads, while fibronectin beads were reinforced, suggesting that 

the linkage between collagen in force bearing adhesion complexes was disrupted without 
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ILK, while the linkage between fibronectin and the adhesion complex was not (Figure 5).  

Finally, I demonstrate that ILK is necessary for migration, wound closure and collagen 

contraction, physiological events important for many force mediated processes such as 

development, wound healing, and ECM maintenance (Figure 10).   

 

Focal Adhesions Formation & Signal Generation  

To date, most of the work done on focal adhesion formation and dynamics has been 

based on fibronectin – integrin interactions.   The investigation described in previous 

chapters, details the interactions and dynamics of focal adhesions and actin on collagen 

and collagen plus fibronectin.  This investigation identifies differences between β1 and 

β3 integrin interactions, (Figures 1 & 5) FA formation on collagen and fibronectin, and 

provides evidence to support a more informative model and understanding of integrin 

activation, focal adhesion formation, and actin dynamics on substrates of physiologically 

relevant rigidities (Figures 15-22).  Interestingly, data presented in chapters 2 & 3 

supports a model that actin dynamics can regulate the subcellular localization of focal 

adhesion proteins, their modification state, and protein interactions necessary for FA 

formation and cellular processes such as rigidity sensing (Figures 1 & 15), force 

generation (Figures6 & 18), migration (Figure 12) and signaling events important for 

translation, growth and proliferation (Figures 8, 20, & 22).   
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As actin dynamics at the leading edge are spatially and temporally coordinated with focal 

adhesion formation and dynamics, one may posit that actin dynamics plays a role in 

integrin activation, focal adhesion ontogeny and vice versa.  Both molecular ensembles, 

the actin cytoskeleton and focal adhesions, are dynamic with their constituent 

components in a state of continuous flow and turnover.  It is thought that internally or 

externally derived forces up to a few nanonewtons per adhesion promote the growth of 

focal adhesions (Balaban et al., 2001, Tan et al., 2003; Riveline 2001). Interestingly, FA 

size and post-forces were observed to be correlated in fibroblasts (Balaban et al., 2001; 

Tan et al., 2003).  Consistent with these observations, on fibronectin, FA size depends on 

the local stiffness of the ECM (Katz 2000, Choquet et al., 1997) inhibition of myosin II, 

and thus contractility of the actin cytoskeletal network, reduces FAs.  

 

By varying the rigidity of the substrate experimentally, I confirmed these findings on 

collagen, and identified ILK as the molecule directly downstream of the β1 mediated 

molecular pathway involved in that reinforcement process (Figures 11-15).  Models that 

account for force-induced focal adhesion growth have been constructed (Shemesh, et al., 

2005; Nicolas et al., 2005) and suggest that tension-induced variations in protein density 

shift the balance between adsorption of new proteins and the energy cost of elastic 

distortions at the front and rear of a FA.  Nevertheless, there exists an outstanding 
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question of how the flow of proteins within cells impacts FA formation, the forces they 

mediate, and the downstream signals they generate. 

 

In this investigation I demonstrated that in the absence of ILK, tension is decreased and 

focal adhesion proteins such as talin, paxillin, and p130Cas flow is increased from <1 

nm/sec to 25 nm/sec.  The increase in FA protein flow limits their availability to 

contribute to the functional roles they play in adhesion, force generation, and 

downstream signaling (Figures 3-9).  Specifically, I found that increased actin retrograde 

flow, as a result of weak integrin – actin coupling, resulted in less force generation, 

migration and growth (Figures 3 -5, 12-15).  Conversely, when I increased focal adhesion 

size, and integrin – actin coupling by increasing rigidity or ECM composition, I observed 

a slower actin retrograde flow, greater localization of paxillin, and p130Cas in focal 

adhesions and greater force generation (Figures 5 & 13) as well as growth and 

proliferation on otherwise unpermissive substrates.      

 

Data presented in the previous chapters suggests that an increase in the flow of actin, 

myosin and FA proteins decreases a cells ability to localize proteins at adhesions (Figure 

3 -7) and accumulate of proteins necessary for force generation and downstream 

signaling.  Previous work demonstrates that proximal to FAs, the flow of actin is directed 

from the leading edge to the cell’s center (Wang et al., 1985), and its speed tends to be 
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significantly higher, closer (within a few microns) to the leading edge of the cell (Ponti et 

al., 2004).  In this investigation, I observed that depending on the level of ECM-FA-

cytoskeleton coupling, actin retrograde speeds range from  ~120 um/sec to ~ 40 um/sec 

in  MEF’s interacting with glass coated collagen.  Interestingly, I observed differences in 

retrograde flow speed as cells were plated on different rigidities, suggesting differences in 

the level of FA-actin coupling.  Moreover, my observations provide the first evidence 

into how actin retrograde flow effects the ability to localize FA proteins necessary for 

cells to generate forces at ECM-cell contacts, and localize proteins necessary for 

downstream signaling.     

 

Other methods for evaluating the dynamics of individual protein species include 

fluorescence speckle microscopy (FSM), in which only a small portion of the molecules 

are tagged and followed, and image correlation spectroscopy, in which distinct 

directional drifts of fluorescence probes are observed. Both methods indicate that there is 

a range of protein mobility and rearward dynamics.  This was consistent with what I 

observed with protein dynamics using TIRF on collagen in wild-type mouse embryonic 

fibroblasts.  Moreover, I provided evidence that integrin binding proteins such as ILK are 

necessary to couple the ECM protein collagen to actin, and the lack of coupling leads to 

increased flow of actin and subsequently the flow of focal adhesion proteins (Figure 5 - 

7).  The observations that reducing coupling can induce increased rearward flow of focal 



199 

 

adhesion proteins was the first of its kind and adds important information to the current 

model of focal adhesion mediated force generation and signal generation.   

 

In wild type cells, focal adhesion proteins that have a high affinity for integrins are nearly 

immobile, while those that have a greater affinity to actin filaments are highly mobile 

(Hu et al., 2007; Brown et al., 2006; Wang, 2007). Upon deletion or inactivation of 

integrin binding FA proteins, I observed that most FA proteins, either proximal or distal 

to the integrin in their binding, flow at relatively faster rates depending on their affinity 

to actin and the level of ECM-FA-actin coupling (Figure 3 & 5).      

 

From these observations the data support a catch / slip bond formation model of actin 

and focal adhesion dynamics at the leading edge.  Focal adhesion proteins, with varying 

affinities to actin, interact with the dynamic actin network and move rearward at 

increasing speeds as their affinity to actin increases and coupling decreases (Figures 

5,6,12, & 14).  This working model is supported by other observations that the motions 

of different molecules in FAs correlate to varying degrees with the motions of actin 

filaments (Hu et al., 2007).  This suggests that layers of FA and cytoskeletal components 

can slip relative to each other consistent with the model that describes FAs as molecular 

clutches.  The data in chapters 2 & 3 from the ILK cell line system and with substrates of 

increasing rigidity and ECM concentration support the model of FAs as clutches.  As FAs 
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increase in size, either with the presence of ILK or increasing rigidity or ECM 

concentration, actin rearward flow decreases and traction forces increase (Figure 1, 3, 12, 

& 15).  Interestingly, as FAs grow and actin retrograde flow decreases, the localization 

and activation of signaling molecules in FAs necessary for translation, growth and 

proliferation increases (Figure 5-8, and 16 -18). 

 

These observations provide the first evidence that actin retrograde flow can alter the 

localization and modification state of ERK, JNK, and proteins that regulate translation 

(i.e. p90RSK1, and p70S6K).  Given the observation that mislocalization of paxillin and 

p130Cas by actin results in the mislocalization and altered modification of ERK, JNK 

(Figure 6) as well as regulators of translation (Figure 15 & 16), my primary hypothesis 

moving forward is that actin dynamics, regulates the localization of  structural adaptors, 

catalytic adaptors and signaling proteins at the leading edge.  By regulating the 

localization of FA proteins, actin dynamics at the leading edge regulates not only force 

generation events, but signaling events as well by regulating the activation states of 

proteins important for cellular functions such as translation and transcription activation.    

 

There are many examples of a protein’s effecter function being determined by its 

modification state and sub-cellular localization.  Interestingly, Integrin Linked Kinase 

(ILK) provides an example of a how a protein’s modification state and organelle 
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localization can alter and dictate its functional role in the cell.  Dedhar et al., 

demonstrated that at the leading edge, ILK is involved in actin mediated polarization and 

migration, while when localized in the nucleus it is involved in microtubule mediated 

chromosome dynamics (Fielding et al., 2008; Fielding & Dedhar, 2009).  Indeed, there 

are numerous other examples of how a protein’s subcellular localization and 

modification state affect its function.  A major aim of this investigation was to better 

understand how cytoskeleton induced-micrometer scale displacements in protein 

localization could effect protein modification as well as cellular functions such as ECM 

and rigidity sensing, force generation, and downstream signaling towards growth and 

proliferation.  In the previous chapters I demonstrate that increased actin rearward flow 

at the leading edge can mislocalize proteins necessary for  force and signal generation, 

thereby perturbing force mediated cellular events and signal transduction necessary for 

growth and proliferation.   

 

Further inquiry to better understand and characterize the previous observations can be 

prioritized in the following way: 1. Understanding integrin specific molecular 

mechanisms of ECM – cell contacts.  2.  Further characterizing the molecular 

interactions involved in actin mediated protein displacement at the leading edge.  3.  

Further characterizing the effect of protein displacement at the leading edge on protein 

interactions and signaling that regulate actin polymerization, force generation, 
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migration, survival, translation, and proliferation.  4.  Characterizing the molecular 

pathway that is initiated when both β1 and β3 integrins are activated by collagen and 

fibronectin 

 

Towards a better understanding of an integrin specific molecular mechanism of ECM-

cell contacts, it is of potential interest to investigate the different roles of α and β subunits 

in focal adhesion formation and composition.  One way to investigate the specific roles 

of α and β subunits would be to create chimera proteins. For example switching α2 and 

αV intra- and extracellular domains would be an interesting experiment to better 

understand how α2 integrins mediate collagen interactions and how αV integrins 

mediate fibronectin interactions.  By expressing such chimeras in cells, one may observe 

different affinities to ECM molecules, altered recruitment of FA proteins, and differences 

in higher order processes such as rigidity sensing, force generation and migration.  As 

more is understood and documented about β- integrin function, investigation into α- 

integrin’s role in focal adhesion ontogeny would be of interest. 

 

While this investigation details Integrin-Linked Kinase’s role in FA–actin coupling and 

force generation, more information about the protein domains involved in FA – actin 

coupling would provide important clues as to how cells are able to couple the ECM with 

the cytoskeleton and regulate force mediated processes such as migration, tissue 
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formation, and wound healing.  In addition to knock out cell line screens to identify 

proteins involved in actin retrograde flow velocity, one way to investigate the roles of 

various protein domains in FA – actin coupling is to express truncated forms of proteins, 

or the specific domains that are found in FA proteins, (i.e. PH, LIM, FAT, ABD, FERM 

domains) and observe the effect overexpression of a specific domain may have on actin 

retrograde flow velocities, FA-actin coupling and force generation.  Better understanding 

the molecular players at the resolution of protein domains may add valuable information 

to the current dynamic slip – catch bond model that is currently being investigated to 

explain motility events.         

 

My previous results demonstrated that given high rates of actin rearward flow and low 

levels of FA-actin coupling, MAPK’s are mislocalized rearward toward the interior of the 

cell (Figure 13).  Further investigations into altering ECM-FA-actin coupling will 

confirm ERK and JNK dynamics.  Further confirmation of ERK and JNK localization 

and activity will provide necessary evidence towards the better understanding how FAs 

are able to regulate transcriptional processes that ERK and JNK are thought to regulate. 

Other important regulators of cell growth are the Rho GTPases.  Investigating the 

activation level and localization of Rac, Cdc42, and Rho under different levels of FA-

actin coupling via GTPase pull-down assays and TIRF microscopy, respectively, may also 

be informative.  This will lead to a better characterization of how actin polymerization 
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affects the modification state of these molecules and suggest additional mechanism as to 

how actin dynamics proximal to FAs can regulate growth and proliferation as well as 

cellular motility events.  Finally, a detailed look at integrin activation when both β1 and 

β3 integrins are engaged is necessary.  To do this one may utilize various fret pairs of 

GFP-tagged mutants of β1 and β3 integrins to determine if β1 and β3 integrins can 

interact within the plasma membrane, and what domain(s) mediate that interaction. 

This experimental design will help to identify portions of each integrin molecule 

responsible for β1 and β3 oligomerization. 

 

The body of work dedicated to understanding ECM-cell interactions is poised to 

contribute important information on molecular mechanisms related to many cellular 

and tissue functions such as development, differentiation, and wound healing as well as 

disease states such as epithelial-born cancers, cardiac hypertrophy, kidney fibrosis and 

engineering problems such as organogenesis and neuronal regeneration.  Understanding 

the molecular mechanism involved in ECM-cell interactions and its regulation of 

emerging properties such as rigidity sensing, force generation and growth and 

proliferation may lead to important clinical advances.  Continually leveraging advances 

in experimental techniques in biochemistry, molecular biology, microscopy, and 

nanotechnology will facilitate the discovery of (sub)micron / sec scale molecular 

mechanisms that regulate higher-order cellular, tissue, and organism based processes.    
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In this section I provide a brief background that supports the suggestion or use of the 

‘Traction Force Index’ as a biomarker for growth and migration.  In short, it was the 

molecular observations that increased actin retrograde flow / decreased focal adhesion 

coupling resulted in the mislocalization of scaffold proteins as well as mislocalization and 

altered modification of signaling proteins that engendered altered growth and motility.  

Conversely, increased coupling facilitated the activation of scaffold and signaling 

proteins, engendering faster growth and more productive motility events.    

 

There are many examples of a proteins’ effecter function being determined by its 

modification state and sub-cellular localization.  A clear example of this are the 

numerous proteins that undergoe nucleo-cytoplasmic shuttling.  Signaling and scaffold 

molecules can provide specific functional roles in the cytoplasm before being modified 

and transported into the nucleus where they regulate different cellular functions. P53, 

paxillin, FAK, and ILK are just a few of the proteins that act as examples of how a 

protein’s subcellular localization and modification state affect its function.  A major aim 

of this investigation was to better understand how actin-based cytoskeleton induced-

micrometer scale displacements in protein localization could effect protein modification 

as well as overall larger cellular function such as ECM and rigidity sensing, force 

generation, and downstream signaling towards growth and proliferation. 
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Actin retrograde flow has been described as the net movement of unpolymerized actin 

from the leading edge towards the interior of the cell on the apical side of the lamella.  

Previously, knockdown or dominant negative studies implicated ILK in actin mediated 

processes such as migration, and development.  As I observed severe deficits in focal 

adhesion size in ILK null cells plated on collagen using probes with known actin-binding 

capability, I decided to investigate the effects small focal adhesions had on actin 

dynamics.  As mentioned before, ILK+/+ cells spread faster than ILK-/- cells (86nm/sec 

and 31nm/sec for ILK+/+ and ILK-/- respectively) suggesting actin polymerization is 

faster in ILK+/+ cells.   

 

To better understand cytoskeletal perturbations that result from the loss of ILK, I 

measured actin retrograde flow via three different means.  After plating cells on collagen 

coated glass, we added 1 μm diameter beads coated with collagen and .5 μm beads coated 

with laminin to the media and observed beads that engaged the cells at the leading edge.  

The speed of beads that attached to apical-surface integrins was quantified as they moved 

rearward towards the cell’s interior.  Actin retrograde flow in the ILK+/+ line of cells was 

measured as 47.6 nm/sec ± 7.1 nm/sec (n=7) and in ILK-/- cells the actin retrograde flow 

was determined to be 125.8 nm/sec ± 21 nm/sec (n=7).  Another means of measuring 

actin retrograde flow is via DIC microscopy by measuring the speeds of actin based 

distortions, or feature flow made in the membrane to decipher the flow of rearward 
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moving actin.  By this means of measurement, ILK+/+ exhibited actin rearward flow on 

the order of 37.2 nm/sec ± 5.1 nm/sec (n=6) while ILK-/- cells exhibited 117.2nm/sec ± 

15.2 nm/sec (n=8) (Figure 4).  Finally, and perhaps the most direct measure of actin 

rearward flow utilizes TIRF microscopy and the moderate expression of actin-gfp.  By 

means of this method, ILK+/+ exhibited actin retrograde flow of 44.6 nm/sec ± 9.0 

nm/sec (n=9), while ILK-/- exhibited actin retrograde flow of 143.0 nm/sec ± 20.9 

nm/sec (n=9) (Figure 4).  Taken together, the average actin retrograde flow for ILK+/+ 

and ILK-/- is 43.1 nm/sec ± 9 nm/sec (n=22), 128.6nm/sec ± 22 nm/sec (n=24), 

respectively.  The observations that focal adhesions were 5x  larger in ILK+/+ cells and 

actin retrograde flow was ~3x slower than ILK-/- cells supports the idea that the presence 

of actin binding proteins such as vinculin, talin, and paxillin in FAs  facilitate in the 

coupling of the focal adhesion complex to the proximal actin network.   

 

To better understand if perturbations in actin dynamics affect protein localization, I 

employed live total internal reflection fluorescence microscopy (TIRFM) to assess the 

dynamics of focal adhesion proteins.   Paxillin is a multi-domain scaffold protein that 

localizes to focal adhesions early during the contractile phase. As mentioned before, 

through the interactions of its multiple protein-binding domains, paxillin serves as a 

platform or adapter for the recruitment of numerous regulatory and structural proteins 

that in concert control the dynamic changes in focal adhesion ontogeny, cytoskeletal 
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reorganization, cell signaling and eventually gene expression that are necessary for cell 

migration, survival and growth. Some of paxillin’s recognized binding partners are ILK, 

FAK, CrkII, ERK, and vinculin.  These binding partnes are important in understanding 

the effects of paxillin localization, as mislocalization of paxilling may result in altered 

localization of paxillin’s binding partners.   

 

Paxillin-GFP localizes to focal contacts and adhesions early on in the spreading phase, 

later than ILK, but before the contractile phase.  During the contractile phase in ILK+/+ 

cells, paxillin-GFP persists at the leading edge and forms two stable fluorescent lines or 

borders at the leading and interior edge of the lamellipodia.  It is thought that these lines 

demarcate nascent focal contacts at the leading edge and stable focal adhesions toward 

the interior of the lamellipodia.  While paxillin-GFP persists at its points of localization 

in ILK+/+ cells, paxillin-GFP is more dynamic and its localization more stochastic at the 

leading edge in ILK-/- cells as compared to ILK+/+ cells.  I observed that during the 

contractile phase in ILK-/- cells, paxillin-GFP undergoes a rearward transposition after 

transiently localizing to the leading edge.  In contrast to never localizing to focal 

adhesions as the immunofluorescent data suggests, live TIIRFM data supports the idea 

that paxillin localizes to focal adhesions and then flows rearward concurrent with actin 

and myosin retrograde flow at a velocity of  9 nm/sec ± 3 nm/sec (n=9) (Figure 4 and 7).  

This is in contrast to an effective 0.5 nm/sec ± .04 nm/sec (n=9) paxillin-GFP retrograde 
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velocity in ILK+/+ cells.  This is one of the first reported observations that a focal 

adhesion protein can move rearward in the same direction as the actin retrograde flow, 

and exhibits mislocalization and altered dynamics other than perturbations in resident-

life time at a given foci.   

 

Furthermore, I investigated if other focal adhesion proteins exhibited a similar 

phenotype in the ILK-/- background.  P130Cas exhibited similar localization and 

dynamics as paxillin.  The most notable difference between paxillin and p130Cas was 

that p130Cas was recruited to the leading edge later during cell spreading, after ILK and 

paxillin, and concurrent with the transition to the contractile phase.  CAS family 

members, namely p130Cas and CasL, have been most studied in the context of control of 

cell migration and invasion in the context of cancer. Recently, an increasing body of 

evidence on specific members of the CAS family supports a broader role for these 

proteins in influencing cell cycle, differentiation, survival, and its involvement in  

pathological states such as stroke and the inflammatory response, as well as cancer.  I 

observed that p130Cas localized to focal adhesions and formed a characteristic 

fluorescent band, circumscribing the cell, spanning the circumference of the leading-

edge and persisting at this localization throughout the contractile phase in wild type 

MEF’s interacting with a collagen.  In contrast to wild type, ILK+/+ MEFs, p130Cas’s 

localization in the ILK-/- background is more dynamic, and is pulled rearward in the 
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same direction as actin and myosin at a faster rate than paxillin at 17 nm/sec ± 6 nm/sec 

(n=11) (Figure 7).  As discussed in the introduction, the structural characteristics and 

interacting proteins of p130Cas are diverse and growing: the N-terminal SH3 domain 

binds FAK, FRNK, PTP-PEST, C3G, and Dock180, while a large substrate-binding 

domain containing 15 repeats of a YxxP sequence, binds Crk, and Nck in a 

phosphorylation dependent manner.  This suggests multiple regulatory roles for p130Cas 

such as regulating actin polymerization, survival, and growth signaling as well as 

mechanotransduction properties.  A serine-rich region has been shown to interact with 

14-3-3, while the C-terminal is a site of dimerization, and binding sites for Src family 

kinases, and PI3K.  Given its diverse binding partners of critical adapter proteins, 

kinases, and phosphatases, one might imagine the downstream consequences of 

mislocalization and increased rearward flow of p130Cas that we observe in the ILK null 

background.  Interestingly, p130Cas exhibits a different, more globular fluorescent 

pattern in ILK null cells, suggesting a perturbation in protein-protein interactions that 

result in greater aggregation of p130Cas in a more dynamic and mobile foci.  

Importantly, in addition to its mislocalization, I observed mislocalization of  

phosphorylated forms of p130Cas as well as the mislocalization of p130Cas’s binding 

partners such as Src, FAK, and ERK.   

 



307 

 

Finally I looked at talin-gfp localization and dynamics.  Talin (~270 kDa) comprises a 

globular N-terminal head region and a rod domain, which can be cleaved by the protease 

calpain 2 and is thought to be important for force-dependent motility processes. The 

talin head domain contains a FERM (ezrin, radixin, moesin, protein 4.1) domain.  This 

domain is thought to harbor binding sites for the cytoplasmic domains of β-integrins, as 

well as binding sites for filamentous actin (F-actin).  These FERM domains also bind two 

signaling molecules that regulate the dynamics of focal adhesions, namely H-Ras, and 

focal adhesion kinase (FAK), although it is not clear whether binding to FAK is direct or 

via an interaction through paxillin’s LIM domain.  Interestingly, similar to ILK, talin is 

present throughout the basal membrane region, forms small dynamic foci early during 

adhesion and spreading, underscoring their importance in integrin activation and 

subsequent focal adhesion formation.  While talin is still present early on during 

spreading in ILK-/- cells, talin-GFP fails to form sharp, defined focal contacts during the 

contractile phase, exhibiting similar globular, aggregate, fluorescent foci to p130Cas in 

ILK-/- cells, flowing rearward at ~25 nm/sec ± 4 nm/sec (n=5) (Figure 7).    Talin-GFP in 

ILK+/+ cells persists at the leading edge and exhibits a retrograde flow of 2.38 nm/sec ± 

.90 (n=4) on substrates coated with collagen.  The larger retrograde flow of talin in the 

ILK-/- background may be attributed to its direct binding to actin, resulting in the larger 

rearward forces produced by the increased actin retrograde flow.   
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Given the observed increases in rearward flow of focal adhesion proteins that are known 

scaffolds / adaptors, I set out to answer whether this mislocalization had specific 

regulatory or functional consequences such as further mislocalization of proteins known 

to bind or modify the scaffold / adapter proteins p130Cas, paxillin, and talin.  As 

mentioned previously, paxillin has been shown to be an important adapter protein, not 

only for focal adhesion proteins but signaling molecules in the ERK pathway (Cabodi et 

al., 2010).  Post-translational modifications such as phosphorylation are important 

regulatory steps that mediate paxillin’s protein-protein interactions.  Typically, paxillin 

and its binding partners are proximal to the leading edge, and that localization near the 

lamellipodia membrane is important for the function of its binding partners and 

downstream signaling.  Interestingly, mislocalization of this complex could potentially 

perturb wild-type protein dynamics and signaling.      

 

Consistent with the observations that paxillin and p130Cas move rearward in cells for 

ILK, immunofluorescent staining of phospho-paxillin (Y118) show a diffuse staining 

pattern at the leading edge in ILK-/- cells as well as significant staining towards the 

interior of ILK-/- cells (Figure 13).   This is in contrast to the distinct punctuate staining 

pattern found in ILK+/+ as well as the lack of staining in the endoplasm of the cell.  

Staining of phospho-p130Cas (Y165, Y410) shows a distinct band ~2.5μm interior to the 

leading edge in ILK-/- with diminished staining at the leading edge.  Similarly, this is in 
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contrast to the punctuate staining at the leading edge in ILK+/+ cells (Figure 13).  This is 

also consistent with the observation that p130Cas flows rearward from the leading edge 

in the direction of actin and myosin flow, culminating in a ring of phospho-p130Cas 

(Y165, Y410) at the lamella / endoplasm barrier.   These results underscore the 

importance and relevance of actin dynamics in localizing important adapter proteins.  

For example, phospho-p130Cas is able to bind Crk and Nck allowing for further protein-

protein interactions that could affect nucleation-promoting factors (NPFs), thereby 

altering actin polymerization.  In addition to the altered localization of phospho-paxillin 

and phospho-p130cas, ILK-/- exhibits reward mislocalization of activated phosphor-Src 

(Y416) and activated phospho-FAK (Y397) (Figure 13).   This result demonstrates not 

only the mislocalization of proteins important for focal adhesion ontogeny and cell 

survival and growth, but also postulates the possibility that these proteins are either 

modified at the leading edge and then mislocalized, or modified in their mislocalized 

state.  Moreover, this suggests, further mislocalization of other proteins, namely the 

kinases and phosphatases regulating other protein modification states.  Interestingly, 

western analysis of these phospho-proteins (FAK, paxillin, p130Cas) did not indicate any 

perturbations in absolute phosphorylation level across the ILK+/+ and   ILK-/- lines 

(Figure 9).  This suggests that in the absence of ILK, there are compensatory mechanisms 

within the cell to generate a given level of phosphorylation. Importantly, the general 

perturbations in actin and myosin dynamics that result in loss of ILK expression is 
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sufficient to cause mislocalization of these proteins, modified or otherwise, that may 

result in the observed downstream physiological deficits such as reduced force 

generation, collagen contraction, survival and growth and proliferation.   

 

MAP kinases are powerful signaling molecules largely thought to regulate cell 

proliferation and survival and growth.  Given the observation that   ILK-/- cells grow 

slower in culture, I looked into possible mechanisms underlying this fact.  In contrast to 

what we found with other signaling molecules, when we looked at absolute 

phosphorylation levels via western analysis, a difference was observed when we 

compared ILK+/+ and ILK-/- lines.  In addition to the difference in overall 

phosphorylation levels of JNK and ERK, I noticed a significant and consistent difference 

in the localization of the phosphorylated forms of JNK, and ERK (Figure 8 and 13). The 

observations that phospho-JNK localizes to small foci at the leading edge in ILK+/+ cells, 

in contrast to localizing along the entire width of the lamellipodia in ILK null cells, and 

our observation that JNK phosphorylation levels are elevated in ILK-/- cells after being 

plated on 10ug/ml of collagen for 180 minutes, suggests a potential explanation for why 

ILK -/- cells may grow slower.  As a corollary, phospho-ERK localized to foci at the 

leading edge of ILK+/+ cells but was unable to localize at any part of the lamellipodia, 

and remained in the endoplasm of ILK-/- cells.  Consistent with ILK-/-‘s slow growth, 

phospho-ERK levels were lower in ILK-/- cells, suggesting that its mislocalization due to 
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actin, and myosin dynamics results in a lower modification state, thereby resulting in 

altered downstream signaling dynamics.  Finally, I confirmed the difference in 

proliferation between the ILK+/+ and ILK-/- lines using the BrdU assay.  After serum 

starvation to synchronize both cell lines, I incubated each line with BrdU for 30, 60 and 

120 minutes (Figure 8).  Upon staining for BrdU incorporation, I observed a time-dose 

response to BrdU treatment, which served as a internal control, and most notably a 

significantly higher level of incorporation of BrdU in the ILK+/+ line suggesting that 

they grow faster on glass coated collagen on the order of doubling every 640 minutes +-

54min, in contrast to ILK-/- that doubles every 820minutes +-52min (Table 1).   These 

results highlight the importance of focal adhesion – actin coupling on the localization 

and modification of proteins involved in down stream signaling.   

 

Based on the observed significant focal adhesion size deficits and retrograde flow 

velocities in ILK null cells and the resultant mislocalization of adapter proteins such as 

p130Cas, FAK, and paxillin, and in an effort to describe and conceptualize the possibly 

linked phenomena of cell spreading and growth, I introduced a metric that would 

facilitate the description of ECM - focal adhesion – actin cytoskeleton coupling, termed 

the Traction Force Index (TFI) (Figure 15 and 17).  This index, defined as the ratio of 

focal adhesion size (um2)  and actin retrograde velocity (um/sec), yields a quantity with 

units um x sec, and a magnitude that is proportional to specific physiological phenomena 
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such as force generation and collagen contraction.  By way of example, for wild type 

mouse embryonic fibroblasts expressing ILK, the average focal adhesion size was 1.1 

square micrometers, and the average actin retrograde flow, or velocity, was .0431 

micrometers per second.  These values yield a TFI of 25.5 um x sec.  Similarly for ILK-/- 

MEF’s the average focal adhesion size is .19 square micrometers, and the average actin 

retrograde velocity is .1286 micrometers per second yielding a TFI of 1.48 um x sec.  As 

in the ILK background, a large TFI value may correlate with the ability to generate larger 

forces and displace more collagen.  By establishing an index such as the traction force 

index, one allows for the quantitative description of an important cellular interaction, 

involved in the regulation and maintenance of numerous cellular, and physiological 

responses such as polarization, migration, and collagen contraction (Figure 11 and 12).  

As touched upon in the introduction, these cellular processes are thought to play an 

important part in the pathological states such as oncogenesis, metastasis and cardiac 

hypertrophy.  Given ILK+/+ cells’ TFI value of 25.5 um x sec, and ILK-/- cells’ generating 

a TFI value of 1.48 um x sec, these two values present a clear quantifiable difference in 

value (17x greater) to postulate various phenotypic differences between the two cell lines.  

Furthermore, this index may allow for the prediction of important cellular processes 

such as force generation and in turn multicellular processes such as wound healing, 

specific motility events during development or regeneration and pathological states such 

as cancer progression. 
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With future studies deriving the TFI of different wild-type and pathological tissues, one 

may be able to draw direct correlations between the TFI value and the aforementioned 

cellular processes.   Namely, the proportional constant between the TFI and processes 

such as force generation, migration velocity and doubling time may be consistent and 

directly correlate to the phenotypic characteristics of a specific cell type.  For example, if 

one may hypothesize that a cell exhibiting an oncogenic and/or metastatic phenotype 

would yield or exhibit a larger TFI than a wild-type or non-malignant cell.  Furthermore 

cells derived from pathological tissue would yield significantly different TFI values than 

cells derived from normal tissue.  Similarly I would expect stem-cells to consistently yield 

different TFI values than differentiated tissues. 

 

Preliminary data suggests that the hypothesis that wild-type and cancer cells exhibit 

different TFI’s is worth pursuing.  After measuring focal adhesion size (Figure 25), and 

retrograde flow velocities (Figure 26) for 4 wild-type human cell lines (MCF10A, hMSC, 

HEK293, Wi38) and 8 human cancer cell lines (MCF7, DU14, SHSY5Y, T47D, PC3, 

MDA-MB-231, A431, Hec1, lnCap, and NCI-NIH460),  we calculated their TFI’s (Figure 

27).  Interestingly, when the TFI was plotted against doubling times for each respective 

cell line, the TFI negatively correlates with doubling time.  That is to say, the larger the 

TFI the faster the cell grows (Figure 28). 
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Moreover, after plotting TFI vs. migration rate we see that TFI correlates with migration 

rate in a different way than TFI with growth. (Figure 29). Because deficits in coupling 

between the ECM, focal adhesions and actin can be due to many cellular perturbations 

and anomalies, it may be of value to have a single metric based on two simple and 

experimentally derived metrics to quantify and initially characterize higher order cellular 

processes.   

 

The data in Chapter 3 further supports the concept of the traction force index exhibiting 

a relationship with motility events and growth and proliferation.  By utilizing surfaces of 

varying rigidities and / or coated with different ECM compositions, I was able to 

modulate focal adhesion size, and actin retrograde flow.  This is in contrast to the 

knockout study that modulated focal adhesion size by the removal of a FA component. 

Modulating the substrate allowed me to control for FA size presumably by increasing 

integrin engagement.    
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On soft substrates coated with a single homogeneous ECM molecule, focal adhesions 

were small and actin retrograde flow rates were large, cells did not spread or grow, and 

the calculated TFI was <1.  Interestingly, on soft surfaces coated with collagen type I + 

fibronectin, focal adhesion size increased and actin flow rates were small, cells spread 

and were able to proliferate.  On this type of substrate the TFI of the same cell line was 

measured to be greater than 10.  In an effort to better understand this relationship, I set 

out to describe the molecular mechanism by which an increase in TFI could represent a 

difference in a cell’s ability to grow.    

 

To delineate the molecular pathway, I looked at protein phosphorylation levels of 

established mediators of survival, growth and proliferation.  By observing the activation 

state of activators of translation and survival  (p90S6K, p70RSK and Akt) on physically 

similar substrates that promoted larger focal adhesions by presenting different ECM 

ligands, I identified one potential molecular component involved in the concept of 

increased coupling leading to survival (i.e. large TFI suggests the ability a cell to activate 

signals responsible for survival.)  I further outlined the molecular mechanism by showing 

that a regulator of growth and proliferation, ERK, exhibits increased activation by 

phosphorylation.  Finally in an attempt to further delineate the molecular pathway, we 

demonstrated that activation of scaffold molecules and signaling nodes were primed / 

activated for binding upstream of the previous signaling molecules we investigated.  
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Both, phosphorylated paxillin (Y118) and phosphorylated FAK (Y397) were present in 

larger amounts in cells harvested from substrates that elicit a larger TFI.    This indicated 

that increased TFI allowed for the availability of activated scaffold molecules, paxillin 

and FAK, to orchestrate the binding and activation of ERK, along with facilitating the 

activation of Akt, and activators of translation.   

 

Results from the ILK system provide the cellular and molecular basis for using the TFI 

index as a biomarker for growth, proliferation and migration potential.  As an aside, the 

traction force index can also be defined as being the inverse of intracellular traction 

force, or the traction force exerted by actin dynamics on focal adhesion proteins.  In ILK-

/- cells with small TFI, or large ITFI suggesting the cells inability to transmit the cellular 

contractile force to the ECM, there results a gross displacement of focal adhesion 

proteins within the lamellipodia and cell interior as we previously observed with talin, 

paxillin, p130Cas, FAK and Src.  Similarly, on soft substrates coated with collagen type I 

+ fibronectin one would expect a small ITFI as much of the traction between FAs and 

actin is transmitted to the substrate.      

 

In summary, the resultant mislocalization of adaptor and signaling proteins such as 

paxillin, p130Cas, FAK, and Src, resulting in  the mislocalization and mismodification of 

MAPKs ERK and JNK due to increase actin retrograde flow and decreased focal 
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adhesion-actin coupling,  leads to altered cellular growth, proliferation and migration 

(Figures 2-8, and 13).  Taken with the observations that larger TFIs engender growth and 

proliferation (Figure 14-23) as well as the observation that TFI correlates with cancer cell 

line growth and migration (Figure 26-29), more work is needed to refine the concept of 

TFI as a biomarker for oncogenic and metastatic potential.   

 

The extended molecular rationale and reasoning supporting the idea of using the TFI as 

a cancer biomarker follows and provides an interesting background for further 

hypotheses.  Integrin-mediated adhesion has been shown to result in the  

autophosphorylation of focal adhesion kinase (FAK) at tyrosine 397, creating a binding 

site for the Src-homology 2 (SH2) domain of Src, which in turn phosphorylates other 

tyrosine residues in FAK further regulating its kinase activity while creating additional 

protein binding sites (Mitra and Schlaepfer, 2006). This active FAK-Src complex is 

central to regulating actin polymerization and growth and proliferation signals 

originating from focal adhesions primarily by stimulating Rac1 activity through the 

recruitment and phosphorylation of the scaffolding protein p130Cas (also known as 

BRCA1) (Chodniewicz and Klemke, 2004).  Moreover, the FAK-Src complex also 

phosphorylates and activates paxillin, which subsequently recruits the Arf GAP paxillin-

kinase linker (PKL, also known as GIT2) as well as the GEF for Cdc42 and Rac1, Pak-

interacting exchange factor-β (β-PIX, also known as Cool-1 and Gef7) both of which can 
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be phosphorylated by Src (Brown et al., 2005; Feng et al., 2006).  This recruitment 

facilitates and coordinates membrane protrusion.  Taken together with the observations 

that activated FAK, and Src are mislocalized to the interior edge of the lamellipodia in 

ILK-/- cells, this set of observations may explain the altered actin dynamics we observed 

such as edge velocity, increased actin retrograde flow, as well as morphological defects 

such as ILK-/- cell’s inability to transition into the contractile phase and spread its 

endoplasm.  As mentioned in the introduction, the FAK-Src complex represents a 

functional interaction necessary for actin polymerization and signal generation.  The 

observations that both activated forms of FAK and Src are mislocalized under conditions 

of high actin rearward flow suggests that the functional complex responsible for actin 

polymerization and growth signaling is also mislocalized, potentially contributing to the 

altered actin polymerization and growth defects observed in ILK -/- cells, or cells plated 

on substrates that prevent large FAs from forming.   

 

In addition to regulating actin dynamics, FAK is a particularly important signaling 

molecule that controls multiple fundamental cellular processes by regulating the 

assembly of different ternary complexes (Tachibana et al., 1995; Schwartz, 2001). 

Interactions between FAK and the adaptor protein paxillin through its COOH-terminal 

focal adhesion targeting (FAT) region are critical for the activation of signaling cascades 

involved in the control of cell survival (Hayashi et al., 2002; Turner, 2000). Paxillin–FAK 
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interaction leads to paxillin phosphorylation at Y31 and Y118 (Turner, 2000). Here we 

show that decreased focal adhesion and actin coupling, or a low TFI leads to the 

mislocalization of these complexes.  Interestingly, the link between paxillin-FAK binding 

and ERK activation may be through Crk, an important adaptor molecule involved in 

ERK1/2 activation as it has been demonstrated that both paxillin Y31 and Y118 

phosphorylation and p130Cas (Y165) creates docking sites for Crk (York et al., 1998).  

Just as previously stated, an inability to recruit FAK and p130Cas to focal adhesions 

often leads to small focal adhesions and larger actin retrograde flow, thereby leading to a 

small TFI value.   Consistent with FAK, Src, paxillin and p130Cas null cells exhibiting 

growth deficits, these cells would exhibit, and could be characterized, by a smaller TFI.  

Similar to the FAK-Src complex, I provide multiple lines of evidence to suggest that the 

paxillin-FAK complex, and p130Cas-Crk-ERK complexes, two complexes previously 

implicated in growth signal generation are also mislocalized.  Again this mislocalization 

may provide the molecular mechanism involved in the growth deficits I observed in ILK 

null cells or cells that exhibit small TFIs.   

 

The ERK1/2 pathway is a central regulator of cell proliferation by controlling both cell 

growth and cell cycle progression. Recently, work has focused on identifying the targets 

of this pathway that are linked to cell cycle machinery. An initial observation that MAP 

kinases regulate the mitogenic response was that overexpression of inactive ERK1 or 
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antisense ERK RNA exerts a dominant negative effect on fibroblast cell proliferation. It 

was later shown that inhibition of MEK1/2, the kinase upstream of ERK1/2, blocked the 

growth factor-stimulated global protein synthesis and pyrimidine synthesis.   As we 

observe, low TFI values of ILK-/- cells leads to lower ERK1/2 phosphorylation and 

mislocalization of activated ERK to the interior of the cell body as opposed to the leading 

edge given higher values of TFI in ILK+/+ cells.  This same dynamic could perhaps 

govern the cellular state of epithelial-born cancers, as the preliminary data using cancer 

cells suggests.     

 

Furthermore, the ERK pathway is often attributed to oncogenesis, and the magnitude of 

ERK activity influences survival of carcinoma cells. High ERK activity reduces the 

apoptosis rate of colon carcinoma cells and induces cell cycle arrest by up-regulation of 

CDK inhibitors p21 and p27.  Interestingly, direct ERK targets are involved in apoptosis 

such as the Bcl-2 family protein Bad. Bad is known to influence mitochondrial 

membrane integrity and the release of cytochrome c from mitochondria indirectly, by 

associating with Bcl-2 and Bcl-xl and inhibiting their anti-apoptotic function. 

Phosphorylation of Bad by ERK sequesters it in the cytosol, away from mitochondria, 

preventing apoptosis (Chung & Kondo, 2011).  This added consequence of ERK 

activation could also contribute to the faster growth rate of cells exhibiting larger TFIs . 
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In addition to ERK’s role in preventing apoptosis by sequestering BAD, a role for JNK in 

apoptosis is well established. While, the mechanism is controversial and appears to be 

stimulus and tissue specific, studies from JNK–/– murine embryo fibroblasts provide an 

important model system for analysis of JNK induced apoptosis. In these studies, it was 

observed that biochemical defects in stress-induced apoptosis were localized to 

mitochondria due to a lack of mitochondrial membrane depolarization and cytochrome 

c release. Both pro- and anti-apoptotic members of Bcl-2 family have been shown to be 

substrates of JNK. Interestingly, anti-apoptotic proteins Bcl-2 and Bcl-xl have been 

shown to be inhibited through phosphorylation by JNK (Cagnol & Chambard, 2010).  

Here we show ILK-/-, characterized by a low TFI, may result in increased JNK activation 

and localization throughout the lamellipodia, leading to the inhibition of inhibitors of 

apoptosis.  This is in contrast to lower levels of activation of JNK and discrete 

localization of activated JNK to foci at the leading edge in cells with larger TFI, thereby 

allowing activation of anti-apoptotic factors and promoting growth.  Interestingly, 14-3-

3, a binding partner to p130Cas has been shown to be substrate of JNK in vivo, which 

may account for its pro-apoptotic role.  An interesting future line of inquiry is to better 

understand 14-3-3’s role in focal adhesion formation, and signal generation.   

 

Clinically, it has been observed for some time now that integrins are upregulated in 

cancer.  Many integrins have been shown to contribute to oncogenic progression. Some 
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types of cancers originate from epithelial cells, the integrins expressed by epithelial cells 

(including α6β4, α6β1, αvβ5, α2β1 and α3β1) are generally retained in these cancers.  

Interestingly, integrins αvβ3, α5β1 and αvβ6, are typically upregulated in some cancer 

cells, while expression levels of some integrins, such as α2β1, decrease in cancer cells. 

Depending on the microenvironment, and ECM substrate, integrins have the ability to 

either promote cell survival or initiate apoptosis.  Integrin engagement enhances cell 

survival through several mechanisms, including increased expression of BCl-2, activation 

of the PI3K–AKT pathway or nuclear factor-κB (nF-κB) signaling, and/or p53 

inactivation.  Increased integrin expression could be another mechanism for cells to 

regulate the level of FA-actin coupling as measured by the TFI.  Given the data presented 

in chapter 3 and how increased integrin engagement via collagen & fibronectin leads to 

activation of important signaling proteins, the observation that integrins are upregulated 

in many cancers supports the idea of the TFI as a biomarker for specific cancers.   

 

In chapter 3 I present data that supports the observations that engagement of β1 and β3 

integrins is sufficient to sustain growth and proliferation on soft surfaces.  Taken with 

the observation that cancer cells are able to spread and grow on soft surfaces (Figure 14), 

the resultant signaling generated by β1 and β3 engagement is a relevant model system to 

understand signaling and actin dynamics necessary for cancer cells to proliferate and 

activate the actin cytoskeleton.  In chapter 3 I extend the idea of the Traction Force Index 
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as a quantitative measure of a cell’s ability to couple and activate the actin cytoskeleton 

and signaling pathways necessary for growth and proliferation.  By perturbing focal 

adhesion protein stoichiometry with knockout cell lines (i.e. ILK, and FAK), ECM 

composition, and substrate rigidity to modulate focal adhesion size, I observed cells that 

were able to grow and proliferate, exhibited larger focal adhesions, and slower retrograde 

flow velocity (Figure 4, 7, 10, 15).  Comparing wildtype and cancer cells I confirmed that 

the ratio of focal adhesion size and retrograde flow (Traction Force Index) correlates 

with doubling times (Figure 17 and 28).  In addition to the observations that cells with 

increased TFI grow faster, I show that cells with larger TFIs are able to activate a 

regulator of survival - Akt, a regulator of proliferation - ERK, and a regulator of 

translation - p90RSK1 (Figure 22)  

 

Similar to integrins, it has been observed that over-expression of ILK in various model 

systems results in the acquisition of several oncogenic phenotypes such as increased 

translation, transcription, migration and invasion, proliferation, survival, angiogenesis, 

and the epithelial-mesencymal transition. Consistent with these findings, ILK is 

overexpressed or plays a central role in a wide variety of human malignancies including 

prostate, breast, colon, gastric, ovarian, malignant melanoma, thyroid head and neck, 

pancreas and lung cancers. Importantly, expression levels of ILK often correlate with 

tumor grade, stage and patient survival, as high ILK expression correlates with poor 
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prognosis is some cancers and provides a good model system to explore molecular 

mechanisms involved in oncogenesis and metastasis. 

 

In chapter 2, I present data that suggests that actin retrograde flow dynamics are 

involved in the localization and modification of focal adhesion proteins and MAPKs.  

Given increased retrograde flow, focal adhesion and signaling proteins are mislocalized 

rearward of the leading edge of the acto-myosin interface.  This mislocalization, due to 

increased actin retrograde flow, results in altered modification of MAPKs that could be 

sufficient to affect the downstream signaling pathways responsible for growth and 

proliferation, thereby leading to slower growth.  Conversely, in chapter 3, by increasing 

the focal adhesion size, thereby decreasing the actin retrograde flow through enhanced 

focal adhesion-actin coupling, we demonstrated that cells are able to upregulate the 

activated state of proteins involved in cytoskeletal activation, survival, proliferation and 

translation – leading to faster growth.  It is a potential area of interest to extend the 

concept of a ratio or metric that describes the level of focal adhesion coupling in a cell.   

Furthemore, more work needs to be done to further confirm and characterize the TFI or 

other metrics as indices that correlate with the growth and migration potential cells, 

allowing for the differentiation and identification between human wild-type and cells 

exhibiting a disease state.      

 


