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ABSTRACT 

 

The role of focal adhesion kinase in nonmuscle cell contraction 
 

Kimberly M. Arnold 
 

Focal adhesions are specialized cell contact sites of distinct molecular composition and 

structure that bridge the actin cytoskeleton to the extracellular matrix and provide for efficient 

bidirectional transmission of biochemical and mechanical signals between the intra- and 

extracellular compartment.  Many proteins within the focal adhesion have been discovered to be 

an integral component of the adhesion structure and function; however, a key molecule in the 

organization and physiological activity of focal adhesions is focal adhesion kinase (FAK).  FAK 

is a nonreceptor tyrosine kinase that is essential for cell processes including cell migration, 

growth, and survival.  Due to its connection between the cytoskeleton and extracellular matrix, 

FAK has been proposed to be a key component of integrin downstream signaling that regulates 

the organization of actin for transduction of cellular forces from inside to outside of the cell.  

While many studies have focused on determining FAK’s role in sensing mechanical forces and 

regulating contractile signaling pathways, very few studies have attempted to determine the role 

of FAK in cell contraction through direct measurement of cellular tension.  Therefore, the role of 

FAK in fibroblast and endothelial cell contractility was determined. 

To investigate the role of FAK in endothelial cell tension and monolayer permeability, a 

stable FAK knockdown human pulmonary microvessel endothelial cell line (FAK-KD) was 

generated.  Knockdown of FAK altered both cell morphology and actin distribution, and 

increased focal adhesion formation and VE-cadherin localization to cell-cell contacts.  

Measurement of tension produced by cells embedded within a three-dimensional (3-D) collagen 

matrix revealed that loss of FAK increased basal tension without alterations in basal myosin 

phosphorylation.  Agonist-induced force was unaffected.  However, loss of FAK enhanced 

endothelial monolayer barrier function.  Thus, FAK is responsible for the balance between cell-

matrix and cell-cell cohesion in order to regulate endothelial cell tension and monolayer 

permeability. 

In order to determine the role of FAK in fibroblast cell contractility, FAK knockout 

(FAK-KO) mouse embryonic fibroblasts (MEFs) embedded in 3-D collagen gels were utilized.  

FAK null MEFs produced a decrease in basal tension and minimal agonist induced force 

compared to controls (FAK-WT).  However, myosin II phosphorylation was comparable 

between FAK-KO and FAK-WT MEFs.  Investigation of the collagen matrix revealed that FAK-

KO MEFs had an inability to organize their collagen matrix.  Inhibition of FAK kinase activity 

or expression of FAK mutants revealed that FAK kinase activity was dispensable for tension 

generation.  Thus, FAK localization to the focal adhesion was critical in the transmission of 

internal force to the collagen matrix resulting in cell contraction.  

Collectively, these data show that FAK is an integral part in nonmuscle cellular tension.  

Although the loss of FAK altered tension generation differently in fibroblasts and endothelial 

cells, the differences in each cell’s physiological function may explain why FAK regulates cell 

tension differently.  Nevertheless, FAK is an important molecular player in focal adhesions 

facilitating the transduction of forces from inside to outside of the cell and may be a novel target 

in the development of treatments to control cell contractility. 
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I:  Introduction and Significance 

Cell function requires the integration of molecular, biochemical, and biophysical signals 

and investigating how cells move, deform, and interact with each other and how they sense, 

generate, and respond to mechanical forces underlies the study of cell mechanics.  The ability for 

a cell to sense and generate tension is pivotal for normal tissue morphology and function and is 

necessary in many physiological processes including embryogenesis, angiogenesis, and wound 

healing (Krieg et al., 2008; Lee et al., 2010; Wong et al., 2011).  Understanding how a cell 

integrates mechanical forces within and transmits the tension to its external environment can aid 

in understanding how abnormal regulation of this process can contribute to the formation of 

disease.  It has therefore been of recent interest to understand how cytoskeletal dynamics and cell 

adhesion with the underlying matrix contributes to the mechanical properties of the cell.  Tension 

occurs in an object when there is a pulling force at one end and a resisting force at the other.  In a 

cell, the pulling force is the contractile network of actin and myosin, and the resisting force is 

adhesion to other cells or with the cell’s external surroundings.  Cell adhesion to its underlying 

matrix anchors the cell allowing the generation of force, which aids in processes such as cell 

migration and growth.  It is known that forces between cells and the cell with its external 

surroundings is critical for the generation of tension; however, how these structures are involved 

in the regulation of force development is not well understood.  Also, the molecules that are 

critical in the transmission of this force to the underlying matrix have yet to be elucidated.  Thus, 

this dissertation will focus on determining how the cell-matrix adhesion is involved in the 

generation and transmission of force by modulating expression of a key adhesion protein, focal 

adhesion kinase (FAK), in order to alter focal adhesion dynamics and measure changes in 

cellular tension. 
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II:  Cell Contractility 

Cellular tension is regulated by myosin II activation and rearrangement of the actin 

cytoskeleton (Burridge and Chrzanowska-Wodnicka, 1996).  Myosin II becomes activated upon 

phosphorylation of its regulatory light chains (RLC) allowing myosin bipolar filament assembly, 

interaction with actin cytoskeletal filaments, and stimulation of myosin II ATPase activity 

(Adelstein and Conti, 1975; Scholey et al., 1980; Tan et al., 1992).  The phosphorylation status 

of myosin II can be regulated through direct phosphorylation of myosin II or inhibition of 

myosin light chain phosphatase (MLCP) (Alessi et al., 1992; Shimizu et al., 1994; Shirazi et al., 

1994) through direct phosphorylation of myosin phosphatase targeting subunit 1 (MYPT1) 

(Trinkle-Mulcahy et al., 1995; Ichikawa et al., 1996; Ito et al., 2004) or indirectly via 

phosphorylation of CPI-17, which becomes a potent inhibitor of MLCP (Eto et al., 1995).  

Several kinases can catalyze the phosphorylation of myosin II including the calcium/calmodulin-

dependent myosin light chain kinase (MLCK) (Scholey et al., 1980), p21-activated kinase 

(gamma-PAK) (Chew et al., 1998), intregrin-linked kinase (ILK) (Wilson et al., 2005), and Rho-

associated protein kinase (ROCK) (Amano et al., 1996a).  Primary control of myosin II 

phosphorylation is through the serine/threonine kinase MLCK, which becomes activated 

following the binding of calcium dependent calmodulin resulting in direct phosphorylation of 

serine-19 and threonine-18 of myosin II RLC (Sellers, 1991; Tan et al., 1992).  Serine-19 is the 

major site of phosphorylation with threonine-18 phosphorylation occurring at a slower rate. 

Myosin II phosphorylation can also be regulated in a calcium-independent manner 

through the Ras homolog gene family, member A (RhoA).  RhoA, a small GTPase protein and 

member of the Ras superfamily, is a key component in the regulation of the actin/myosin 

contractile machinery (Hall, 1994; Takai et al., 1995; Chrzanowska-Wodnicka and Burridge, 
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1996). It is primarily involved in the bundling of stress fibers, which cluster integrins and 

promotes focal adhesion formation (Ridley and Hall, 1992; Chrzanowska-Wodnicka and 

Burridge, 1996). Control of RhoA activation is through GTP loading and unloading.  The 

activation of RhoA through GTP loading is controlled by guanine nucleotide exchange factors 

(GEFs), which dissociate bound GDP from RhoA allowing the association of GTP.  Conversely, 

inactivation of RhoA occurs through intrinsic hydrolysis of GTP by RhoA, which is initiated by 

GTPase-activating proteins (GAPs) (Hall, 1994; Burridge and Chrzanowska-Wodnicka, 1996).  

RhoA activation of its downstream effector ROCK, a serine/threonine kinase, can directly affect 

myosin II and actin cytoskeletal dynamics through two pathways (Amano et al., 1996a, 1996b; 

Clark et al., 1998; Nobes and Hall, 1999).  ROCK can enhance myosin II activation through 

direct phosphorylation of myosin II RLC or by inactivation of MLCP, which increases myosin 

ATPase activity and promotes interaction between actin and myosin (Amano et al., 1996a; 

Kimura et al., 1996; Kureishi et al., 1997; Kawano et al., 1999; Totsukawa et al., 2000; Emmert 

et al., 2004).  ROCK can also activate an actin-binding kinase known as LIM-kinase and alter 

cytoskeletal dynamics by regulating an actin severing protein called cofilin.  When cofilin is in 

its active, dephosphorylated form, it can bind to F-actin and cause the severing of the actin 

filaments.  When LIM-kinase becomes activated by ROCK, it specifically phosphorylates cofilin 

at serine 3, which affects cofilin’s ability to bind F-actin, and thus inhibits the protein’s ability to 

sever and depolymerize F-actin (Arber et al., 1998; Yang et al., 1998; Sumi et al., 1999).  

Phosphorylated cofilin may act to bundle and stabilize the actin filaments.  Therefore, the 

actin/myosin contractile machinery, and thus, cell tension is altered by pathways that are 

regulating both myosin activity and cytoskeletal dynamics (Figure 1A). 
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III:  Integrins and Focal Adhesions 

To begin to understand how the mechanical properties of cells are regulated, it is 

essential to determine what role key structures within the cell play in the regulation of this force. 

In order for the cell to generate tension, it needs to interact with its external environment. This 

interaction occurs when transmembrane receptors called integrins bind to extracellular matrix 

(ECM) proteins creating a physical linkage for the cell to its surroundings.  Integrins are a large 

family of heterodimeric receptors that span the plasma membrane and bind to ECM proteins (e.g. 

fibronectin and collagen) via their large extracellular globular head domains (Ruoslahti, 1991; 

Hynes, 1992; van der Flier and Sonnenberg, 2001).  The integrins bind to specific sequence 

motifs (Arginine-Glycine-Aspartic acid (RGD) sequence) present on ECM ligands (D’Souza et 

al., 1988).  Integrins consist of an alpha (α) and a beta (β) subunit.  Most β subunits can combine 

with multiple α subunits and a few of the α subunits can pair with multiple β chains.  

Combinations of the α and β chains yield a diverse family of receptors for ECM proteins (Hynes, 

1992; Arnaout et al., 2005).  Typically, the type of integrin found on a cell surface is dictated by 

the ECM proteins that the cell is adhered to (Dejana et al., 1988; Singer et al., 1988; Fath et al., 

1989); however, it was found that a laminin-binding integrin α6β1, typically not thought to bind 

to fibronectin, was detected on the cell surface of cells adhering to fibronectin (Cattelino et al., 

1995).  The specificity of the integrins to ECM proteins depends on differences in affinity of the 

integrin for the ECM proteins; hence, α5β1 and αVβ3 can both bind fibronectin (Wu et al., 1993; 

Wu et al., 1996; Yang and Hynes, 1996).  However, each integrin has been found to be essential 

in vivo even though the specificity of the integrins overlap in culture (Sheppard, 2000). 

Internally, the integrins are linked to the contractile machinery (actin and myosin) 

through multiprotein complexes called focal adhesions, which consist of adaptor proteins that 
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bind to the integrin’s short cytoplasmic tails (Burridge et al., 1988; Jockusch et al., 1995; Liu et 

al., 2000).  Focal adhesions are flat, elongated structures located around the periphery of the cell 

at the ends of actin stress fibers (Abercrombie and Dunn, 1975; Izzard and Lochner, 1976; Sastry 

and Burridge, 2000; Zamir and Geiger, 2001).  Typically, focal adhesions are thought to be an 

anomaly of cells grown on a solid surface; however, there is evidence of these structures in vivo 

(e.g. aortic endothelial cells form adhesions with the underlying basement membrane (Kano et 

al., 1996), myotendinous junctions are formed between skeletal muscles cells and tendon 

collagen fibers (Tidball, 1983, Tidball, 1984; Tidball and Daniel, 1986; Trotter et al. 1981, 

Trotter et al., 1983), and membrane bound dense plaques were observed in smooth muscle cells 

(Turner et al., 1991)). 

The cytoplasmic domain of β-integrins is critical for focal adhesion formation and 

targeting the integrin to the plasma membrane (Solowska et al., 1989; Hayashi et al., 1990; 

Marcantonio et al., 1990; Geiger et al., 1992; LaFlamme et al., 1992).  Following binding to the 

ECM, a conformational change is induced in the cytoplasmic domain of the integrins, unmasking 

the short cytoplasmic tails, and allowing the interaction with focal adhesion proteins (Hynes, 

2002; Puklin-Faucher and Sheetz, 2009).  Previous studies have shown that cells seeded on 

substrates covalently linked with a low density of short synthetic peptides containing the RGD 

sequence that integrins bind to does not induce cell spreading or formation of focal adhesions.  

Increasing the density of the peptides but keeping significant space between them results in cell 

spreading without focal adhesion formation.  It is not until the peptides are at high densities and 

close together that the cells are able to form focal adhesions indicating that integrins need to be 

clustered in order for focal adhesions to form (Massia and Hubbell, 1991).  Integrins have no 

intrinsic enzymatic activity, and therefore, clustering integrins following ligand occupancy 
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triggers the recruitment of key kinases and focal adhesion proteins such as talin, vinculin, α-

actinin, paxillin, and FAK to elicit downstream signaling cascades (Miyamoto et al., 1995a, 

1995b).  Upon binding to the ECM, integrin clustering results in an increase in protein tyrosine 

phosphorylation in a variety of cell types including fibroblasts, carcinoma cells, T lymphocytes, 

B cells, platelets, and neutrophils (Golden et al., 1990; Guan et al., 1991; Kornberg et al., 1991; 

Nojima et al., 1992; Freedman et al., 1993; Kanner et al., 1993) allowing external signals to alter 

cell behavior.  Internally, the focal adhesions are linked to the cellular cytoskeleton through a 

variety of actin binding proteins although the hierarchal structure of the adhesion is complex and 

may vary depending on the condition (Jockusch et al., 1995; Hynes, 2002; Zaidel-Bar and 

Geiger, 2010).  Currently, there are roughly 180 documented components of focal adhesions with 

742 direct interactions between these components with this number continuing to grow, 

indicating the complexity in the network of proteins that form the adhesion (Zaidel-Bar and 

Geiger, 2010).  Nevertheless, focal adhesions create a bridge between the actin cytoskeleton and 

the ECM allowing for bidirectional signaling where the cell can respond to external cues 

(outside-in signaling) as well as influence its own surroundings (inside-out signaling) (Hynes, 

2002).   

A cell can sense changes in external or internal tension and respond either through 

alteration of adhesive sites or through activation of signaling pathways to alter cell behavior.  

The ability for the cell to accomplish this is known as mechanotransduction.  Focal adhesions are 

a prime candidate in sensing changes in tension due to their close proximity to the plasma 

membrane, connections with the ECM and actin cytoskeleton, and abundance of signaling 

proteins within the complex.  Mechanical stimulation results in modulation of cell spreading, 

remodeling of the actin cytoskeleton, activation of actin/myosin interactions, recruitment of 
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integrins, and reinforcement of focal adhesions and cytoskeletal structures (Schwartz, 2010).  

Focal adhesion formation will increase in response to external forces being applied to the cell 

and disassemble when force is removed (Balaban et al., 2001; Riveline et al., 2001).  

Mechanosensitive focal adhesions underlie a number of behaviors including development and 

maintenance of bone, blood vessels and myocardium, regulation of blood pressure, and 

myometrial remodeling (Cattaruzza et al., 2004; Danowski et al., 1992; Sharp et al., 1997; 

Simpson et al., 1993; Wozniak et al., 2000; Wu et al., 2008). 

Focal adhesions are also able to sense the tension that the cell generates and transmit 

force through the cellular membrane to the ECM leading to remodeling of the ECM fibers and 

establishment of a denser, highly cross-linked matrix (Larsen et al., 2006).  Cells will exert 

stronger forces on a matrix that is more rigid, and therefore, the organization of the matrix is an 

indication of internal cellular tension.  Rigidity of the matrix also plays a role in focal adhesion 

formation.  Cells adhering to rigid surfaces form more robust adhesions compared to those 

seeded onto soft, pliable substrates (Choquet et al., 1997; Guo et al., 2006) most likely due to the 

rigid surfaces’ capability of resisting strong contractile forces of the cell.  Treatment of cells with 

lysophosphatidic acid (LPA), thrombin, or bombesin increases Rho activity and subsequently 

increases contractile activity of the cell and focal adhesion size (Ridley and Hall, 1992; 

Chrzanowska-Wodnicka and Burridge, 1996; Ishida et al., 1999; Totsukawa et al., 2000).  

Inhibition of cell tension causes focal adhesions to disassemble (Chrzanowska-Wodnicka and 

Burridge, 1996).  The ability for focal adhesions to respond to changes in internal and external 

forces is an inherent property of adhesions and is important for cell function such as cell 

migration and growth.  Many of the focal adhesion proteins have been under investigation to 

determine their involvement in responding to external forces and in the generation and 
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transmission of force; however a key protein that has become a prime candidate for sensing and 

generating forces is focal adhesion kinase (FAK). 

 

IV:  Focal adhesion kinase (FAK) structure and function 

FAK is a ubiquitously expressed nonreceptor tyrosine kinase named after its subcellular 

localization (Kanner et al., 1990; Schaller et al., 1992, Kornberg et al., 1991; Guan et al., 1991; 

Hanks et al., 1992).  It is a key structural and functional protein involved in signaling pathways 

known to control diverse cellular processes including cell adhesion, migration, polarity, growth, 

and survival (Ilic et al., 1995; Ilic et al., 1998; Zhao et al., 1998; Owen et al., 1999; Renshaw et 

al., 1999; Sieg et al., 1999; Sieg et al., 2000; Webb et al., 2002).  FAK activity is also critical in 

normal tissue function and disease including vascular development (Shen et al., 2005; Braren et 

al., 2006), dendrite formation, axon outgrowth (Watanabe et al., 2008), skin fibrosis (Wong et 

al., 2011), cardiomyocyte-induced hypertrophy (Peng et al., 2008), and lung fibrosis (Lagares et 

al., 2012).  FAK protein levels are elevated in benign, preinvasive, and invasive tumors 

(Gabarra-Niecko et al., 2003) and dominant-negative inhibition of FAK reduces in vivo primary 

mammary tumor growth and lung metastasis formation (van Nimwegen et al., 2005). 

The protein structure of FAK suggests that it acts as both an adaptor protein and as a 

kinase.  FAK protein consists of three main domains:  a central catalytic domain flanked on the 

N-terminus by a region of sequence homology with band 4.1 and ezrin/radixin/moesin (ERM) 

proteins termed the FERM domain (Frame et al., 2010) and on the C-terminus by a focal 

adhesion targeting (FAT) domain (Hildebrand et al., 1993).  The FERM domain serves as a site 

of interaction with the cytoplasmic domain of β-integrins, ezrin, and growth factor receptors 

(Schaller et al., 1995; Chen et al., 2000; Sieg et al., 2000; Poullet et al., 2001).  The FAT domain 
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is necessary for localization of FAK to the focal adhesions as well as promoting the binding of 

proteins such as paxillin and p190RhoGEF (Hildebrand et al., 1993; Hildebrand et al., 1995; 

Tachibana et al., 1995; Cooley et al., 2000; Zhai et al., 2003).  Also, in between the FAT and the 

kinase domain, there is a proline-rich region providing binding sites for SH3-domain containing 

proteins which includes p130Cas (p130 Crk-associated substrate), GRAF (a GAP for Rho 

associated with focal adhesion kinase), and ASAP1 (Harte et al., 1996, Hildebrand et al., 1996; 

Taylor et al., 1998, Liu et al., 2002). 

Under normal conditions, FAK is inactivated by autoinhibition of the kinase domain 

through binding of the FERM domain (Cooper et al., 2003; Jacamo and Rozengurt, 2005; Lietha 

et al., 2007).  Upon integrin engagement with the ECM, FAK is recruited to focal adhesions and 

dimerizes at the cytoplasmic face of the membrane.  This relieves the authoinhibition and 

initiates phosphorylation of tyrosine-397 of FAK, thus activating kinase activity (Kornberg et al., 

1992; Katz et al., 2002; Cooper et al., 2003).  Phosphorylation of FAK provides a binding site for 

Src, locking both FAK and Src in an activated state, generating binding sites for signaling 

proteins with SH2 domains, and creating a kinase complex that results in the phosphorylation 

and activation of downstream proteins including paxillin and p130Cas (Schaller et al., 1994; 

Bellis et al., 1995; Miyamoto et al 1995b; Polte and Hanks, 1995; Schaller and Parsons, 1995; 

Cary et al., 1998; Thomas et al., 1999).  Following activation of these proteins, other molecules 

are then recruited to the adhesions and regulate the organization of the actin cytoskeleton 

(Parsons, 1993; Schaller and Parsons, 1994; Richardson and Parsons, 1995).  Mutation of the 

FAT domain impairs FAK autophosphorylation and localization to focal adhesions, resulting in 

the inability to phosphorylate FAK substrates in response to cellular adhesion (Shen and 
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Schaller, 1999).  Therefore, FAK is an important component in the transmission of extracellular 

signals into the cell through activation of several cellular signaling pathways. 

The molecular biology and biochemistry of FAK has been well documented, however, 

FAK’s physiological role is still being uncovered.  Knockout (KO) of FAK in mice is lethal at 

embryonic day 8.5 due to severe defects in mesoderm and cardiovascular development as a result 

of impaired cell migration (Furuta et al., 1995; Ilic et al., 1995).  Vascular defects in FAK KO 

mice result from the inability of endothelial cells to organize themselves into a vascular network 

and not a defect in tissue-specific differentiation (Ilic et al., 2003).   An endothelial specific KO 

of FAK during late embryogenesis is also lethal in mice due to defective vasculogenesis resulting 

in impaired vasculature and associated hemorrhaging and edema formation, indicating FAK 

plays a role in angiogenesis and vascular development (Shen et al., 2005).  Fibroblasts derived 

from FAK KO mice embryos form enlarged focal adhesions, have a decrease in cell migration, 

and have a rounded, contractile cell morphology due to a decrease in cell spreading, implying 

that there is a lack of focal adhesion disassembly or “turnover” (Ilic et al., 1995).  An increase in 

stable adhesions and tensile stress fibers is thought to lead to an increase in cellular tension 

which will alter the cell shape and reduce the cell’s ability to migrate.  Keratinocytes derived 

from mice with an epidermal-specific KO of FAK appear more contractile with large adhesions 

and an abundance of tensile stress fibers (Schober at al., 2007).  However, FAK knockdown in 

fibroblasts, epithelial, or endothelial cells, or fibroblast and neurons derived from mice with a 

conditional KO of FAK have an elongated or spindle-shaped morphology consistent with the 

inability of the cells to contract (Rico et al., 2004; Yano et al., 2004; Tilghman et al., 2005; 

Braren et al., 2006).  Also, FAK deficient endothelial and HeLa cells show an increase in cell 

motility compared to the decrease in motility observed by FAK-null fibroblasts (Yano et al., 
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2004; Tilghman et al., 2005; Braren et al., 2006).  Thus, there is a potential role for FAK in the 

regulation of cellular tension. 

 

V:  FAK and cell tension 

FAK and mechanotransduction 

 Modulation of FAK expression results in changes in cell morphology and adhesion size 

implicating an alteration in cellular contractile activity; however, it is only suggestive of FAK’s 

involvement in the regulation of cellular tension.  One well documented role for FAK in tension 

generation is through its ability to act as a mechanotransducer.  In mechanically stimulated 

fibroblasts, FAK is the main protein found to be involved in the response to the stimuli (Wang et 

al., 2001; Sawada and Sheetz, 2002; Torsoni et al., 2003).  Wong and colleagues (2011) have 

also found that physical force can enhance skin fibrosis through the activation of FAK which 

stimulates ERK (extracellular signal-regulated kinase) activity and the secretion of monocyte 

chemoattractant protein-1 (MCP-1).  Furthermore, studies have shown that extracellular force or 

stress can activate FAK and result in an increase in tension (Li et al., 1997; Sawada and Sheetz, 

2002).  Increases in cellular contractility by treatment with LPA or bombesin increases focal 

adhesion formation and FAK activation possibly due to FAK recruitment to focal adhesions or 

physical stretching of the FAK molecule to remove the autoinhibition of the kinase activity 

(Sinnett-Smith et al., 1993; Seufferlein and Rozengurt, 1994).  Similarly, inhibition of myosin 

activity through blebbistatin treatment or Rho activity through the presence of a ROCK inhibitior 

decreased focal adhesion size and FAK activity in fibroblasts (Pasapera et al., 2010).  FAK 

signaling has also been found to be required in load-induced cardiac hypertrophy and bone 

remodeling in response to mechanical loading (Clemente et al., 2007; Leucht et al., 2007) 
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indicating that FAK is responsible for sensing external forces and integrating them internally to 

alter focal adhesion dynamics and actinomyosin contractility. 

Mechanical forces inside of the cell can be modulated by the rigidity of the ECM.  Cells 

can sense the rigidity of the matrix that they are seeded on or in and adjust the tension that they 

exert (Choquet et al., 1997; Lo et al., 2000; Saez et al., 2005).  Studies have shown that FAK 

may be critical in this process.  Fibroblasts normally migrate towards a stiffer substrate (i.e. 

higher substrate rigidity); however, FAK KO fibroblasts do not show a preference for stiffness 

(Lo et al., 2000; Wang et al., 2001).  Hence, FAK is responsible in sensing the rigidity of the 

substrate and therefore changes in tension.  FAK can also be involved in the strengthening of the 

adhesions in response to changes in tension.  Control fibroblasts have an increase in traction 

forces when substrate rigidity increases, which coincides with the formation of actin stress fibers 

and robust focal adhesions; however, FAK KO fibroblasts maintain lower traction forces (Wang 

et al., 2001).  Correlation between FAK activity and adhesion growth, as well as increases in 

focal adhesion strength in response to changing forces, suggests that FAK may be involved in a 

positive feedback loop involving focal adhesion growth, FAK activation, and tension generation. 

 

FAK and contractile signaling pathways 

Numerous studies have shown the involvement of FAK in signaling pathways that 

regulate cellular contractile activity.  Integrin engagement recruits FAK to the focal adhesion 

along with other scaffolding and signaling proteins which associate with additional molecules to 

regulate signaling to Rho-GTPases.  Integrin signaling networks regulate the activation of the 

family of Rho-GTPases (Rho, Rac1, Cdc42) through recruitment of associated GAPs and GEFs 

to focal adhesions.  Rho in particular regulates adhesion assembly and disassembly by activating 
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pathways that lead to cell contraction and actin polymerization (Figure 1A).  Studies have shown 

that FAK is not needed for focal adhesion assembly but rather necessary for disassembly (Ren et 

al., 2000; Giannone et al., 2004; Webb et al., 2004; Ezratty et al., 2005).  In migrating cells, FAK 

can cause a local decrease in cell tension to disassemble adhesions by acting on signaling 

pathways which include ERK and MLCK (Webb et al., 2004).  Loss of FAK in keratinocytes has 

shown to cause a decrease in active Src and p190RhoGAP, inactivation of MLCP, and a slight 

increase in myosin II phosphorylation (Schober et al., 2007).  Thus, FAK can downregulate 

myosin activation by altering MLCK and Rho activity. 

It is known that upon adhesion to the ECM, there is a transient decrease in RhoA activity 

followed by extended RhoA activation that eventually decreases over time (Ren et al., 1999).  

However, fibroblasts devoid of FAK are unable to downregulate RhoA following adhesion and 

levels of active RhoA are sustained for a period of several hours (Ren et al., 2000; Pirone et al., 

2006).  FAK has been found to be able to suppress RhoA activity via p190RhoGAP 

phosphorylation (Holinstat et al., 2006).  Recent indirect evidence through inhibitor studies has 

shown that the loss of FAK in fibroblasts also results in an increase in ROCK and MLCK 

activity (Chen et al., 2002).  Inhibition of RhoA or ROCK in FAK null fibroblasts decreases 

focal adhesion formation and restores cell spreading (Ren et al., 2000; Chen et al., 2002).  

Inhibition of myosin ATPase activity by treatment with 2,3-butanedione monoxime (BDM) in 

FAK KO fibroblasts allowed cell spreading suggesting that increased myosin-driven contractility 

in FAK KO fibroblasts is causing a decrease in cell spreading.  However, treated cells did not 

form tensile stress fibers (Chen et al., 2002). 

Thrombin is a potent agonist of cell contractility and binding to its receptor leads to an 

increase in Rho activation and myosin II phosphorylation (Giuliano and Taylor, 1990; Goeckeler 
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and Wysolmerski, 1995; Vouret-Craviari et al., 1998).  Rho can be activated by multiple GEFs 

downstream of FAK signaling.  Treatment with thrombin activates FAK in both a Rho-

dependent and –independent mechanism and PDZ-RhoGEF and LARG (a Rho GEF) can in turn 

be activated by FAK enhancing the activation of Rho in vivo (Chikumi et al., 2002).  Expression 

of a transmembrane-anchored chimeric form of FAK results in constitutive FAK kinase activity 

(Chan et al., 1994) and increases in RhoA activation, which is mediated by PDZ-RhoGEF.  

Blockade of FAK activity through expression of a noncatalytic carboxyl-terminal domain of 

FAK called FRNK (FAK-related non-tyrosine kinase) (Schaller et al., 1993; Richardson and 

Parsons, 1996; Nolan et al., 1999) inhibited the phosphorylation of PDZ-RhoGEF and thus RhoA 

activation (Chikumi et al., 2002).  In neurons, the p190RhoGEF has been shown to interact with 

the FAT domain of FAK resulting in phosphorylation of GEF and activation of RhoA following 

adhesion (Zhai et al., 2003).  FAK is also important for activation of Rho-GTPases family 

member, Rac1, which is involved in lamellipodium formation via the assembly of the cortical 

actin network (Burridge and Wennerberg, 2004).  Activation of the Rac pathway by FAK may 

provide signals promoting protrusiveness in areas of the cell under tension and this coupling is 

critical for the maintenance of polarity during cell migration. 

FAK has also been linked to the downregulation of Rho through the Rho GAPs which 

enhance the intrinsic GTPase activity of Rho-GTPases, rendering them inactive.  The Rho GAP, 

GRAF, localizes to stress fibers and focal adhesions and binds to the proline rich region of FAK 

(Taylor et al., 1998; Taylor et al., 1999).  p190RhoGAP is activated by Src at focal adhesions 

(Arthur et al., 2000) and in endothelial cells, FAK associates and phosphorylates it upon 

thrombin stimulation (Holinstat et al., 2006).  p190RhoGAP does not localize to focal adhesions 

in skin keratinocytes in which FAK expression was conditionally ablated resulting in elevated 
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Rho activity and enhanced stress fibers (Schober et al., 2007).  Abnormal regulation of Rho and 

the enzymes that activate myosin II and regulate cytoskeletal dynamics implicates a role for FAK 

in the regulation of cellular tension generation. 

 Based on current literature, it is hypothesized that if FAK is knocked out of the cell, there 

are alterations in focal adhesion dynamics and an elevation of Rho through modulation of 

RhoGAPs and RhoGEFs.  Active Rho can activate ROCK, causing an increase in myosin 

activity through direct phosphorylation of myosin II RLC or indirectly through inhibition of 

MLCP.  ROCK can enhance the stability of the cytoskeleton by enhancing actin polymerization 

and stress fiber formation.  The combination of enhanced myosin activity and cytoskeletal 

stability is thought to lead to an overall increase in cellular tension (Figure 1B).  Therefore, it is 

hypothesized that a loss of FAK results in an overall increase in cellular tension. 

 

FAK and measurements of force generation 

Observing changes in contractile signaling pathways downstream of FAK do not clarify 

FAK’s role in cellular tension generation.  Although the role of FAK as a mechanosensor has 

been well documented, FAK’s role in the generation and transmission of adhesive forces is 

limited.  Magnetic tweezers exert mechanical shear stress to the cell by applying forces to 

substrate coated superparamagnetic beads and reports measurement of cell stiffness 

(Kollmannsberger and Fabry, 2007).  Atomic force microscopy has also been used as an 

alternative method to measure cell stiffness.  Cell internal forces that resist cell shape changes 

can be estimated from cell stiffness measurements.  Since FAK promotes high focal adhesion 

turnover and cell motility, it would be expected that loss of FAK would result in a less dynamic 

cytoskeleton and more a rigid cell.  However, FAK KO cells are rounded and have an increase in 
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cortical actin and loss of stress fibers which are signs of reduced cell stiffness.  FAK KO 

fibroblasts have reduced cell stiffness as measured by magnetic tweezers and atomic force 

microscopy and an unstable, dynamic cytoskeleton as measured by nanoscale particle tracking 

(Klemm et al., 2009; Fabry et al., 2011).  Therefore, FAK is important in maintaining cell 

rigidity through promoting a static and highly aligned cytoskeleton (Fabry et al., 2011) 

A limited number of studies have focused on directly measuring the tension transmitted 

across the adhesion onto the underlying substrate and the role FAK plays in this transmission.  

Through use of an adhesion strength assay using micropatterned substrates (Gallant et al., 2002), 

it is shown that FAK regulates the time-dependent generation of adhesive force following 

integrin activation (Michael et al., 2009).  In addition, utilization of a microfabricated force 

sensor consisting of an array of vertically placed microneedles which report the traction force 

exerted by the cells to the underlying substrate (Tan et al., 2003) reveals that expression of 

FRNK increased traction forces where as expression of an autophosphorylation-defective mutant 

of FAK decreases traction force indicating that FAK alters the cytoskeletal tension and forces 

experienced at the adhesion (Pirone et al., 2006). 

Previous studies show that FAK is a necessary component of the signaling pathways that 

regulate smooth muscle contraction.  Upon stimulation of smooth muscle cells, FAK is activated 

by tyrosine phosphorylation (Tang et al., 1999). When FAK is knocked down in these cells, there 

is a decrease in stimulated force production accompanied by a decrease in intracellular free 

calcium and myosin activation (Tang and Gunst, 2001).  It appears that FAK both responds to 

and causes changes in mechanical force linking cell adhesion to changes in cell mechanics.  

These studies point to a critical role for FAK in the regulation of smooth muscle and nonmuscle 

cellular tension production; however, these studies are only suggestive of a role for FAK in the 
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generation and transmission of cellular tension. There is also no clear evidence linking FAK to 

actual changes in overall cell contractility, particularly in nonmuscle cells.  In addition, a 

majority of these studies take a reductionist approach and look at singe cells or cells cultured on 

a substrate in a dish.  Physiologically, cells behave in a cohesive unit.  Therefore, studying 

cellular contractility in a three-dimensional (3-D) system would be more indicative of cell 

behavior in vivo. 

 

VII:  Summary 

To determine how the interaction between the ECM, adhesion complexes, and cellular 

contractile machinery generates force and to identify the signaling pathways that are involved 

would be a considerable task.  Therefore, this dissertation focuses on assessing how focal 

adhesions are involved in the generation of force production in nonmuscle cells.  In order to 

address focal adhesion involvement in tension generation, expression of FAK in fibroblasts and 

endothelial cells was modulated.  The overall hypothesis of this dissertation is that FAK is 

critical for force generation in nonmuscle cells.  In order to investigate FAK’s role in cellular 

tension, a 3-D culture system was utilized to measure changes in cell contractility.  The second 

chapter of this dissertation investigates the effect of FAK knockdown in human pulmonary 

microvessel endothelial cells on force generation and endothelial barrier function.  The third 

chapter of this dissertation utilizes FAK-KO MEFs to look at how KO of FAK alters force 

generation and how this effects collagen matrix organization in a 3-D environment.  Also, the 

role of FAK kinase activity in force generation of fibroblasts was determined. 
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Figure 1:  Model of FAK’s involvement in the regulation of cellular tension. 

A) Under normal conditions, FAK regulates the activity of RhoA through upstream regulators of 

GTP binding (i.e. RhoGAPs and RhoGEFs).  A balance between active/inactive myosin II and 

actin severing/polymerization controlled by ROCK leads to the development of basal tension.  B) 

The current accepted model based on data from FAK knockout and knockdown studies indicates 

that loss of FAK results in changes in the normal balance of RhoA activity, resulting in an 

increase in active RhoA and leads to activation of ROCK.  ROCK can increase myosin II activity 

and promote actin stabilization resulting in an increase in the generation of cellular tension. 
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Abstract 

Objective:  To determine the role of focal adhesion kinase (FAK) in the regulation of endothelial 

barrier function. 

Methods:  Stable FAK knockdown human pulmonary microvessel endothelial cells were 

generated by lentiviral infection of FAK shRNA.  Measurements of isometric tension and 

transendothelial electrical resistance were performed. 

Results:  A FAK knockdown human pulmonary endothelial cell line was generated by lentiviral 

infection with FAK shRNA and resulted in greater than 90% reduction in FAK protein with no 

change in Pyk2 protein.  Loss of FAK altered cell morphology and actin distribution in both pre- 

and post-confluent endothelial cells.  Large, polygonal shaped endothelial cells with randomly 

organized stress fibers were identified in pre-confluent cultures while in confluent monolayers, 

endothelial cells were irregularly shaped with actin bundles present at cell margins.  An increase 

in the number and size of vinculin plaques was detected in FAK depleted cells. FAK knockdown 

monolayers generated a greater transendothelial electrical resistance than controls.  Thrombin 

treatment induced similar changes in transendothelial resistance in both FAK knockdown and 

control cell lines.  FAK depleted endothelial cells developed a higher stable basal isometric 

tension compared to control monolayers, but the increase in tension stimulated by thrombin does 

not differ between the cell lines.  Basal myosin II regulatory light chain phosphorylation was 

unaltered in FAK depleted cells.  In addition, loss of FAK enhanced VE-cadherin localization to 

the cell membrane without altering VE-cadherin protein levels. 

Conclusion:  The loss of FAK in endothelial cells enhanced cell attachment and strengthened 

cell-cell contacts resulting in greater basal tension leading to formation of a tighter endothelial 

monolayer. 

Key Words:  focal adhesions, endothelial cells, isometric tension, permeability 
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List of Abbreviations: 

 

ECIS – electric cell-substrate impedance sensing system 

ECM – extracellular matrix 

FAK – focal adhesion kinase 

FAK-KO – focal adhesion kinase knockout mouse embryonic fibroblasts 

FAK-WT – wild-type mouse embryonic wild-type fibroblasts  

HLEC – human pulmonary microvessel endothelial cells 

FAK-KD – focal adhesion kinase knockdown human pulmonary microvessel endothelial cells  

MEFs – mouse embryonic fibroblasts 

RLC – myosin II regulatory light chain 

TER – transendothelial resistance 

WT – wild-type control human pulmonary microvessel endothelial cells 
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Introduction 

 

Endothelial cells lining blood vessels form a continuous layer that confines proteins and 

blood elements to the vascular lumen.  Disruption of the continuous endothelial barrier leads to 

an increase in permeability and development of edema, a hallmark of acute and chronic 

inflammation (Lucas et al., 2009; Dushianthan et al., 2011; Mac et al., 2011).  Mechanisms that 

may play a role in altering barrier function leading to edema formation include: 1) loss of 

endothelial cell cohesion, 2) opening of endothelial cell junctions, 3) activation of intrinsic 

contractile activity, and 4) disruption of the constitutive balance between homotypic cohesion, 

junctional integrity, and basal cellular tension.  

The interaction of endothelial cells with extracellular matrix (ECM) proteins is equally 

important for maintenance and stabilization of blood vessels.  Endothelial cells attach to the 

ECM through transmembrane receptors, integrins, which coalesce in formation of focal 

adhesions (Burridge and Chrzanowska-Wodnicka, 1996).  These structures are specialized sites 

of adhesion that connect the ECM with the cytoskeleton providing the structural link between 

intra- and extracelluar compartments.  This connection allows for efficient transmission of 

biochemical signals and isometric tension from within the cell to its extracellular 

microenvironment.  Intracellular tension develops when myosin II interacts with actin which is 

anchored to focal adhesions.  The magnitude of tension generated has been shown to correlate 

with the number and size of focal adhesions (Riveline et al., 2001; Bershadsky et al., 2003; Tan 

et al., 2003).  Thus, maintaining the selective barrier function(s) of the endothelium requires a 

structural and functional balance between cell-cell and cell matrix interactions.  

         Several studies have documented the role of endothelial cell contractile activity in edema 

formation (Shasby et al., 1982; Wysolmerski et al., 1984; Wysolmerski and Lagunoff, 1985); 
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however, the role of focal adhesions in endothelial barrier function remains unclear.  FAK has 

emerged as an important regulatory enzyme in many endothelial cell functions (Wu, 2005; 

Vadali et al., 2007; Yuan and Rigor, 2010; Yuan et al., 2012).  FAK is a cytoplasmic non-

receptor tyrosine kinase (Kornberg et al., 1992; Schaller et al., 1992), which has been shown to 

be important in the development of the cardiovascular system (Shen et al., 2005; Braren et al., 

2006; Zhao et al., 2010).  Studies targeting FAK deletion in endothelial cells have detected blood 

vessel malformations, which contribute to embryonic lethality (Shen et al., 2005), while studies 

examining FAK’s role in vascular permeability have disparate results.  Several groups have 

shown that FAK activation enhances endothelial barrier function (Belvitch and Dudek, 2012; 

Quadri, 2012), while other reports suggest FAK activation contributes to endothelial barrier 

dysfunction.  Thus, the role of FAK in vascular permeability remains unclear.  The purpose of 

this study was to investigate the role of FAK in vascular permeability using pulmonary 

microvascular endothelial cells in culture.  A stable FAK knockdown human pulmonary 

microvascular endothelial cell line was established and used to assess the effect of FAK deletion 

on endothelial cell permeability, basal and agonist induced isometric tension, the morphological 

distribution of actin and vinculin, and myosin II phosphorylation. 

 

 

Methods 

 

Cell Culture 

Mouse embryonic wild-type (FAK-WT) and FAK knockout (FAK-KO) fibroblasts were 

obtained from ATCC (Manassas, VA) and maintained as outlined previously (Ilic et al., 1995).  

Immortalized human pulmonary microvessel endothelial cells (HLEC) (Shao and Guo, 2004) 

were obtained from Dr. Shao (Biomedical Research Institute, University of Massachusetts at 
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Amherst) and maintained in EGM2-MV media supplemented with 20% FCS (Sigma-Aldrich, St. 

Louis, MO).  All cells were grown at 37
o
C, 5% CO2. 

 

Generation of FAK Knockdown Endothelial Cells 

Human FAK knockdown (FAK-KD) endothelial cells were generated using a CMV driven GIPZ 

lentiviral vector which bicistronically encodes GFP and an shRNA to the coding region within 

the catalytic core of human FAK (Clone #V2LHS_57330; Open Biosystems, Thermo Scientific, 

Waltham, MA).  Lentivirus was generated by transfecting subconfluent 293T cells with the FAK 

shRNA lentiviral vector and 2
nd

 generation lentiviral packaging vectors, psPAX2 and pCMV-

VSVG (3:2:1: ratio of DNA concentration, respectively).  cDNAs were mixed with TurboFect 

transfection agent (Thermo Scientific, Waltham, MA) and cells were transfected as outlined 

previously (Dull et al., 1998; Wang and McManus, 2009).  Supernatants containing viral 

particles were collected every 12 hours for 96 hours, supernatants combined and centrifuged at 

2,000 rpm for 10 minutes at 4C.  Viral supernatants were filtered through a 0.45 µm low protein 

binding syringe filter, frozen, and stored at -80
o
C.  To generate FAK-KD HLECs, HLECs were 

seeded at a density of 4.2x10
5
 cells/T-25 flask 24 hours prior to the addition of FAK-shRNA 

lentivirus.  After 72 hours, shRNA-FAK virus was removed and cells were re-fed in complete 

growth media.  After reaching confluence, cells were split and incubated in the presence of 5 

µg/ml puromycin to select for infected cells.  The GIPZ lentiviral vector carries a resistance gene 

for puromycin allowing only infected cells to survive in the presence of puromycin.  Since 

infected endothelial cells bicistronically express GFP, puromycin-treated cells were also sorted 

by flow cytometry to isolate a stable FAK-KD cell line.  Following cell sorting, stable FAK-KD 

cells were continuously kept in the presence of 5 µg/ml puromycin for maintaining a stable 
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FAK-KD HLEC line.  FAK protein levels were measured by Western blot and GFP expression 

was confirmed using confocal microscopy.  To confirm results obtained with the Open 

Biosystems lenti construct, a limited number of experiments were performed using a  stable 

shRNA FAK knockdown HLEC cell line generated by targeting  the 3’-UTR of FAK mRNA 

(AGCATTGGGTCGGGAACTAA) (Bryant et al., 2012).  

 

Immunofluorescence 

For fluorescent staining, cells were grown in 35 mm collagen coated dishes.  Cells were fixed, 

permeabilized, and immunostained as outlined by Goeckeler and Wysolmerski (1995).  For 

vinculin staining, cells were incubated with a 1:1,500 dilution of a monoclonal mouse anti-

vinculin antibody (Sigma-Aldrich, St. Louis, MO; Cat.#-V9131), for VE-cadherin staining 2 

µg/ml of a mouse monoclonal anti-VE cadherin antibody (Santa Cruz Biotechnology Inc., Santa 

Cruz, CA; Cat.#-sc9989) and to visualize actin filaments, cultures were incubated with 

rhodamine phalloidin (Sigma-Aldrich, St. Louis, MO, Cat.#-P1951).  Cells were examined using 

a Zeiss 510 laser confocal microscope. 

 

Western Blot Analysis 

For western blots, monolayers were lysed in 75 µl of SDS sample buffer and protein 

determinations were performed using a Pierce BCA protein assay after chloroform/methanol 

extraction as outlined by Wessel and Flugge (1984).  Cell lysates (32 µg) were electrophoresed 

on 10% SDS PAGE gels as described previously (Goeckeler and Wysolmerski, 1995; Goeckeler 

and Wysolmerski, 2005).  PVDF membranes were incubated with the following antibodies:  

1:100,000 dilution mouse monoclonal anti-GAPDH (Fitzgerald Industries International, Acton 
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MA; Cat.#-10R-G109A); 1:1,000 dilution of rabbit polyclonal anti-FAK, 1:800 dilution of rabbit 

anti-Pyk2, 1:500 dilution of mouse monoclonal caspase-3, 1:1,000 dilution of mouse monoclonal 

N-cadherin (13A9) (Santa Cruz Biotechnology Inc., Dallas, TX; Cat.#sc-558, Cat.#sc-9019, 

Cat.#sc-7272, Cat.#sc-59987, respectively), 1:1,000 dilution of rabbit polyclonal anti-cleaved 

caspase-3 (Asp175) (Cell Signaling Technology, Danvers, MA; Cat.#9661), 1:1,000 dilution of 

monoclonal mouse anti-vinculin antibody (Sigma-Aldrich, St. Louis, MO; Cat.#V9131), and 

1:15,000 dilution of mouse monoclonal VE-cadherin Hec1 Cad5 overnight at 4
o
C.  For 

visualization of proteins, membranes were incubated in a 1:8,000 dilution of HRP-conjugated 

goat anti-rabbit or goat anti-mouse (Bio-Rad Laboratories, Hercules, CA) antibodies for 1 hour 

at RT, washed with TBS/0.1% Tween-20, and incubated in ECL reagents (GE Healthcare, 

Piscataway, NJ).  Blots were exposed on X-Ray films to detect signal emitted from protein 

bands.  Protein levels were quantitated by laser densitometry (Goeckeler and Wysolmerski, 

1995; Chew et al., 1998).  GAPDH was used as loading control in all Western blots.  Protein 

levels were measured by Western blot for three independent experiments.    

 

Measurement of Transendothelial Resistance (TER) 

The effect of FAK knockdown on HLEC permeability was assessed by measurement of TER 

using Applied BioPhysics Model 1600R Electric Cell-Substrate Impedance Sensing System 

(ECIS) (Applied BioPhysics, Troy, NY).  ECIS electrode arrays (8W10E+) were obtained from 

Applied BioPhysics, cleaned with 10 mM cysteine, and coated with 5 µg/ml rat tail type I 

collagen in 0.15 M NaCl for 12 hrs at RT.  Electrodes were washed with 300 µl complete media, 

electro-pulsed stabilized, and equilibrated at 37
o
C, 5% CO2 for 2 hours.  Arrays were inoculated 

with 1x10
5
 cells/well in a total volume of 400 µl and immediately connected to the electrode 
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clamps.  Electrical resistance was continuously measured until a stable TER was detected 

(approximately 60 hours).  To assess changes in agonist stimulated monolayer permeability, 10 

nM thrombin was added to each well and the change in electrical resistance monitored for the 

duration of the experiment.  A drop in electrical resistance correlates with a breakdown in cell-

cell/cell-matrix interactions (i.e. leaky monolayer) while an increase in resistance indicates 

development of a more cohesive monolayer (i.e. tighter monolayer, less leak).  Data were 

collected at 1 minute intervals, and resistance values (ohms) were plotted as a function of time 

(hours).  WT and FAK-KD tracings are an average of data from 6 individual wells ± s.e.m.  

Experiments are representative of similar experiments conducted at least nine additional times. 

 

Myosin Phosphorylation and Isometric Tension Measurements  

To determine basal levels of myosin II regulatory light chain phosphorylation (RLC), cells were 

seeded onto collagen coated 35-mm dishes and the extent of myosin RLC phosphorylation 

analyzed as outlined previously (Goeckeler et al., 2000; Brown et al., 2009).  Briefly, 

phosphorylated  myosin II RLC  was detected by the ECL method (Amersham Corp., Arlington 

Heights, IL) using an affinity-purified rabbit antibody generated to phospho Ser-19 RLC.  X-ray 

films were developed at various time intervals to obtain an exposure within the linear range of 

the film.  Films were scanned in a personal densitometer (Molecular Dynamics, Sunnyvale, CA) 

in two dimensions; the densitometry units (DU) for each sample were standardized based on total 

myosin II RLC content (see below) and expressed as a ratio of densitometric units to total RLC 

content.  Results were then expressed as relative phospho-RLC content (P-RLC); i.e., Phospho-

RLC to Total-RLC (P-RLC = Phospho-RLC/ Total-RLC). 
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Total RLC content was determined by probing Western blots with affinity-purified RLC 

antibodies raised against recombinant nonmuscle myosin II RLC as outlined previously (Chew et 

al., 1998).  Total myosin II RLC were detected by ECL methodology and analyzed as outlined 

above.  Phosphorylation experiments were repeated three times. 

Isometric tension measurements were performed as described in detail by Goeckeler et al. 

(Goeckeler and Wysolmerski, 1995; Goeckeler and Wysolmerski, 2005; Goeckeler et al., 2008).   

 

 

Results 

 

 A stable FAK knockdown (FAK-KD) endothelial cell line was generated by infecting 

pulmonary microvessel endothelial cells with a lentivirus expressing an shRNA targeted to 

human FAK.  FAK protein levels in stable FAK-KD endothelial cells were reduced by 85-90% 

of those in control (WT) endothelial cell as shown in Figure 1.  In FAK knockout fibroblasts 

(Sieg et al., 1998; Lim et al., 2008) and endothelial cells (Weis et al., 2008), a closely related 

protein, Pyk2, has been shown to be up-regulated compensating for the loss of FAK. Pky2 levels 

were unchanged in FAK-KD endothelial cells, indicating Pyk2 does not compensate for loss of 

FAK (Figure 1).  FAK protein levels were routinely monitored by western blots to ensure FAK 

knockdown was consistent between experiments.  Studies overexpressing a naturally occurring 

splice variant of FAK, FAK-Related Non-Kinase (FRNK), have shown FRNK prevents 

phosphorylation of endogenous FAK inhibiting cell proliferation and survival.  Furthermore, 

studies on endothelial cells from knockout mice have reported conflicting results on FAK’s role 

in proliferation, migration and survival (Braren et al., 2006; Zhao et al., 2010; Chen et al., 2012).  

To ensure our stable FAK-KD cell line did not inhibit cell proliferation or alter cell survival, we 

performed cell growth studies, assessed cell death by trypan blue exclusion, and determined if 
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loss of FAK induced apoptotic cell death.  We found depletion of FAK had minimal effect on 

cell proliferation (Figure 2A) and cell death (data not shown) in agreement with the results 

published by Bryant et al. (2012).  In addition, FAK-KD endothelial cells showed no activation 

of caspase-3 (Figure 2B) or significant annexin V staining (data not shown) indicating loss of 

FAK did not induce apoptotic cell death.   

  Electric cell-substrate impedance sensing (ECIS) was used to measure transendothelial 

resistance (TER) of WT and FAK-KD endothelial cell monolayers as a measure of endothelial 

cell adherence, cell spreading, and monolayer permeability.  As shown in Figure 3A, FAK-KD 

endothelial cells developed a higher TER when compared to control monolayers.  For the first 15 

minutes post-seeding, WT and FAK-depleted endothelial cells generated a similar electrical 

resistance profile, which suggests that loss of FAK does not affect cell attachment (Figure 3B).  

TER in FAK depleted cells continued to rapidly increase to a 1.3-fold level above controls by 90 

minutes (Figure 3B).  Resistance steadily increased over the duration of the experiment 

(approximately 60 hours) in FAK-KD endothelial cells reaching a stable TER 1.4-fold higher 

than WT controls (Figure 3A).  Resistance in WT endothelial cell monolayers developed slower 

and never attained the same resistance levels (cohesiveness) as FAK-KD endothelial cells 

(Figure 3A).  To determine if the difference in electrical resistance was due to variation in WT vs 

FAK-KD cell number, the DNA content (Emmert et al., 2004; Goeckeler et al., 2008) in each 

ECIS well was determined at the end of an experiment.  WT and FAK-KD endothelial cell DNA 

content from ECIS wells were comparable (870±0.391 vs 897±0.307ngDNA, respectively) 

indicating there was no significant difference in WT and FAK-KD cell growth within ECIS 

wells.  These results were consistent with our cell proliferation data (Figure 2) and indicate the 

higher electrical resistance generated by FAK-KD cells was not due to more cells per well. 
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Following establishment of stable TER, ECIS arrays were removed from clamps, cells re-

fed with complete media, and arrays reattached to the ECIS apparatus.  As shown in Figure 3C, 

FAK-KD endothelial cells generated and maintained a higher stable TER than WT control (76 

hours post-seeding) and TER was unaltered by addition of fresh media.   

Exposure to 10 nM thrombin induced a rapid drop in electrical resistance in both WT and 

FAK-KD endothelial cell monolayers (Figure 3D).  Recovery of TER was similar in both cell 

lines; however, control monolayers developed a higher TER post-recovery than do FAK-KD 

endothelial cell monolayers (Figure 3D).  Taken together, these data suggest the initial 

differences in resistance results from differential cell size and/or spreading while the 

development of a higher basal TER indicates FAK depletion induces formation of tighter more 

cohesive endothelial cell monolayers (Figure 3A). 

We next sought to determine if the enhancement of the barrier function was accompanied 

by changes in F-actin and/or focal adhesion distribution.  WT endothelial cells seeded at pre-

confluent densities exhibited an elongate morphology with actin stress fibers, which run parallel 

to one another and traverse the length of the cell (Figure 4A).  In contrast, FAK-KD endothelial 

cells were twice the size and have a polygonal shape (WT endothelial cells, 6,794±161 µm
2
 vs 

FAK-KD endothelial cells, 13,284±286 µm
2
; Table1) with actin stress fibers arranged parallel to 

one another at the cell margins. In the cell center, actin bundles were shorter and ran in several 

directions. No peripheral rim of actin stress fibers was detected.  To visualize focal adhesions, 

indirect immunofluorescence labeling of vinculin, a major focal adhesion protein was 

undertaken.  Small vinculin plaques were located throughout WT endothelial cell cytoplasm, 

occupying approximately 0.16% of the total cell area (Table 1).  In FAK-KD endothelial cells, an 
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increase in size and number of vinculin plaques was detected resulting in a 1.5-fold increase in 

total vinculin plaque area (Table 1, Figure 4A). 

Major contributions to the knowledge of FAK’s role in actin dynamics and focal 

adhesion localization come from experiments done with FAK-KO mouse embryo fibroblasts 

(MEFs) (Ilic et al., 1995).  To determine if our results were comparable to the established FAK-

KO MEF model, a limited number of localization studies were performed on FAK-KO and 

FAK-WT MEFs.  FAK-KO MEFs seeded at pre-confluent densities were small, round cells 

compared to FAK-WT MEFs (Figure 4B).  Rhodamine phalloidin staining revealed most FAK-

KO MEFs exhibited a prominent peripheral band of actin filaments with short thick randomly 

dispersed central stress fibers (Figure 4B).  FAK-WT MEFs exhibit long parallel stress fibers 

running the length of the cell (Figure 4B).  Focal adhesions in FAK-WT MEFs were small, round 

plaques localized at the cell periphery while in FAK-KO MEFs there was an increase in size and 

number of large elongate plaques compared to FAK-WT MEFs (Figure 4B) as previously 

reported (Ilic et al., 1995; Ren et al., 2000).  Similar changes in vinculin distribution were found 

in FAK-depleted endothelial cells and FAK-KO fibroblasts, however, FAK’s effects on cell 

shape and size was unique to each cell type.   

We next sought to determine if the F-actin distribution and focal adhesion content 

changed in confluent monolayers similar to that seen in pre-confluent endothelial cells.  Figure 

4C shows a representative confocal micrograph of WT and FAK-KD endothelial cell 

monolayers.  WT monolayers consist of a cohesive sheet of endothelial cells with actin filaments 

traversing the long axis of the cell.  In contrast, cells in FAK knockdown monolayers were 

irregular in shape with short actin filaments that run perpendicular to one another.  The majority 

of vinculin plaques in control monolayers were localized at the cell margins as small discrete 
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plaques.  Approximately 1% of the cell area was occupied by vinculin plaques in WT endothelial 

cell monolayers (Table 1).  In FAK knockdown monolayers, a 52% increase (Table 1) in 

vinculin plaque area was detected. The number and size of plaques increased throughout the 

cytoplasm and at cell margins (Figure 4C).  No difference in the cellular vinculin protein content 

was detected between WT and FAK-KD cell lines (Figure 5) suggesting loss of FAK results in 

either a reduction in focal adhesion turnover (Quadri et al., 2003) and/or reorganization and 

recruitment of cytoplasmic vinculin to new and existing adhesion plaques.  Taken together, we 

speculate loss of FAK induced an increase in number and size of focal adhesion plaques, 

strengthening cell-cell contacts, and attachment to the extracellular matrix, leading to formation 

of tighter monolayers.  

Focal adhesions are the specialized structures that connect the ECM with the cytoskeleton 

providing the conduit for generation of isometric tension.  Previously, we had shown that 

endothelial cell monolayers generated a stable basal isometric tone associated with a low level of 

myosin II RLC phosphorylation (Goeckeler et al., 2008).  Since a greater number of vinculin 

plaques are present in FAK-KD endothelial cells, we speculated cells producing more focal 

adhesions would generate a greater basal endothelial cell tone (Riveline et al., 2001; Bershadsky 

et al., 2003; Tan et al., 2003).  To explore this possibility, the effect of FAK-KD on basal and 

agonist-induced isometric tension was determined on HLEC monolayers as described previously 

(Goeckeler and Wysolmerski, 1995; Emmert et al., 2004).  Figure 6A is a representative 

isometric tension tracing of thrombin-stimulated WT and FAK-KD endothelial cell monolayers.  

FAK-KD monolayers consistently developed a higher basal tension (20-25 dynes) compared to 

control monolayers.  However, upon 10 nM thrombin stimulation, loss of FAK appeared to have 

little effect on agonist induced tension generation.  Both knockdown and control monolayers 
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responded to thrombin with a rapid rise in tension development achieving approximately the 

same peak tension.  After achieving peak tension, the decline in force was similar in both cell 

lines.  Addition of 2 µM cytochalasin D rapidly abolished isometric tension produced by the 

endothelial cell monolayers. 

Reports have shown FAK-KO MEFs exhibit a higher basal myosin II RLC 

phosphorylation than FAK-WT MEFs when seeded onto fibronectin coated dishes (Chen et al., 

2002; Pirone et al., 2006).  To determine if the loss of FAK effects the extent of endothelial cell 

myosin II RLC phosphorylation, FAK-KD endothelial cells and WT endothelial cells were 

seeded onto collagen-coated dishes and the extent of myosin II RLC phosphorylation assessed as 

described previously (Brown et al., 2009; Goeckeler et al., 2008).  In both FAK-depleted and 

WT endothelial cell monolayers, 20% of the myosin II RLC was mono-phosphorylated with no 

significant amount of di-phosphorylated RLC detected in either cell line (Figure 6B).  In 

addition, no significant difference in myosin II RLC phosphorylation could be detected in 

thrombin-treated monolayers (data not shown).  Thus, the extent of endothelial cell basal myosin 

II RLC phosphorylation was not affected by the loss of FAK as observed in FAK-KO MEFs 

(Chen et al., 2002; Pirone et al., 2006). 

Cadherins are essential homotypic adhesion molecules that specifically localize to 

adherens junctions and control endothelial cell integrity (Dejana et al., 2009; Harris and Nelson, 

2010).  Since loss of FAK has been associated with changes in cadherin distribution (Zhao et al., 

2010), we sought to determine if FAK depletion altered the content and localization of 

endothelial cell cadherins.  Western blot analysis showed both VE- and N-cadherin protein levels 

did not change in FAK-KD endothelial cells compared to WT endothelial cells (Figure 7).  In 

both WT and FAK depleted monolayers, VE-cadherin immuno-localized to intercellular 
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junctions outlining the borders between adjacent cells.  VE-cadherin exhibited an irregular or 

jagged pattern at many inter-endothelial cell junctions due to co-localization with stress fibers 

terminating at sites of cell-cell contact (Figure 8A).  No increase in cytoplasmic VE-cadherin 

staining was detected in FAK depleted monolayers (Figure 8G).  Although, VE-cadherin protein 

levels were comparable in both cell lines (Figure 7) the intensity of VE-cadherin staining was 

greater at cell margins in FAK depleted monolayers compared to WT monolayers (Figure 8A 

and G).  Together, these data suggest loss of FAK increases the recruitment of VE-cadherin from 

cytoplasmic pools to sites of cell-cell contact.   

Consistent with previously published studies, thrombin treatment induced endothelial cell 

retraction/contraction (Goeckeler and Wysolmerski, 1995; Rabiet et al., 1996; Hordijk et al., 

1999; Emmert et al., 2004) with formation of gaps between adjacent endothelial cells in both WT 

and FAK-KD endothelial cell monolayers (Figure 8D and J).  The extent of gap formation was 

greater and more widespread in control monolayers than in FAK depleted cultures.  No VE-

cadherin staining was detected at cell margins that outlined the intercellular gaps in both cell 

lines (Figure 8 C and I).  In regions of the monolayers where cells did not retract from one 

another, VE-cadherin remained localized at cell margins.  Restoration of monolayer integrity 

following thrombin treatment occurred over a two hour period (Figure 8C-F and I-L) with 

closure of inter-endothelial cell gaps and re-establishment of VE-cadherin staining at resealed 

intercellular junctions (Figures 8 E and F and K and L).  Interestingly, thrombin treatment 

induced formation of thicker stress fibers in WT endothelial cells compared to FAK-KD 

endothelial cells (Figure 8D and J) while, at two hours post treatment, actin stress fibers 

appeared more abundant in FAK-depleted monolayers than controls (Figure 8F and L).   
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Discussion 

 

Endothelial cells line the wall of all blood vessels and perform a unique role in regulating 

a variety of physiological processes such as vascular tone, hemostasis, angiogenesis, and 

leukocyte transmigration.  Vascular endothelial cells establish a selective barrier between the 

vascular and interstitial space and tightly regulate the bidirectional exchange of water and solutes 

between these compartments.  There is a large body of data that suggests the semi-permeable 

barrier formed by the microvascular endothelium is maintained through a delicate balance 

between cell-cell interaction, endothelial cell-matrix adhesion, and the generation of endothelial 

cell basal tension.  These interactions tether endothelial cell to endothelial cell as well as 

endothelial cell to their ECM establishing a conduit for transmission of cellular forces and 

biochemical signals between cells and their matrix.  Inter-endothelial cell tight junctions and 

adherens junctions have been considered the key structural components responsible for 

regulating endothelial cell permeability.  However, recent studies indicate transmembrane 

protein complexes known as the focal adhesions, function in endothelial cell barrier regulation 

by modulating the attachment of the endothelium to its underlying basement membrane.  The 

focal adhesion proteins, FAK and vinculin, are key members of this macromolecular adhesion 

complex downstream of integrins that regulate the organization of the actin cytoskeleton for 

transduction of cellular forces from inside to outside of the cell. FAK’s involvement in cell 

signaling cascades is well recognized, however, its role in regulating endothelial cell barrier 

function and basal tone remains unclear.  In the present study, a stable shRNA FAK knockdown 

pulmonary microvessel endothelial cell line was established to assess the effects of FAK deletion 

on endothelial cell focal adhesion distribution, paracellular permeability, maintenance of basal 

tension and agonist induced permeability, and force development.  We report that depletion of 
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FAK in endothelial monolayers results in i) increase in the number and size of focal adhesions, 

ii) formation of a tighter more cohesive monolayer, iii) development of a higher basal endothelial 

cell tension, iv) no alteration in agonist induced permeability or isometric tension development,  

and v) no delay in reestablishing TER following agonist stimulation.  Our findings directly 

implicate FAK as an important protein in endothelial cells responsible for regulating endothelial 

permeability and basal isometric tension.  

Vascular permeability is regulated by strengthening or weakening of intercellular 

junctions and several studies have shown an important role for FAK in modulating endothelial 

cell permeability (Hordijk et al., 1999; Quadri and Bhattacharya, 2007; Belvitch and Dudek, 

2012; Quadri, 2012).  Cardiac or pulmonary microvessel endothelial cells isolated from FAK 

knockout mice exhibit increased monolayer permeability compared to control monolayers.  

These studies confirmed data showing inhibition or depletion of FAK altered in vitro monolayer 

permeability of endothelial cells isolated from several vascular beds (Mehta et al., 2002; Quadri 

et al., 2003; Wu et al., 2003; Chen et al., 2012).  Recent studies have shown endothelial cells 

isolated from FAK kinase dead knockin mice (Chen et al., 2012) grow to confluence and form a 

non-permeable barrier to high molecular weight dextrans, suggesting that FAK kinase activity 

may not be involved in the development and maintenance of basal endothelial cell barrier 

functions.  These studies also documented normal vessel development and density in mice with 

no hemorrhage/edema formation as occurs in the FAK-KO mouse models (Braren et al., 2006; 

Corsi et al., 2009; Zhao et al., 2010).  However, in tissue culture studies, FAK’s involvement in 

altering endothelial cell permeability differs according to the type of stimulus as well as the 

origin of endothelial cells used for experiments.  FAK kinase activity is required to enhance 

barrier function upon treatment with  KCL (hyper-osmotic conditions; (Quadri et al., 2003)), 
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HGF (Birukova et al., 2009b), and OxPAPC (Birukova et al., 2007; Birukova et al., 2009a)  

while the inflammatory agents TGF-beta (Wu et al., 2003; Lee et al., 2007; Chen et al., 2012), 

thrombin (Rabiet et al., 1996; Shikata et al., 2003; van Nieuw Amerongen et al., 2004),  and  

VEGF (Wu et al., 2003; Chen et al., 2012)  activate FAK kinase activity leading to increases in 

monolayer permeability.  In agreement with our studies, Chen et al. (2012) recently reported 

inhibition of FAK kinase activity with inhibitor PF-262,271 increased basal TER in human 

pulmonary endothelial cells.  Furthermore, studies from intact microvessels have shown 

increased FAK kinase activity correlates with increases in permeability in response to histamine 

and VEGF (Wu et al., 2003; Guo et al., 2005; Chen et al., 2012).  Thus, FAK has the ability to 

modulate endothelial cell barrier function both positively and negatively depending on the 

stimulus involved.  Our studies revealed FAK-KD endothelial cells have a higher basal TER 

compared to control monolayers.  We believe the higher basal TER in FAK-KD endothelial cells 

develops due to the formation a greater number of larger focal adhesion plaques which 

strengthen endothelial cell-ECM interactions.  Previous reports have shown reduction in FAK 

content or expression of kinase deficient FAK mutants resulted in a prolonged barrier disruption 

and inhibition of junctional resealing upon agonist stimulation (Rabiet et al., 1996; Hordijk et al., 

1999; Garcia et al., 2000; Mehta et al., 2002; Quadri and Bhattacharya, 2007).  However, we 

observed a rapid decrease in TER following thrombin stimulation in both control and FAK-KD 

endothelial monolayers which recovers to basal levels within two hours.  We attribute these 

differences to the use of different endothelial cell lines in prior experiments.  The effects of FAK 

inhibition on barrier function may differ depending on the vascular bed and endothelial cell 

species used (Schnitzer et al., 1994; Gebb and Stevens, 2004).  Since we were unable to 
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completely knockdown FAK (10% of control levels), it is conceivable that FAK protein levels 

were sufficient to maintain its physiological role in regulating vascular homeostasis.  

It is generally accepted FAK modulates vascular permeability through one of the 

following mechanisms: i) FAK activation/inhibition regulates myosin II RLC phosphorylation 

inducing cell contraction leading to intercellular gap formation, ii) inflammatory mediators 

activate FAK resulting in disassembly and redistribution of focal adhesions, leading to the 

formation of gaps and increased permeability, iii) FAK activation induces assembly of junctional 

complexes resulting in a tighter more cohesive monolayer, and iv) activation of FAK effects 

downstream signaling cascades that modify adhesion complex proteins resulting in altered 

barrier function (Wu, 2005; Vadali et al., 2007).  The general consensus from studies using 

FAK-KO MEFs and endothelial cells derived from FAK KO mice suggests loss of FAK causes 

an increase in myosin II RLC phosphorylation, myosin II activation, and cell contraction.  The 

increase in cell contraction is believed to be responsible for the rounded morphology displayed 

by FAK-KO MEFs and endothelial cells (Ilic et al., 1995; Chen et al., 2002; Pirone et al., 2006).  

The contraction model has also been proposed to explain endothelial cell junctional disruption 

and edema formation associated with FAK activation/inactivation.  In this study, we found FAK 

depletion caused an increase in basal isometric tension without an increase in RLC 

phosphorylation/myosin activation.  However, initial studies undertaken in FAK-KO MEFs 

(Chen et al., 2002; Pirone et al., 2006; Lim et al., 2008) or KD-EC (Pirone et al., 2006) reported 

an increase in RLC phosphorylation.  It is difficult to compare their studies with ours since these 

studies analyzed myosin II RLC phosphorylation pattern on pre-confluent cells, while our studies 

were done with post-confluent endothelial cell monolayers.  
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Previous studies from our laboratory have shown that basal tension is associated with low 

levels of RLC phosphorylation (Goeckeler and Wysolmerski, 1995; Goeckeler et al., 2008) and 

myosin II functions as a major cross-linking protein in confluent endothelial cell monolayers 

with the potential for generating tension or pre-stress within the cytoskeleton.  We propose that 

the increase in monolayer tension and enhanced barrier function occurs due to the increase in 

abundance of focal adhesion plaques creating a stronger structural link between endothelial cells 

and the ECM.  In addition, vinculin recruitment to adhesion plaques stabilizes focal adhesions 

and the associated actin filaments allowing for more efficient transmission of intracellular 

tension to the matrix.  Several lines of evidence lend credence to this idea.  Loss of FAK:  i) is 

associated with large stable focal adhesions (Ilic et al., 1995; Ren et al., 2000) which function as 

attachment platforms for actin filaments increasing the efficiency for force transduction to the 

ECM. Several studies have shown that the amount of tension generated correlates with the 

number and size of focal adhesions (Balaban et al., 2001; Galbraith et al., 2002; Bershadsky et 

al., 2003; Tan et al., 2003; Rape et al., 2011); ii) alters the structural integrity of matrix adhesion 

causing a conformational change that results in more efficient force transduction to the ECM; iii) 

results in recruitment of vinculin to the  focal adhesion increasing the strength of adhesion 

plaques (Galbraith et al., 2002; Mierke et al., 2008; Dumbauld et al., 2010a) as well as cross-

linking and stabilizing actin filaments  associated with focal adhesions.  A strengthened adhesion 

(Matthews et al., 2004; Michael et al., 2009; Dumbauld et al., 2010a) allows for development of 

greater cellular pre-stress which is transmitted to the ECM and detected as  either an increase in 

the traction force (Balaban et al., 2001; Rape et al., 2011) or basal isometric tension (Goeckeler 

and Wysolmerski, 1995; Goeckeler et al., 2008).  Dumbauld et al. (2010a, b) has shown a 

reduction in adhesion strength and contractility occurs upon vinculin depletion or re-expression 
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of FAK in MEFs isolated from FAK-KO mice lending support to our hypothesis; and iv) induces 

activation of downstream signaling cascades altering focal adhesion strength or actin dynamics 

modulating basal tension and monolayer permeability.  Taken together our results suggest that 

FAK depletion modulates endothelial cell-ECM interactions generating a stronger structural link 

between endothelial cell-endothelial cell/endothelial cell-ECM altering endothelial cell barrier 

strength and basal tone. 

Vascular integrity and endothelial barrier regulation depends critically on the dynamics 

of the endothelial cell actin cytoskeleton (Garcia et al., 1995; Dudek and Garcia, 2001).  

Previous studies in bovine and human pulmonary artery endothelial cells have shown treatment 

with hepatocyte growth factor and sphingosine 1-phosphate enhances barrier integrity (i.e. 

observed increase in TER as measured by ECIS).  These agents induce formation of a dense 

band of F-actin at the cell margins and stabilize adherens junctions (Garcia et al., 2001; Liu et 

al., 2002).  We observed a similar enrichment of cortical F-actin in unstimulated FAK-KD 

monolayers (Figure 8H) compared to WT monolayers (Figure 8B).  The increase and 

stabilization of F-actin at the cell periphery most likely occurs in response to vinculin 

recruitment to adhesion plaques.  In this study and other reports (Garcia et al., 1995; Dudek and 

Garcia, 2001; Garcia et al., 2001; Liu et al., 2002; Belvitch and Dudek, 2012), the formation of a 

dense peripheral F-actin network appears to correlate with enhancement of endothelial cell 

barrier function.  Therefore, FAK may function as a regulator of endothelial cell barrier integrity 

through changes in actin dynamics and cell-cell contacts.  

Cell-cell contacts maintain the integrity of the endothelial barrier and alterations in 

junctional proteins can lead to changes in monolayer permeability.  FAK can localize to cell-cell 

contacts where it interacts with adherens junction proteins to facilitate recovery following 
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agonist-induced barrier disruption (Quadri and Bhattacharya, 2007; Knezevic et al., 2009).  

However, following VEGF stimulation, active FAK can mediate phosphorylation of the adherens 

junction proteins, leading to the junctional disassembly and subsequent increases in permeability 

(Chen et al., 2012).  In our studies, FAK depletion had no effect on VE- or N-cadherin protein 

levels and only minimal changes in VE-cadherin distribution detected in control or thrombin-

treated cultures.  Our results do not rule out the possibility that recruitment of these proteins to 

the cell-cell contact has not been altered or may contribute to changes in barrier functions 

following the loss of FAK.   

 Numerous studies have demonstrated an important role for FAK in modulating vascular 

integrity.  In this study, we have shown FAK-KD increases endothelial cell basal tone and 

enhances endothelial cell barrier function without altering VE-cadherin content/distribution or 

activitating myosin II dependent contractile pathways.  The current work suggests that loss of 

FAK enhances vascular integrity by promoting formation of vinculin adhesion plaques which 

stabilize actin creating a tighter, more cohesive monolayer.  FAK’s physiological role in 

regulating vascular permeability is still unresolved; however, our studies have documented a role 

for FAK in regulating basal isometric tension and endothelial permeability.  A more in depth 

understanding of FAK’s role in regulating endothelial cell permeability will provide new insight 

for development of therapeutic agents to modulate the vascular leakage associated with many 

clinical syndromes. 
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Table 1. Effect of FAK knockdown on vinculin plaques 

 WT 

Pre-confluent 

endothelial cells 

FAK-KD 

Pre-confluent 

endothelial cells 

WT 

Confluent 

endothelial cells 

FAK-KD 

Confluent 

endothelial cells 

Vinculin 

staining, % of 

cell area  

0.16±0.05 0.25±0.07 0.87±0.04 1.7±0.09 

Number of  

Vinculin plaques 

per cell 

 

193±57 

 

348±89 

ND ND 

Results are expressed as the percentage (mean ± SE) of total cell area positive for vinculin 

staining.  Endothelial cell monolayers were fixed, permeabilized and immunostained for 

vinculin. Photomicrographs were taken with a Zeiss 510 confocal microscope and were analyzed 

with Imaris Software as outlined previously (27). 
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Figure 1:  FAK and Pyk2 protein expression in endothelial cells and MEFs. 

Endothelial and MEF cell extracts were analyzed for FAK and Pyk2 protein levels.  FAK protein 

content was knocked down by approximately 80-90% in stable endothelial cell lines expressing a 

shRNA targeting FAK. FAK knockdown did not cause up-regulation of endothelial cell Pyk2.  

GAPDH was used as a loading control. 
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Figure 2 
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Figure 2: Effect of FAK knockdown on cell proliferation and death. 

A) Endothelial cells were seeded at subconfluent densities in 6-well plates and cell counts 

performed every two days for 12 days to compare WT and FAK-KD growth rates. Data plotted 

are an average of triplicate replicates ± s.e.m.  B) Confluent WT and FAK-KD cells were treated 

with either 0.1 µM DMSO (negative control) or 5 µM staurosporine for six hours to activate 

caspase-3.   Western blot analysis of WT and FAK-KD cell extracts reveals treatment of HLEC 

with staurosporine resulted in activation of caspase 3 in both WT and FAK-KD cells.  However, 

FAK-KD alone does not activate caspase 3. 
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Figure 3 
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Figure 3:  Effect of FAK knockdown on transendothelial electrical resistance.  

Representative transendothelial electrical resistance tracing generated by WT and FAK-KD 

endothelial cells.   A)  Control (red) and FAK-KD endothelial cells (blue) were plated on gold 

electrodes and the increase in resistance was followed until endothelial cell monolayers exhibited 

a stable TER.  FAK-KD endothelial cells developed a 1.3-fold higher TER than WT endothelial 

cell monolayers.  B) A typical TER tracing showing FAK-KD endothelial cells generated a 

greater resistance than WT endothelial cells 15 minutes after seeding.  C) Following 

establishment of stable TER, arrays were removed, cells were re-fed with complete media, and 

arrays were placed back into the system.  TER was recorded for several hours to determine the 

difference between WT and FAK-KD monolayer basal TER. D) Response of WT and FAK-KD 

endothelial monolayers to 10 nM thrombin stimulation. WT and FAK-KD tracings are an 

average of data from 6 individual wells ± s.e.m. Experiments are representative of similar 

experiments conducted at least nine additional times. 



74 

 

 

Figure 4 



75 

 

Figure 4:  Localization of actin and vinculin in endothelial cells and MEFs. 

Preconfluent endothelial cells and MEFs were fixed 24 hours after seeding onto collagen-coated 

dishes, permeabilized, and stained with rhodamine phalloidin to visualize actin filaments and 

vinculin for localization of focal adhesion plaques. A) Preconfluent endothelial cells: In WT 

endothelial cells, vinculin was localized in small plaques randomly distributed throughout the 

cell.  Actin was bundled into prominent filaments running the length of the cell.  FAK depletion 

induced larger prominent vinculin plaques while actin localization was disorganized. Bar 20 µm.   

B) Preconfluent MEFs: FAK-WT MEFs were large cells with prominent stress fibers.  Vinculin 

localized to the ends of the stress fibers.  In contrast, FAK-KO MEFs were small round cells 

with large actin cables at the cell periphery.  Vinculin plaques co-localized with actin bundles at 

cell margins. Bar 20 µm.  C) Confluent endothelial cell monolayers: In WT endothelial 

monolayers vinculin was present at cell margins and localized to the ends of actin filaments.  A 

greater number of vinculin plaques were evident in FAK-KD endothelial cells and actin 

filaments were disorganized compared to WT controls.  Bar 20 µm.   
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Figure 5 
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Figure 5:  Vinculin protein expression in FAK-KD and WT endothelial cells. 

Endothelial cell extracts were analyzed by Western blots for vinculin protein levels.  FAK 

knockdown did not alter vinculin protein levels in human pulmonary lung microvessel 

endothelial cells.  GAPDH was used as a loading control. 
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Figure 6 

 

 

 



79 

 

Figure 6:  Effect of FAK knockdown on endothelial cell isometric tension and myosin II 

phosphorylation.  

A) Representative isometric tension tracing generated by WT (red) and FAK-KD (blue) 

monolayers exposed to 10 nM thrombin. FAK knockdown monolayers developed a higher basal 

tension compared to controls. Loss of FAK had little effect on agonist induced tension 

generation.  B) Effect of FAK knockdown on myosin II phosphorylation.  WT and FAK-KD 

endothelial cell extracts were analyzed for monophosphorylated (Ser 19), diphosphorylated (Ser 

19/Thr 18) myosin II RLC, and total RLC.  Reduction in cellular levels of FAK did not alter 

basal myosin RLC phosphorylation. 
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Figure 7 
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Figure 7:  VE- and N-cadherin protein expression in FAK-KD and WT endothelial cells.  

Endothelial cell extracts were analyzed by western blots for VE-and N-cadherin protein levels.  

FAK knockdown did not alter the level of either VE- or N-cadherin protein expression in human 

pulmonary lung microvessel endothelial cells.  GAPDH was used as a loading control. 
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Figure 8 
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Figure 8:  Localization of VE-cadherin and F-actin in WT and FAK-KD HLECs.  

Endothelial  cells were seeded onto collagen-coated cultured dishes and fixed four days post 

confluence and stained for VE-cadherin (A,C,E,G,I,K) and F-actin (B,D,F,H,J,L) by rhodamine 

phalloidin binding as outlined in Materials and Methods.  In control and FAK-KD unstimulated 

endothelial cell monolayers, VE-cadherin (A, G) was localized as a continuous rim of 

fluorescence at cell margins while actin (B, H) was bundled into prominent filaments running the 

length of cells. WT and FAK-KD monolayers were incubated with 10 nM thrombin for 10 min 

and fixed for immuno-staining. Thrombin induced gap formation between cells with loss of VE-

cadherin staining (C, I) at the membranes which outline gaps. By two hours, gaps within the 

monolayers closed and VE-cadherin (E, K) was present at cell-cell contacts.  Bar 20 µm. 
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Abstract 

 

Focal adhesion kinase (FAK) is an essential molecule within focal adhesions and has been 

proposed to be a key component in the transduction of cellular forces between cellular 

environments.  Utilizing FAK knockout (FAK-KO) mouse embryonic fibroblasts (MEFs) 

embedded in three-dimensional (3-D) collagen gels, we found that loss of FAK decreased basal 

tension and produced minimal agonist induced force compared to controls without alterations in 

myosin II phosphorylation.  Analysis of extracellular matrix structure showed controls generated 

an organized, dense collagen network whereas FAK-KO formed a loose matrix lacking a distinct 

organizational pattern.  Re-expression of FAK in knockouts rescued force development and 

matrix organization.  Inhibition of FAK kinase activity had little effect on basal or agonist 

induced force generation where as inhibition of FAK localization to focal adhesions reduced 

basal force and nearly abolished agonist induced force.  Our findings indicate FAK is an 

important structural molecule within focal adhesions, facilitating transduction of cellular forces 

from inside to outside of the cell.  
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List of Abbreviations: 

 

2-D – two-dimensional 

3-D – three-dimensional 

C4 – chloropyramine hydrochloride 

ECM – extracellular matrix 

FAK – focal adhesion kinase 

FAK180/3 – FAK knockout fibroblasts expressing constitutively active FAK 

FAK-dead – FAK knockout fibroblasts expressing kinase dead mutant of FAK 

FAK-KO – focal adhesion kinase knockout mouse embryonic fibroblasts 

FAK-WT – wild-type littermates of FAK-KO mouse embryonic fibroblasts 

FRNK– FAK knockout fibroblasts expressing a truncated form of FAK 

FRNK-C1034S – FAK knockout fibroblasts expressing FRNK targeting mutant 

MEFs – mouse embryonic fibroblasts 

p53-KO – p53 knockout mouse embryonic fibroblasts 

Pyk2 – FAK-related proline-rich tyrosine kinase 2 

RLC – nonmuscle myosin II regulatory light chain 

SEM – scanning electron microscopy 

SHG – second harmonic generation 

WT-FAK – FAK knockout fibroblasts expressing full-length focal adhesion kinase 
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Introduction 

 

Originally discovered as a substrate for v-Src, focal adhesion kinase (FAK) is a 

cytoplasmic tyrosine kinase whose name is derived from its subcellular localization (Kanner et 

al., 1990; Schaller et al., 1992, Kornberg et al., 1991; Guan et al., 1991; Hanks et al., 1992) and 

has been found to be a key structural and functional protein involved in signaling pathways that 

regulate cell adhesion, migration, and survival (Ilic et al., 1995; Ilic et al., 1998; Zhao et al., 

1998; Owen et al., 1999; Renshaw et al., 1999; Sieg et al., 1999; Sieg et al., 2000; Webb et al., 

2002).  Localized in multiprotein complexes called focal adhesions, FAK has been shown to be a 

prominent protein in adhesion structure and associated signaling pathways (Parsons, 1993; 

Schaller and Parsons, 1994; Richardson and Parsons, 1995).  Focal adhesions allow the cell to 

interact with its external environment through transmembrane receptors called integrins, which 

bind to the extracellular matrix (ECM) proteins and create a physical linkage for the cell to its 

surroundings (Burridge et al., 1988; Jockusch et al., 1995; Liu et al., 2000).  It also provides the 

mechanism necessary for the cell to respond to external cues (outside-in signaling) as well as 

influence its own surroundings (inside-out signaling) (Hynes, 2002).  Internally, the integrin-

mediated cellular adhesions are linked to the contractile machinery (actin and myosin II) through 

the focal adhesions and connect the actin cytoskeleton with the ECM (Jockusch et al., 1995; 

Hynes, 2002; Zaidel-Bar and Geiger, 2010).  These specialized sites of adhesion provide the 

structural link needed for the cell to generate tension and the disruption of these cell-matrix 

adhesions leads to the decline in cellular tension (Balaban et al., 2001; Riveline et al., 2001).  

However, how these adhesions are involved in the generation and transmission of force is not 

well understood. 
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The generation of cell tension occurs when myosin II interacts with actin cytoskeletal 

filaments and is regulated primarily by the phosphorylation status of myosin II, which can occur 

through direct phosphorylation of myosin regulatory light chains (RLC) or inhibition of myosin 

phosphatase.  Phosphorylation of myosin II through both calcium-dependent and -independent 

pathways regulates motor activity, myosin bipolar filament assembly, and stimulates actin-

activated myosin II ATPase activity leading to changes in cell contractility (Scholey et al., 1980; 

Tan et al., 1992).  Control of cell contraction occurs through myosin light chain kinase (MLCK), 

which becomes activated following the binding of calcium dependent calmodulin and directly 

phosphorylates myosin II (Scholey et al., 1980).  Also, active Rho-kinase (ROCK), which is 

controlled by the small GTPase Rho, can inhibit the myosin II light chain phosphatase as well as 

directly phosphorylate myosin II in a calcium-independent manner suggesting there are 

alternative pathways for the regulation of myosin II and cell contraction (Amano et al., 1996; 

Kimura et al., 1996; Kureishi et al., 1997; Kawano et al., 1999; Totsukawa et al., 2000; Emmert 

et al., 2004.  

A limited number of studies have investigated a role for FAK in cellular tension.  

Previous studies have shown that FAK is involved in the regulation of myosin II activation.  In 

FAK null fibroblasts, the intrinsic activity of RhoA is increased and re-expression of FAK in 

these fibroblasts decreases RhoA activity and increases p190Rho-GTPase activating protein 

(p190RhoGAP) activity, implying FAK works, in part, through modulation of RhoA (Ren et al., 

2000; Holinstat et al., 2006; Pirone et al., 2006).  The impaired motility of FAK deficient 

fibroblasts can be rescued by pharmacological inhibition of ROCK (Chen et al., 2002).  Recent 

indirect evidence has shown that the loss of FAK also results in an increase in ROCK activity.  

In addition to ROCK, MLCK activity is elevated in the absence of FAK suggesting that 
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contractile activity should be increased (Chen et al., 2002; Webb et al., 2004).  Abnormal 

regulation of Rho and the kinases that activate myosin II and regulate cytoskeletal dynamics 

implicates a role for FAK in the signaling pathways regulating cell tension.  However, when 

FAK is knocked down in smooth muscle cells, there is a decrease in stimulated force production 

accompanied by a decrease in intracellular free calcium and myosin activation (Tang and Gunst, 

2001).  In a study conducted in our laboratory, we found that FAK knockdown in pulmonary 

endothelial cells resulted in an increase in basal cell tension without alterations in myosin II 

phosphorylation (Arnold et al., 2013).  In addition, a limited number of studies using traction 

force and microneedle analysis suggest the loss of FAK alters cellular rigidity in nonmuscle cells 

(Pirone et al., 2006; Klemm et al., 2009; Fabry et al., 2011).  Furthermore, studies have shown 

that extracellular stresses can activate FAK and result in an increase in tension (Li et al., 1997; 

Sawada and Sheetz, 2002) indicating discrepancies in FAK’s involvement in tension generation.  

Also, there has been no direct measurement of how the loss of FAK affects overall cellular 

tension.  Therefore, we wanted to determine if FAK is critical for nonmuscle cellular tension 

generation. 

Much of the knowledge about FAK’s role in cellular functions is derived primarily from 

single-cell in vitro experiments on fibronectin coated glass coverslips with a limited number of 

studies performed on collagen-coated dishes.  However, physiologically, cells behave in a 

cohesive unit.  Also, the focal adhesion molecular composition and structure following 

attachment to a two-dimensional (2-D) substrate differs in three-dimensional (3-D) matrix 

adhesions (Cukierman et al., 2001).  Changes in the molecular composition of the focal 

adhesions could alter cellular behavior in 3-D.  Therefore, we wanted to determine the 

involvement of FAK in tension generation in cells embedded within a 3-D collagen matrix. 
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To investigate the role of FAK in tension generation, we utilized mouse embryonic 

fibroblasts (MEFs) isolated from FAK knockout (FAK-KO) mice and embedded the cells within 

a 3-D collagen matrix.  Unexpectedly, fibroblasts devoid of FAK had low basal force and were 

unable to produce tension in response to an agonist.  Myosin II activation and actin stress fiber 

formation occurred following treatment of FAK-KO MEFs with an agonist indicating the 

contractile machinery was intact.  However, altered cell morphology and lack of distinct focal 

adhesion formation in 3-D suggested impairment in the focal adhesion linkage to the external 

cellular surroundings.  Imaging of the collagen matrix revealed a lack of collagen organization 

by the FAK-KO MEFs indicating a loss of functional interaction with the collagen.  Inhibition of 

FAK kinase activity did not affect force generation; however, disruption of FAK localization 

within the focal adhesion reduced basal force and blunted agonist induced force generation 

similar to that observed by the FAK-KO MEFs.  Thus, FAK is a critical protein in providing the 

scaffolding necessary for internal cellular tension to be transmitted to the external matrix 

resulting in cellular interaction and organization of the matrix in order for cell contraction to 

occur. 

 

 

 

Materials and Methods 

Cell Culture 

Mouse embryonic FAK knockout (FAK-KO), wild-type littermates (FAK-WT), and p53 

knockout (p53-KO) fibroblasts were purchased from ATCC (Manassas, VA) and maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS) 

(Sigma-Aldrich, St. Louis, MO).  FAK-WT and FAK-KO MEFs are of mesenchymal origin, 

since they express vimentin and lack E-cadherin.  The p53-null mutation was introduced to 
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enable propagation of primary FAK-KO cells (Tsukada et al., 1993; Ilic et al., 1995; Ilic et al., 

1998).  Control fibroblasts were isolated from mouse embryos as described previously (Connor, 

2001) and maintained in DMEM supplemented with 10% FCS.  All cells were cultured at 37
o
C, 

5% CO2. 

 

Rat Tail Type I Collagen Isolation 

Four fresh rat tails were washed with water, soaked in 70% ethanol, and rinsed with phosphate-

buffered saline (PBS) prior to skinning.  The tip of the tail was cut off and an incision was made 

from the base to the tip allowing the skin to be easily peeled off.  A cut was made through each 

collagen bundle at the tip and base of the tail in order to pull the collagen fibrils from the tail.  

Pulled collagen fibrils were placed on ice in a 100 mm dish containing PBS until approximately 

5 grams of pulled collagen fibrils (wet weight) had been obtained.  All fibrils were then placed 

on ice in a 100 mm dish containing 70% ethanol for 1 hour.  Collagen fibrils were rinsed twice in 

PBS and once in water before placing in a beaker containing 20 mM acetic acid.  To extract 

collagen, solution was stirred very slowly at 4
o
C for 48 hours.  After 48 hours, the solution was 

spun at 16,000g for 90 minutes at 4
o
C to remove any fibrils that were not extracted.  Collagen 

supernatant was stored at 4
o
C.  Collagen concentration was determined by running serial 

dilutions of a commercially bought collagen with known concentration on a 10% SDS gel to 

generate a standard curve.  Serial dilutions of extracted collagen were run on a separate gel.  

Both gels were stained with Coomassie Blue and an Odyssey infrared imaging system (LI-COR 

Biosciences, Lincoln, NE) was used to scan gels and quantitate the bands to determine the 

concentration of the extracted collagen. 
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Isometric Tension Measurements 

Isometric tension measurements were performed as previously described (Kolodney and 

Wysolmerski, 1992; Goeckeler and Wysolmerski, 1995, Goeckeler et al., 2008).  Briefly, 

collagen gels were made by suspending 1x10
6
 cells/ml in a collagen solution containing 1 mg/ml 

rat tail type I collagen and seeded into a cylindrical Teflon mold which contains a central post.  

Cells cannot bind to the Teflon and therefore only interact with themselves or the collagen fibers.  

Cells bind to the collagen and constrict and organize the fibers around the mold’s central post to 

form a ring of cells embedded within collagen which will be referred to as collagen gels.  Cells 

were grown for 4 days at 37
o
C, 5% CO2.  After 4 days, collagen gels were gently removed from 

the molds and hung from force transducers to monitor tension.  After establishing a stable basal 

tension, cells were stimulated with 1 µM lysophosphatidic acid (LPA) and actin filament 

polymerization was inhibited with cytochalasian D (CytoD).  Following experiments, collagen 

gels were snap frozen for measurement of DNA content. 

 

DNA Quantitation and Staining 

In order to normalize force measurements, the number of cells within a collagen gel was 

determined by quantitation of DNA content using Hoechst 33258 dye as described previously 

(Emmert et al., 2004; Goeckeler et al., 2008).  Salmon testes DNA was used to generate a 

standard curve.  Collagen gels from representative force experiments were probe sonicated in 

750 µl 0.1% SDS/PBS until a homogenous solution was generated.  Unknown samples were 

diluted 1:50 and 1:100 in PBS and 100 µl of sample was loaded into the appropriate well of a 

microtiter plate.  200 µl of 0.135 µg/ml stock Hoechst 33258 dye was added to each well for a 

final concentration of 0.09 µg/ml.  Fluorescence was measured using a Modulus Microplate 
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Multimode Reader (Turner BioSystems, Inc, Sunnyvale, CA).  DNA concentration within each 

collagen gel was calculated using the slope of the standard curve and the raw intensity reading of 

the unknown. 

To determine dispersion of cells within the collagen gels, FAK-KO collagen gels were 

fixed overnight in stabilization buffer (127 mM NaCl, 5 mM KCl, 1.1 mM NaH2PO4 monobasic, 

0.4 mM KH2PO4, 2 mM MgCl2, 5.5 mM glucose, 1 mM EGTA, 20 mM Pipes) containing 2% 

glutaraldehyde on day 1, 2, 3, and 4 post-seeding.  Two small pieces of the collagen gel were cut 

and cells were permeabilized in stabilization buffer containing 0.5% Triton X-100 and 0.6% 

deoxycholate (DOC) for 3 hours and incubated with 4 µl rhodamine phalloidin (Sigma-Aldrich, 

St. Louis, MO; Cat.#P1951) overnight at room temperature.  The following day, collagen gels 

were washed extensively with PBS and incubated with 1 µg/ml Hoechst 33258 dye for 20 

minutes to stain cell nuclei.  To image the cells, stained gel pieces were coverslipped with 90% 

glycerol/10% PBS containing 0.1 M n-propyl gallate (Giloh and Sedat, 1982).   Z-stack images 

of the collagen gel were generated by taking 1.5 µm steps through the total depth of the gel using 

two-photon fluorescence microscopy (Yang et al., 2011, 2013).   

 

Myosin Phosphorylation 

The extent of myosin II RLC phosphorylation was determined 4 days after casting cells in 

collagen gels.  After 4 days, gels were stimulated with 2 units/ml thrombin for 2.5 minutes while 

still in the mold.  Collagen gels were removed from the mold, spun down for 2 minutes at 10,000 

rpm in 1.5 ml microfuge tube, supernatant was removed, and collagen gel was snap frozen for 

analysis.  Thawed collagen gels were broken up with a small pestle, vortexed, and sonitcated in 

ice cold lysis buffer (600 mM sodium chloride).  Samples were placed on ice for 15 minutes and 
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then spun down at 10,000 rpm for 10 minutes at 4
o
C.  Supernatant was removed and extract was 

combined with 4x SDS sample buffer.  Samples were sonicated and heated to 100
o
C for 10 

minutes and separated on 10% SDS gels.  Proteins were transferred to nitrocellulose membranes 

and blots were air-dried overnight.  The following day, membranes were re-hydrated in 1x Tris-

buffered saline (TBS), fixed with 0.1% glutaraldehyde/PBS, reduced in 50 mM sodium 

borohydride, and blocked in 5% milk/1x TBS/0.1% Tween-20 prior to the addition of primary 

antibodies.  Blots were incubated in either a 1:1,000 dilution of anti-phospho-Ser19 myosin II 

regulatory light chain (RLC) antibody (Cell Signaling Technology, Danvers, MA; Cat.#3671) or 

affinity-purified anti-myosin RLC antibody raised against recombinant nonmuscle myosin II 

RLC as outlined previously (Chew et al., 1998) overnight at 4
o
C.  To visualize proteins, Western 

blots were incubated in a 1:8,000 dilution of HRP-conjugated goat anti-rabbit (Bio-Rad 

Laboratories, Hercules, CA; Cat.#1706515) for 1 hour at room temperature, washed with 1x 

TBS/0.1% Tween-20, and incubated in ECL reagents (GE Healthcare, Piscataway, NJ).  Blots 

were exposed on X-ray films to detect signal emitted from protein bands.  Levels of 

phosphorylated myosin RLC were compared to total myosin RLC protein levels. 

 

Gel compression studies 

Cells embedded within collagen gels were incubated in the Teflon molds with 10 µM 

CellTracker Red CMPTX (Invitrogen Life Technologies, Grand Island, NY; Cat.#C34552) 4 

days post seeding for 30 minutes at 37
o
C and then washed with media for 30 minutes at 37

o
C.  

Following incubation, collagen gels were removed from the molds and fixed in stabilization 

buffer containing 3% formaldehyde overnight at room temperature.  To determine the depth of 

an uncompressed collagen gel devoid of cells, 10 l Fluoresbrite multifluorescent 1 m 
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microspheres (Polysciences, Inc, Warrington, PA; Cat.#24062) were added to 1 ml of the 

collagen solution prior to casting in Teflon molds.  After 4 days, the collagen gels devoid of cells 

were removed and fixed overnight.  Collagen gels were washed with PBS and coverslipped with 

90% glycerol/10% PBS containing 0.1 M n-propyl gallate (Giloh and Sedat, 1982).  Two small 

pieces from each collagen gel were cut and four different areas from each piece were measured.  

Four different molds were used per cell type.  Four images were taken in varying locations 

throughout each collagen gel piece.  The total depth of the collagen gel was measured using two-

photon fluorescent microscopy (Yang et al., 2011, 2013) by imaging the fluorescence to 

determine the top and bottom of the gel.  

 

Two-Dimensional (2-D) Immunofluorescence 

Immunostaining procedures followed the protocols described in Goeckeler and Wysolmerski 

(1995).  3 x10
4
 cells were seeded onto 35-mm collagen-coated dishes (25 µg/ml type I collagen) 

and incubated overnight at 37
o
C, 5% CO2.  Cells were fixed and permeabilized in 37

o
C 

stabilization buffer containing 2% formaldehyde, 0.2% Triton X-100, and 0.5% DOC overnight 

at room temperature.  Cultures were permeabilized in stabilization buffer containing 0.5% Triton 

X-100, 0.6% DOC for two 10 minute incubations, gently washed with PBS, and incubated in 10 

mM sodium borohydride for 2 minutes to reduce free aldehydes.  To reduce non-specific 

binding, cells were incubated in blocking buffer (PBS containing 0.4% bovine serum albumin, 

0.05% fish gelatin, 10 g/ml goat IgG) for 1 hour prior to incubation with primary antibodies.  

For focal adhesion staining, cells were incubated with a 1:1,500 dilution of monoclonal mouse 

anti-vinculin antibody (Sigma-Aldrich, St. Louis, MO; Cat.#V9131) for 3 hours and then a 

1:1,000 dilution of Alexa goat anti-mouse 647 nm antibody (Invitrogen Life Technologies, 
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Grand Island, NY; Cat.#A21237) for 1 hour.  To visualize actin filaments, cells were incubated 

with 2 μl rhodamine phalloidin/35-mm dish (Sigma-Aldrich, St. Louis, MO; Cat.#P1951) for 1 

hour.  Cells were washed with PBS and then coverslipped with 90% glycerol/10% PBS 

containing 0.1 M n-propyl gallate (Giloh and Sedat, 1982).  Cells were examined using a Zeiss 

LSM 510 confocal microscope (63x oil objective). 

 

Focal Adhesion Immunostaining in Three-Dimensional (3-D) Collagen Gels 

Differences in 3-D cell morphology and focal adhesions were assessed by generating collagen 

gels as described previously.  After 4 days, collagen gels were removed from the molds, washed 

in PBS, and fixed and permeabilized in stabilization buffer containing 2% formaldehyde, 0.2% 

Triton X-100, and 0.5% DOC overnight.  A small piece from each collagen gel was randomly 

cut for immunostaining.  For immunofluorescence, cells were permeabilized for 3 hours in 2x 

stabilization buffer containing 0.5% Triton X-100 and 0.6% DOC followed by extensive washing 

with PBS.  Cells were incubated with 1:500 dilution of monoclonal mouse anti-vinculin antibody 

and 4 μl rhodamine phalloidin/piece of mold (Sigma-Aldrich, St. Louis, MO; Cat.#V9131 and 

Cat#.P1951, respectively) overnight at room temperature.  The following day, cells were 

incubated with a 1:1,000 dilution of Alexa goat anti-mouse 488 nm antibody (Invitrogen Life 

Technologies, Grand Island, NY; Cat.#A11017) for 3 hours.  Collagen gels were washed well 

with PBS and coverslipped with 90% glycerol/10% PBS containing 0.1 M n-propyl gallate 

(Giloh and Sedat, 1982).   Z-stack images of the collagen gel were generated by taking 1.5 µm 

steps through the total depth of the gel using two-photon fluorescent microscopy (Yang et al., 

2011, 2013). 
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Western Blot Analysis 

Cells cultured in 2-D were scraped up into 100
o
C 1.5x SDS sample buffer containing 10 g/ml 

DNase I.  For 3-D samples, cell-collagen gels were probe sonicated in 500 l 0.1% SDS/PBS to 

break up the collagen.  30 l of cell-collagen suspension was combined with 3x SDS sample 

buffer containing 10 g/ml DNase I for protein content analysis.  All samples were sonicated and 

heated to 100
o
C for 10 minutes and separated on 10% SDS gels.  Proteins were transferred to 

PVDF membranes and blocked in 5% milk prior to the addition of primary antibodies.  Blots 

were incubated with the following antibodies:  1:12,000 dilution of mouse monoclonal anti-

GAPDH (Fitzgerald Industries International, Acton, MA; Cat.#10R-G109A); 1:1,000 dilution of 

rabbit polyclonal anti-FAK (C-20), 1:800 dilution of rabbit polyclonal anti-Pyk2 (Santa Cruz 

Biotechnology Inc., Dallas, TX; Cat.#SC-558 and Cat.#SC-9019, respectively); 1:1,000 dilution 

of rabbit polyclonal anti-FAK pY397 (Invitrogen Life Technologies, Grand Island, NY; Cat.#44-

624G); 1:1,000 dilution of rabbit polyclonal anti-α1 integrin (Abcam, Cambridge, MA; 

Cat.#ab106267); 1:2,500 dilution of mouse monoclonal anti-p53 (1C12) and 1:1,000 dilution of 

rabbit polyclonal anti-α5 integrin, anti-αV integrin, anti-β1 integrin, or anti-β3 integrin (Cell 

Signaling Technology, Danvers, MA; Cat.#2524, Cat.#4705, Cat.#4711, Cat.# 4706, and 

Cat.#4702, respectively) overnight at 4
o
C.  For visualization of proteins, Western blots were 

incubated in a 1:8,000 dilution of either HRP-conjugated goat anti-rabbit or goat anti-mouse 

(Bio-Rad Laboratories, Hercules, CA; Cat.#1706515 and Cat.#1706516, respectively) antibodies 

for 1 hour at room temperature, washed with 1x TBS/0.1% Tween-20, and incubated in ECL 

reagents (GE Healthcare, Piscataway, NJ).  Blots were exposed on X-ray films to detect signal 

emitted from protein bands.  Protein levels were quantitated with laser densitometry.  GAPDH 

was used as loading control in all Western blots. 
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Second Harmonic Generation (SHG) and Pixel Intensity Quantitation 

Collagen gels were removed and fixed in stabilization buffer containing 2% formaladehyde 

overnight.  The collagen gel was cut and laid flat and anchored in a 35-mm dish filled with PBS 

for imaging.  Second harmonic (SHG) was generated as outlined by Yang et al. (2011, 2013).  

Pixel intensity in six, random regions of interest was determined for each image utilizing the 

image-processing package Fiji, an Open Source image processing package based on ImageJ.  

Pixel intensity was quantified by subtracting the background from the total pixel intensity of 

each region of interest.  Data was presented as average pixel intensity per cell type.  Error bars 

represent standard error of the mean.  10 separate images from each cell type were analyzed. 

 

Scanning Electron Microscopy 

Collagen gels were washed in 37
o
C PBS prior to immersion fixation in 1% formaldehyde, 2.5% 

glutaraldehyde in 0.15M sodium cacodylate buffer pH 7.2 for 48 hours at 4
o
C.  Samples were 

washed in sodium cacodylate buffer and post-fixed in 1% osmium tetroxide in the cacodylate 

buffer for 30 minutes.  Samples were rapidly dehydrated in graded steps of acetone (25%-100%) 

and critically point dried using a Tousimis 815a Critical Point Dryer.  Samples were mounted 

onto aluminum stubs and coated with a 40 nm-thick layer of platinum using a Temescal BJD 200 

E-Beam Evaporator.  Samples were examined with a JEOL JSM-7600-F scanning electron 

microscope. 

 

Rescue of FAK knockout 

Re-expression of FAK in FAK-KO fibroblasts was achieved by using a tetracycline inducible 

lentiviral vector encoding either a wild-type form of FAK (WT-FAK) or a constitutively active 
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form of FAK (FAK180/3) (Lietha et al., 2007).  Constructs were generously provided by Dr. 

Michael Schaller.  Lentivirus was generated by transfecting subconfluent 293T cells with the 

lentiviral vector and the 2
nd

 generation packaging system, psPAX2 and pCMV-VSVG (3:2:1 

ratio of DNA concentration, respectively) and the transfecting agent, TurboFect (Thermo 

Scientific, Waltham, MA; Cat.#R0531).  Supernatants containing viral particles were collected 

every 12 hours for 96 hours and stored at 4
o
C during collection.  Viral supernatants were 

combined and centrifuged at 2,000 rpm for 10 minutes at 4
o
C, filtered through a 0.22 µm low 

protein binding syringe filter, and frozen at -80
o
C.  To generate FAK re-expressing fibroblasts, 

FAK-KO MEFs were seeded at a density of 5x10
5
 cells/T-25 flask and allowed to adhere and 

spread 24 hours prior to addition of WT-FAK or FAK180/3 lentivirus.  After 72 hours, virus was 

removed and cells were placed in normal growth media to recover.  In order to select for FAK 

re-expressing cells, infected cells were seeded at a density of 5x10
5
 cells/T-25 flask in the 

presence of 1 µg/ml puromycin.  The lentiviral vector carries a resistance gene for puromycin 

and therefore only infected cells will be able to survive the presence of puromycin.  Since the 

lentiviral vector was also tetracycline inducible, WT-FAK or FAK180/3 expression was induced 

by addition of 1 µg/ml doxycycline.  Stably FAK re-expressing cell lines were maintained in full 

media containing 1 µg/ml puromycin and 1 µg/ml doxycycline.  FAK protein levels were 

measured by Western blot to ensure re-expression of FAK. 

 

FAK Inhibitors and Mutant Constructs 

For inhibitor studies, the small molecule inhibitor, PF-573,228 (Slack-Davis et al. 2007) was 

used to inhibit FAK kinase activity and the small molecule chloropyramine hydrochloride (C4) 

(Kurenova et al., 2009) was utilized to disrupt FAK targeting to focal adhesions.  FAK-WT and 
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FAK-KO collagen gels were made and hung on force transducers as described previously.  1 µM 

of PF-573,228 was added to the bath after establishment of stable baseline tension.  After 15 

minutes of inhibitor treatment, cells were stimulated with 1 µM LPA to determine the effect of 

FAK kinase inhibition on agonist induced tension.  Collagen gels were snap frozen for 

measurement of DNA content following the experiment.  For the C4 inhibitor experiments, 5 µM 

C4 was added to the media 24 hours post seeding FAK-WT cell-collagen solution into Teflon 

molds and replenished with new inhibitor every 24 hours.  After 4 days, collagen gels were 

removed from molds and hung from force transducers as described previously and allowed to 

generate a stable basal tension.  After basal tension was achieved, 5 µM of C4 was added for 1 

hour prior to stimulation with 1 µM LPA.  Collagen gels were snap frozen for measurement of 

DNA content following experiment.  To inhibit the activity of the Src-family of kinases, FAK-

WT collagen gels were made and hung from force transducers as described previously.  

Following establishment of basal tension, either 1 µM of PP2 (Enzo Life Sciences, Farmingdale, 

NY; Cat.#BML-EI297) or 1 μM SU6656 (Calbiochem, San Diego, CA; Cat.#572635) was added 

to the bath for 15 minutes to inhibit the activity of the Src-family of kinases prior to stimulation 

with 1 µM LPA. 

To determine if FAK kinase activity was necessary for tension generation, FAK-KO 

MEFs were infected with an adenovirus encoding a kinase dead form of FAK (FAK-dead) which 

was generously provided by Dr. Kevin Pumiglia.  FAK-KO MEFs were seeded at a density of 

3.5x10
5
 cells/35 mm dish 24 hours prior to infection.  Cells were infected with 5 µl virus on day 

1 and 2.  On day 3, the virus was removed and cells were placed in normal growth media to 

recover.  On the fourth day post-seeding, cells were trypsinized, counted, and 1x10
6
 cells/ml 

were resuspended in 1 mg/ml collagen solution for construction of collagen gels.  Isometric 
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tension measurements were performed as described previously.  Following tension 

measurements, collagen gels were snap frozen for determination of infection efficiency.  FAK 

protein levels were measured by Western blot to ensure expression of kinase dead FAK. 

To ensure FAK localization to focal adhesions was critical for tension generation, 

collagen gels were generated as described previously.  Following collagen polymerization, cells 

were infected while in the molds with an adenovirus expressing a naturally occurring variant of 

FAK called FRNK (FAK-related non-kinase) (Schaller et al., 1993; Richardson and Parsons, 

1996; Nolan et al., 1999) or a mutant form of FRNK (FRNK-C1034S) (Bryant et al., 2006) 

which has residue 1034 in the FAT domain mutated, disrupting paxillin binding and localization 

within focal adhesions (Sieg et al., 1999, Tomar et al., 2009) overnight in DMEM+1% FCS.  

Constructs were generously provided by Dr. Kevin Pumiglia.  An MOI of 50 was used for the 

FRNK adenovirus and 5 µl of FRNK-C1034S virus was utilized for infection.  The next day, 

molds were fed with full media and incubated for 4 days total prior to performing isometric 

tension measurements.  Following tension measurements, collagen gels were snap frozen for 

determination of infection efficiency.  FRNK protein levels were measured by Western blot to 

ensure expression of FRNK. 

 

 

 

Results 

 

FAK is critical for basal and agonist-induced force generation 

In order to determine the effect loss of FAK has on basal and agonist stimulated tension, 

FAK knockout (FAK-KO) mouse embryonic fibroblasts (MEFs) and control fibroblasts from 

littermates (FAK-WT) were utilized.  Cells were seeded into three-dimensional (3-D) collagen 

gels as described in METHODS.  Both cell lines established a stable basal tension; however 
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FAK-KO had approximately 40% reduction in basal tension compared to FAK-WT (Figure 1A).  

After stable basal tension was established, cells were stimulated with the addition of 1 µM 

lysophosphatidic acid (LPA).  LPA treatment rapidly induced a 70 dyne increase in FAK-WT 

tension and the establishment of a new baseline tension.  In contrast, LPA treatment only 

induced a 5 dyne increase in FAK-KO tension, which slowly returned to baseline (Figure 1A).  

Tension generated by FAK-WT and FAK-KO in response to LPA was abolished by application 

of 1 µM cytochalasin D (CytoD) (Figure 1A). 

FAK-KO MEFs were isolated from mice that were deficient in both FAK and p53 and 

therefore control and p53 knockout (p53-KO) MEFs were utilized in a limited number of 

experiments for comparison.  Analysis of cell extracts revealed a complete loss of FAK and p53 

in FAK-KO MEFs, however the loss of FAK caused an elevation in a closely related protein, 

FAK-related protein rich kinase 2 (Pyk2) as previously reported (Lim et al., 2008; Weis et al., 

2008) (Supplementary Figure 1B and 1C).  FAK-WT and p53-KO MEFs were completely 

devoid of p53 protein however only p53-KO MEFs had an elevation in Pyk2 protein levels 

(Supplementary Figure 1B and 1C).  FAK protein levels were unaltered in control, FAK-WT, 

and p53-KO MEFs (Supplementary Figure 1A). 

To ensure the effect on MEF tension was due to the loss of FAK and not p53, isometric 

tension of p53-KO MEFs was measured.  Control and p53-KO MEFs produced a similar basal 

tension, which was approximately 10 dynes lower than FAK-WT; FAK-KO MEFs had a 50% 

reduction in basal tension compared to FAK-WT (Figure 1B).  Control, FAK-WT, and p53-KO 

MEFs responded to 1 µM LPA stimulation resulting in an 80 dyne, 110 dyne, and 50 dyne 

increase in tension, respectively, where as FAK-KO only produced a 5 dyne increase in tension 
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following LPA stimulation (Figure 1B).  Tension produced by all cell types was abolished by 

application of 1 µM CytoD (Figure 1B).   

Myosin II activation through phosphorylation of its regulatory light chain (RLC) is 

necessary for bipolar myosin filament formation and interaction of myosin with actin filaments 

thus allowing the generation of cellular force.  Low levels or the inability to phosphorylate 

myosin could attribute to the reduction in FAK-KO MEF tension following agonist stimulation.  

To assess if myosin activation was altered in FAK-KO MEFs, levels of myosin II RLC 

phosphorylation were analyzed.  Comparable low levels of phosphorylated myosin II RLC were 

detected under basal conditions and, following thrombin stimulation, a similar increase in 

myosin II RLC phosphorylation was observed in FAK-KO and FAK-WT MEFs indicating that 

myosin activation was unaltered in FAK-KO MEFs (Figure 1C).  Thus, FAK is critical for basal 

and agonist induced tension generation, however does not regulate myosin activation. 

 

Loss of FAK alters cell morphology and focal adhesion formation in 2-D and 3-D 

Modifications in cell morphology and actin structure and disruption of focal adhesion 

integrity through the loss of FAK could affect the mechanical linkage of the cell to the 

extracellular matrix and directly alter cell tension generation.  Therefore, we wanted to determine 

how the loss of FAK affected cell morphology and focal adhesion distribution in fibroblasts.  

Since a majority of studies investigating FAK’s role in tension generation has been done on cells 

seeded in two-dimensional (2-D) culture, we first wanted to investigate how the loss of FAK 

affected fibroblast cell morphology and focal adhesion formation.  In 2-D culture, control and 

FAK-WT MEFs exhibited a spread, fibroblast morphology with a number of cellular protrusions 

and actin filaments extending throughout the central part of the cell (Figure 2A).  In contrast, 
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FAK-KO MEFs were smaller and more rounded with no cellular protrusions.  There was an 

abundance of actin filaments throughout the FAK-KO MEFs with an increase in cortical actin 

around the cell periphery (Figure 2A).  In comparison, p53-KO MEFs were also round, 

nonspread cells with a thick cortical actin ring and short central actin filaments (Figure 2A). 

Indirect immunofluorescent labeling of vinculin, a major focal adhesion protein, was 

performed to visualize focal adhesion distribution in MEFs under preconfluent 2-D conditions.  

Control and FAK-WT MEFs had elongated adhesions that were located throughout the entire 

cell but predominated around the periphery (Figure 2A).  In comparison, p53-KO MEFs had 

smaller plaques with an increased number of adhesions centrally in the cell compared to controls 

(Figure 2A).   FAK-KO MEFs had smaller, thicker focal adhesions with an increase in plaque 

formation throughout the entire cell (Figure 2A).  Similar alterations in focal adhesion 

distribution were observed when cells were stained with paxillin (data not shown).  Therefore, 

loss of FAK altered both cell morphology and focal adhesion distribution in 2-D. 

We found that cell morphology was altered with the loss of FAK in 2-D culture, however 

force experiments were conducted on cells that were embedded in a 3-D collagen matrix, and 

therefore, may exhibit different behaviors than cells cultured on dishes.  Thus, we wanted to 

investigate how cell morphology changed when cells were grown in the collagen gels.  In order 

to investigate the cell morphology in 3-D, FAK-WT and FAK-KO MEFs embedded in the 

collagen gels were stained with rhodamine phalloidin to visualize actin.  The morphology 

between the two cell types is distinct.  FAK-WT MEFs were spread throughout the collagen gel 

and were interconnected, forming a continuous network of cells throughout the collagen gel.  In 

contrast, the FAK-KO MEFs formed round cellular clusters that varied in size throughout the 

whole depth of the gel (Figure 2B).  FAK-KO MEFs also formed tube-like structures; however, 
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upon further investigation, they consist of a string of individual cells and were not a single 

spread cell (data not shown).  In order to examine cell morphology in more detail, samples were 

processed for electron microscopy.  Semi-thin sections revealed thin, elongated FAK-WT cells 

that were interspersed in the gel where as FAK-KO MEFs were single, rounded cells that came 

together to form large cellular clusters (Figure 2C).   

Since myosin II activation still occurred in FAK-KO MEFs, alterations in focal adhesion 

integrity could disrupt the mechanical linkage of the contractile machinery with the extracellular 

matrix, directly effecting the transmission of cellular tension and thus cell contraction.  

Therefore, focal adhesion formation was investigated in FAK-WT and FAK-KO MEFs in 3-D 

collagen gels by indirect immunofluorescence staining for vinculin.  Thick, elongated plaques of 

vinculin could be seen at the ends of the actin stress fibers in FAK-WT MEFs indicating the 

formation of focal adhesions (Figure 3A).  In FAK-KO MEFs, the abundance of vinculin 

staining was around the periphery co-localizing with actin filaments but there was no distinct 

focal adhesion plaque formation observed (Figure 3A).  Thus, loss of FAK altered fibroblast cell 

morphology and focal adhesion formation in both 2-D and 3-D. 

Focal adhesions are linked to the external cellular environment through heterodimeric, 

transmembrane receptors called integrins, which are comprised of an alpha (α) and beta (β) 

chain. The combination of the two chains governs the specificity of the extracellular matrix 

protein it binds to.  Since we did not observe classical focal adhesion formation in FAK-KO 

MEFs in 3-D, we wanted to investigate if the loss of FAK altered integrin protein levels.  In 2-D, 

loss of FAK resulted in an increase in α1-integrin, a decrease in α5-integrin, and no real change in 

αV-integrin protein levels, while in 3-D, there was a decrease in α1-integrin and α5-integrin, and 

no real change in αV-integrin protein levels (Figure 3B).  In 2-D and 3-D, both β1-integrin and β3-
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integrin remained unaltered with the loss of FAK however, in 3-D, there was almost no β1-

integrin and very low levels of β3-integrin protein present in both cell lines (Figure 3C) 

indicating a switch in the integrins that may be presented on the cell surface in 3-D. 

 

 Loss of FAK results in the inability to compress the collagen gel 

Upon observation of cell morphology within the collagen gels, there appeared to be a 

significant difference in the thickness of the FAK-KO collagen gels compared to controls and 

therefore measurements of collagen gel thickness was performed using two-photon microscopy.  

Gels consisting of collagen alone formed a gel that was approximately 1.2 mm thick, however 

control and FAK-WT MEFs compressed the collagen down to a 419 µm and 406 µm thick gel, 

respectively.  In comparison, FAK-KO MEFs were only able to form a 770 µm thick gel, 

indicating that FAK-KO MEFs demonstrate an impaired ability to compress the collagen (Fig 4).  

In order to ensure that the difference in the thickness of the collagen gel was not due to FAK-KO 

cell clumping, FAK-KO MEFs embedded in collagen gels were stained with Hoescht 33258 dye 

and rhodamine phalloidin to visualize cell nuclei and actin, respectively, one to four days post-

seeding.  Twenty-four hours post-seeding, FAK-KO MEFs were evenly dispersed throughout the 

depth of the collagen gel (Supplementary Figure 2).  As the collagen gels were incubated and 

allowed to grow, clusters of FAK-KO MEFs forming throughout the collagen gel could be seen, 

resulting in the formation in large cellular clusters four days post-seeding (Supplementary Figure 

2).  Therefore, the FAK-KO MEFs formed large cellular clusters over a period of 4 days 

indicating cells were evenly distributed upon casting and the cell clusters appear to form as cells 

divide and migrate, aggregating cells into clusters. 
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FAK is necessary for collagen matrix organization in 3-D 

The lack of classical focal adhesion formation in FAK-KO MEFs in 3-D, differences in 

integrin protein expression, and the inability to compress the collagen gel suggests that the 

complex that links the internal and external cellular environments could be compromised.  In 

order for the cell to contract, it has to exert force on the surrounding collagen fibrils and organize 

the collagen matrix.  Defects in the focal adhesion complex would disrupt the transmission of 

force to the matrix and impair the ability for the cell to arrange the collagen fibers and result in 

cell contraction.  Therefore, how the loss of FAK affects the ability of the cells to organize the 

collagen matrix was determined through analysis of the structure of the collagen matrix.  

Imaging of the collagen matrix was performed using a two-photon scattering method called 

second harmonic generation (SHG) microscopy, which is a nonlinear method to image light 

scattering.  It is possible to utilize this technique to image the collagen matrix due to the collagen 

filaments exhibiting a high degree of molecular order and are noncentrosymmetric, meaning they 

have no molecular symmetry about a central point (Murphy and Davidson, 2013).  Imaging of 

collagen gels alone without cells revealed a low SHG signal that was uniformly distributed 

throughout the image (Figure 5A).  Collagen fibers in FAK-WT collagen gels generated areas of 

strong SHG signal throughout the image indicating the organization and uniform structure of the 

collagen fibers (Figure 5A).  However, the collagen matrix within FAK-KO collagen gels 

produced a very low, uniform SHG signal, much like collagen alone (Figure 5A) indicating a 

lack of collagen organization and bundling.  Quantitation of pixel intensity revealed collagen 

within FAK-WT gels exhibited a stronger second harmonic signal (82.46 4.41 pixels) compared 

to collagen alone and FAK-KO collagen gels (58.12 2.765 and 35.76 2.75 pixels, respectively) 

(Figure 5B). 
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To gain a more detailed picture of the collagen matrix, collagen gels were processed and 

imaged using scanning electron microscopy (SEM).  A SEM micrograph of 3-D collagen alone 

showed a random, nonhomeogenous arrangement of collagen fibers.  However, when FAK-WT 

MEFs were present within the collagen gel, they formed a highly organized, dense network of 

collagen matrix with bundling of the collagen fibers (Figure 6A).  In comparison, FAK-KO 

MEFs appeared to be unable to organize the collagen matrix, resulting in a loose arrangement of 

collagen fibers that lacked a distinct organizational pattern, much like collagen alone (Figure 

6A).  Since immersion fixation and processing allows one to only image the surface of the 

collagen gels, a freeze-fracture procedure was performed on the samples to image the collagen 

matrix deeper within the gel.  The collagen fibers within the FAK-WT collagen gels were 

densely packed together surrounding the cells and completely engulfing each cell where as the 

collagen fibers in the FAK-KO collagen gels were loosely arranged around the cellular clusters 

that formed (Figure 6B).  Upon fracture of the sample, the FAK-KO MEFs disassociated from 

the collagen, leaving behind small craters within the collagen matrix due to the loose association 

with the collagen fibers (data not shown).  Therefore, the loss of FAK impaired the ability for the 

cell to functionally interact with and organize the collagen. 

 

Rescue of FAK expression reverses FAK knockout phenotype 

In order to determine if FAK is critical for force generation and matrix organization, 

FAK-KO MEFs were infected with a lentivirus expressing either a wild-type form of FAK (WT-

FAK) or a constitutively active form of FAK (FAK180/3) to rescue the FAK knockout.  

Expression of WT-FAK or FAK180/3 restored the protein levels of FAK back to control levels 

(Figure 7A) and reversed the increase in Pyk2 protein levels seen in FAK-KO MEFs (data not 
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shown).  In order to determine if the FAK knockout phenotype had been restored, tension 

measurement of the re-expressing cells was performed.  Interestingly, basal tension was not 

restored in WT-FAK and FAK180/3 and was similar to FAK-KO MEFs (Figure 7B).  Following 

establishment of stable basal tension, MEFs were stimulated with LPA.  FAK-WT MEFs 

produced a 110 dyne increase in tension.  FAK-KO MEFs produced a 20 dyne increase in 

tension where as the WT-FAK and FAK180/3 MEFs produced a 160 dyne and 200 dyne increase 

in tension, respectively, indicating that the inability to produce force in the presence of an 

agonist exhibited by the FAK-KO MEFs was restored (Figure 7B).  Cell morphology of rescued 

cells in 2-D culture was reversed from the knockout phenotype showing a spread cell 

morphology with a number of cellular protrusions compared to the round cell morphology 

exhibited by FAK-KO MEFs (Supplementary Figure 3).  The rescued cells also had thin, 

elongated focal adhesion plaques, which were mainly around the periphery much like control and 

FAK-WT MEFs (Supplementary Figure 3).  There was no apparent difference in morphology or 

focal adhesion distribution between WT-FAK and FAK180/3 MEFs in 2-D.  Since 2-D cell 

morphology and focal adhesion distribution was reversed with re-expression of FAK in FAK-KO 

MEFs, we determined if the 3-D morphology was altered in the rescued cell lines.  WT-FAK and 

FAK180/3 MEFs were grown in 3-D collagen gels and stained for vinculin.  Both WT-FAK and 

FAK180/3 cell lines spread and formed an interconnected sheet of cells in 3-D compared to the 

large cellular clusters formed by FAK-KO MEFs.  Vinculin immunofluorescence staining 

revealed distinct plaques at the ends of the actin filaments indicating the formation of focal 

adhesions within the rescued cells (Figure 7C) and restoration of both cell morphology and focal 

adhesion formation in the rescue cell lines.  
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Since the ability to produce force was re-established in the rescued cell lines, we wanted 

to see if the ability to compress the collagen gel was restored as well.  Measurement of overall 

gel thickness revealed WT-FAK and FAK180/3 compressed the collagen gel down to a 384 µm 

and 325 µm thick gel, respectively, which was greater than a 50% decrease in FAK-KO gel 

depth and comparable to control and FAK-WT gel thickness (Figure 7D) indicating that the 

rescue of the knockout phenotype restored the ability for the MEFs to compress the collagen. 

Since the rescued cell lines showed the formation of focal adhesions, we wanted to see if 

the impairment of functional interaction with collagen seen with the FAK-KO MEFs could be 

reversed.  WT-FAK and FAK180/3 MEFs were grown in 3-D collagen gels and collagen 

organization was visualized using SHG microscopy.  Regions of strong SHG signal were 

detected in 3-D gels comprised of both rescued cell lines (Supplementary Figure 4A).  

Quantitation of pixel intensity revealed WT-FAK and FAK180/3 collagen gels had an average 

pixel intensity similar to FAK-WT collagen gels (83.52 3.12, 93.4 5.04 versus 82.46 4.41 

pixels, respectively) indicating the ability to organize the collagen had been restored 

(Supplementary Figure 4B).  To confirm these findings, SEM was performed on the 3-D 

collagen gels.  Both rescue cell lines exhibited a highly organized, dense collagen matrix which 

appeared to be similar to that in FAK-WT collagen gels (Figure 8) indicating a reversal of FAK-

KO MEFs inability to organize the collagen fibers and the importance of FAK in 3-D collagen 

matrix organization. 

 

FAK kinase activity is not necessary for tension generation 

FAK is an important nonreceptor tyrosine kinase that is involved in the signaling of many 

physiology processes, and therefore, FAK kinase activity could be important in the regulation of 
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tension generation.  In order to determine if the enzymatic activity of FAK was necessary for 

contractile force, a small molecule inhibitor of FAK kinase, PF-573,228 (Slack-Davis et al. 

2007), was utilized.  Time-course studies revealed the greatest inhibition of FAK kinase activity, 

as measured by phosphorylated tyrosine residue 397 of FAK, occured after 15 minutes of 

treatment (Figure 9A).  Following establishment of stable basal tension, FAK-WT and FAK-KO 

MEFs were treated with either DMSO or 1 µM PF-573,228 for 15 minutes (Figure 9A).  

Inhibition of FAK kinase activity caused a slight increase in FAK-WT tension and a minimal 

reduction in FAK-KO tension.  The presence of DMSO had no effect on force.  Inhibition of 

FAK kinase activity had no effect on the increase in LPA induced FAK-WT tension, resulting in 

a 100 dyne increase in tension which was comparable to untreated FAK-WT levels (Figure 9A).  

In contrast, LPA treatment only induced a 10 dyne increase in FAK-KO tension for both DMSO 

and PF-573,228 treated cells indicating that the inhibitor was not affecting any other molecule 

that may be involved in agonist induced tension generation (Figure 9A).  Tension generated in 

response to LPA was abolished by application of 1 µM CytoD. 

To confirm that FAK kinase activity was not involved in tension generation, a kinase 

dead mutant form of FAK was expressed in FAK-KO MEFs through adenoviral infection (FAK-

dead).  Comparable protein levels of FAK were seen in FAK-dead and FAK-WT MEFs (Figure 

9B).  Infected cells were embedded in collagen gels and hung from force transducers as 

previously described.  FAK-dead MEFs had a similar basal force as FAK-WT MEFs.  

Stimulation with LPA induced a 90 dyne increase in both FAK-dead and FAK-WT MEFs 

tension (Figure 9B).  Therefore, FAK kinase activity is not necessary for tension generation.  

Interestingly, there was a robust amount of phosphorylated FAK in cells seeded on collagen-

coated dishes, however, FAK was not phosphorylated in 3-D indicating that FAK was not 
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activated under basal conditions and does not appear to be critical for cell tension generation in 

3-D (Figure 9C). 

Phosphorylation of FAK recruits and activates the Src-family of kinases to the focal 

adhesions resulting in activation of FAK and downstream signaling cascades (Schaller et al., 

1994; Xing et al., 1994).  However, the Src-family of kinases can be activated independently of 

FAK binding and regulate cell function.  Therefore, we wanted to determine if the activity of the 

Src-family kinases was critical for tension generation. Following establishment of stable basal 

tension, FAK-WT MEFs were treated with either DMSO or 1 µM of the Src-family kinase 

inhibitors PP2 or SU6656 for 15 minutes.  Inhibition of the activity of the Src-family kinases did 

not alter FAK-WT basal and agonist-induced tension generation (Supplementary Figure 5) 

indicating the Src-family kinases were not critical in the regulation of tension generation. 

 

FAK targeting to focal adhesions is necessary for tension generation 

Since FAK was critical for force generation but FAK kinase activity was not important, 

we wanted to determine if FAK targeting to the focal adhesion was needed for basal and agonist 

induced force.  In order to disrupt FAK localization to focal adhesions, cells were grown in 

collagen gels while in the presence of the small molecule chloropyramine hydrochloride (C4), 

which blocked FAK targeting to focal adhesions (Kurenova et al., 2009).  MEFs treated with C4 

had a low basal force compared to FAK-WT MEFs.  Treatment with LPA induced a rapid rise in 

FAK-WT tension generation, however, there was no increase in tension in C4 treated MEFs 

(Figure 9D) indicating loss of FAK localization to the focal adhesions altered tension generation.   

To ensure FAK localization to focal adhesions was critical for tension generation, a 

mutant form (FRNK-C1034S) of a naturally occurring variant of FAK called FRNK (FAK-
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related non-kinase), was expressed in FAK-KO MEFs.  FRNK is an endogenously expressed 

variant of FAK which is composed of the noncatalytic C-terminal region of FAK and acts as a 

dominant-negative inhibitor of FAK (Schaller et al., 1993; Richardson and Parsons, 1996; Nolan 

et al., 1999).  FRNK localizes to the focal adhesions however does not have any kinase activity.  

FRNK-C1034S (Bryant et al., 2006) has residue 1034 in the FAT domain mutated, disrupting 

paxillin binding and localization within focal adhesions (Sieg et al., 1999, Tomar et al., 2009).  

Therefore, FRNK-C1034S MEFs should not replace FAK within the focal adhesions and will 

result in minimal force generation.  FRNK MEFs produced a similar basal force and agonist 

induced force to FAK-WT MEFs, however, expression of FRNK-C1034S resulted in low basal 

force and minimal agonist induced force indicating that FAK localization to focal adhesions was 

critical for both basal and agonist induced tension generation (Figure 9E).  Thus, the FAT 

domain and not kinase activity of FAK is critical for force production. 

 

 

Discussion 

 In the present study, FAK knockout fibroblasts were utilized to define the role of FAK in 

fibroblast basal and agonist induced tension generation in 3-D.  We report that loss of FAK 

resulted in: 1) reduced basal force, 2) minimal agonist induced tension generation, 3) no 

alterations in myosin II phosphorylation, 4) a lack of cell spreading in 2-D and 3-D, 5) an 

increase in focal adhesion formation in 2-D but a lack of classical focal adhesion formation in 3-

D, 6) the inability of the cell to organize the collagen fibers, and 7) the localization of FAK to the 

focal adhesions via its FAT domain is critical for the generation and transmission of force.  Our 

findings indicate FAK acts in a kinase independent mechanism to facilitate transduction of 
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cellular forces from inside to outside of the cell, resulting in organization of the collagen matrix 

and cell contraction.   

 Upon integrin engagement with ECM proteins, FAK is localized to focal adhesions via its 

FAT domain.  Following autophosphorylation and activation of FAK, other adaptor and 

signaling proteins, such as paxillin, Src, and vinculin, are recruited to the focal adhesion to aid in 

the formation of the complex and regulate downstream signaling pathways.  The focal adhesion 

is then linked up to the contractile machinery of actin and myosin through actin binding proteins, 

such as vinculin and talin, creating a nexus for the internal cytoskeleton with the external 

collagen fibers.  The mechano-energy generated by the interaction of actin and myosin is 

transmitted through the focal adhesions to the collagen fibers through the focal adhesion 

complex.  FAK is necessary for the proper arrangement of the adhesion proteins and focal 

adhesion linkage to the actin cytoskeleton to allow force to be transmitted through the adhesion 

to the collagen matrix.  The transmission of force to the external ECM results in movement of 

the fibrils into an organized network of collagen fibers.  Bundling and organizing the collagen 

increases the stiffness of the matrix and provides a rigid substrate for the cell to be able to hold 

onto and anchor itself.  FAK is critical for the strengthening of this adhesion.  The result is a 

strengthened adhesion that anchors the cell to the collagen matrix and provides a resisting force 

to the pulling force of the tensile actin stress fibers, resulting in cell contraction (Figure 10A). 

When FAK is knocked out of the cell in 3-D (Figure 10B), recruitment of focal adhesion 

proteins does occur; however there appears to be an accumulation of the proteins without 

classical focal adhesion formation (Figure 3A).  Also, in the absence of FAK, the recruitment of 

key focal adhesion proteins may be altered.  Without the proper proteins present, the focal 

adhesions may not link to the actin cytoskeleton or are weakly connected.  There is still an 
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increase in myosin activation and interaction with the actin cytoskeleton (Figure 1C) however 

this association may be concentrated around the periphery due to the abundance of cortical actin 

(Figure 3A).  An increase in internal tension occurs, however due to the actin cytoskeleton not 

being linked up properly, force cannot be transmitted through the adhesion to the collagen matrix 

resulting in the inability to organize the collagen fibers.  A non-organized matrix is a more 

pliable substrate to bind to and the weakened adhesions cannot anchor the cell to the matrix 

properly.  Thus, any cellular tension generated in the cell does not have a strong anchor to pull 

on in order to induce cell contraction (Figure 10B).  Since FRNK is the C-terminal region of 

FAK, expression of FRNK (Figure 10C) in FAK-KO MEFs results in localization of FRNK to 

the focal adhesions.  This causes a phenotype similar to control cells with the collagen matrix 

being organized into a dense network of collagen fibers and the induction of cell contraction 

(Figure 10A).  FRNK has no catalytic activity suggesting that FAK kinase activity is not critical 

for tension generation.  Expression of a mutant form of FRNK that does not localize to focal 

adhesions in FAK-KO MEFs (FRNK-C1034S) has a similar phenotype to the FAK-KO MEFs 

with lack of collagen matrix organization and minimal force generation (Figure 10D).  

Therefore, FAK localization in the focal adhesion is critical for force transmission through the 

focal adhesion complex, resulting in organization of the collagen fibers and increases in the 

strength of the focal adhesion, allowing cell contraction to occur. 

Studies determining the role of FAK as a mechanotransducer and its involvement in the 

regulation of key contractile signaling pathways has been well documented in 2-D.  However, 

investigations of how FAK is involved in cellular force generation and transmission are limited.    

FAK null fibroblasts exhibit a rounded cell morphology with enlarged focal adhesions and 

decreased cell motility (Ilic et al., 1995).  Loss of FAK results in increased Rho, ROCK, and 
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MLCK activity as well as increased myosin phosphorylation (Ren et al., 2000; Chen et al., 2002; 

Pirone et al., 2006; Schober et al., 2007).  The current knowledge suggests that loss of FAK 

should lead to an increase in overall cellular tension.  However, our findings show that loss of 

FAK resulted in a low basal tension and minimal force generation in the presence of an agonist 

without any alterations in myosin phosphorylation (Figure 1A-C).  Previous studies determined 

the contractile state of the cell by measuring phosphorylation status of proteins or utilizing kinase 

inhibitors and determining how that affected cell phenotype without direct measurement of 

changes in kinase activity or overall cell contractility.  Also, most studies focused on single cell 

preparations or cells seeded onto substrate-coated dishes.  Cell behavior does differ in 3-D and 

therefore it is difficult to make direct comparisons between this study and others.  Similarly to 

our findings, Tang and Gunst (2001) directly measured contractility of smooth muscle cells and 

found that knockdown of FAK resulted in a decrease in intracellular calcium, myosin activity, 

and cell contractility.  Conversely, a recent study in our lab showed that knockdown of FAK in 

endothelial cells resulted in an increase in force generation in 3-D (Arnold et al., 2013).  

Therefore, the role FAK plays in tension generation may differ depending on cell-type and 

conditions present. 

 To our knowledge, this is the first documentation of FAK being critical for collagen 

matrix organization in 3-D.  FAK has been shown to play a role in the organization of other 

ECM proteins, such as fibronectin.  Integrin binding initiates responses within the cell that makes 

it possible to organize a fibrillar fibronectin network (Wu et al., 1995).  However, integrin 

engagement is not sufficient for fibronectin matrix assembly but rather requires cells to exert 

tension on the ECM through linkage of actin stress fibers with the focal adhesions in order to 

organize the fibronectin matrix (Zhong et al., 1998; Schoenwaelder and Burridge, 1999; Sechler 
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et al., 2001; Lemmon et al., 2009).  Due to the localization of FAK in the focal adhesions and its 

proximity to the plasma membrane, it has become a molecule of interest in fibronectin matrix 

assembly.  Endothelial cells, fibroblasts, and mouse embryos lacking FAK formed a less fibrillar 

and more punctate fibronectin matrix suggesting that loss of FAK impaired fibronectin 

organization.  FAK KO resulted in a poorly organized fibronectin network with short fibril 

formation and the inability to coalign fibrils with actin filaments at adhesion sites.  This altered 

matrix was not due to changes in synthesis of fibronectin but the cell’s ability to organize the 

matrix (Ilic et al, 2004).  Cells can also actively rearrange their fibrillar collagen in a force-

dependent manner (Li et al., 2003; Canty and Kadler, 2005; Canty et al., 2006).  Therefore, FAK 

is necessary for force transmission through the focal adhesion in order to organize the collagen 

fibrils.  Also, loss of FAK significantly weakened integrin-ECM adhesion strength impairing the 

ECM-cytoskeleton connection (Klemm et al., 2009).  An intact actin cytoskeletal connection 

with the ECM via the focal adhesions has been shown to be crucial for cell stiffness and traction 

force generation (Fabry et al., 2011).  We observed a lack of focal adhesion formation and stress 

fiber formation in FAK-KO MEFs in 3-D (Figure 3A).  Therefore, post-adhesive cytoskeletal 

organization and associated adhesion site formation is a FAK-mediated process that supports 

normal collagen matrix organization. 

FAK kinase activity has been documented extensively as being necessary for a variety of 

cellular processes, such as cell migration, growth, and survival (Schaller et al., 1992; Ilic et al., 

1995; Ilic et al., 1998; Sieg et al., 1999; Sieg et al., 2000).  In studies investigating contractile 

signaling pathways in 2-D, FAK phosphorylates critical enzymes that regulate myosin II activity 

and cytoskeletal dynamics (Chikumi et al. 2002; Webb et al., 2004; Holinstat et al., 2006).  

However, this study shows FAK kinase activity is dispensable for tension generation through 
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small molecule inhibition and mutant constructs.  We therefore cannot underscore the 

importance of FAK localization to the focal adhesion in regulating cell behavior, especially in 3-

D culture.  FAK has been implicated in playing a role in many disease processes including 

cardiovascular complications, fibrosis, and tumor formation and metastasis. (Gabarra-Niecko et 

al., 2003; van Nimwegen et al., 2005; Braren et al., 2006; Peng et al., 2008; Wong et al., 2011; 

Lagares et al., 2012).  Treatments for these diseases are focused on development of inhibitors of 

FAK kinase activity.  However, the efficacy of these inhibitors in human trials is still under 

investigation (Dunn et al., 2010).  Mechanical properties of the cell also play a key role in the 

progression of these diseases.  Development of localized inhibitors or cell specific inhibition of 

FAK translocation to the focal adhesion may mitigate the progression of diseases and be an 

effective route in the development of treatments targeting FAK. 
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Figure 1:  Effect of FAK knockout on basal and agonist induced tension generation and 

myosin phosphorylation. 

A) Representative force tracing of tension produced by FAK-WT (black) and FAK-KO (blue) 

MEFs treated with lysophosphatidic acid (LPA).  Collagen gels were mounted on force 

transducers and allowed to establish a stable basal force before being stimulated with 1 µM LPA.  

Loss of FAK resulted in reduced basal force and a minimal increase in agonist induced tension.  

(B) Representative force tracing of tension produced by control (red), p53-KO (green), FAK-WT 

(black), and FAK-KO (blue) MEFs treated with 1 µM LPA.  Both control and p53-KO MEFs 

produced tension in the presence of LPA similar to FAK-WT MEFs.  (C)  FAK-WT and FAK-

KO 3-D extracts were analyzed for phosphorylated myosin II RLC and total RLC under basal 

and agonist stimulated conditions.  Reduction in cellular levels of FAK did not alter basal or 

agonist stimulated myosin RLC phosphorylation. 



128 

 

 

Figure 2 



129 

 

Figure 2:  FAK knockout alters cell morphology in 2-D and 3-D. 

A) Preconfluent control, p53-KO, FAK-WT, and FAK-KO MEFs were grown for 24 hours on 25 

µg/ml collagen coated dishes.  Cells were fixed, permeabilized, and stained with rhodamine 

phalloidin to visualize actin filaments or immunostained with monoclonal vinculin antibody to 

localize focal adhesions.  Images were taken using a Zeiss 510 laser confocal microscope 

(63x/1.4 N.A. oil immersion objective).  FAK-KO MEFs were small, round cells that do not 

spread with an increase in cortical actin and an increase in size and number of focal adhesions. 

Scale Bar 20 µm.  (B)  FAK-WT and FAK-KO collagen gels were stained with rhodamine 

phalloidin to visualize actin filaments.  Images were taken using a two-photon fluorescent 

microscope (20x/0.4 N.A. objective).  FAK-WT MEFs spread throughout the collagen gel 

forming an interconnected sheet of cells where as FAK-KO MEFs formed round cellular clusters 

throughout the depth of the gel.  Scale Bar 20 µm.   (C) FAK-WT and FAK-KO collagen gels 

were processed for electron microscopy, stained with Toluidine blue, and images were taken 

using the Olympus AX70 Provis microscope (40x/0.90 N.A. objective).  Imaging showed thin, 

elongated FAK-WT cells that were interspersed in the gel where as FAK-KO MEFs were single, 

rounded cells that came together to form large cellular clusters.  Scale Bar 20 µm.  
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Figure 3:  Effect of the loss of FAK on 3-D focal adhesion distribution and integrin protein 

expression. 

A) FAK-WT and FAK-KO collagen gels were stained with vinculin to visualize focal adhesions.  

Images were taken using a two-photon fluorescent microscope (40x/0.6 N.A. objective).  FAK-

WT MEFs formed thin, elongated adhesions at the ends of the actin stress fibers.  Vinculin in the 

FAK-KO MEFs accumulated within the cell, mainly around the periphery without forming focal 

adhesions.  Scale Bar 20 µm.  (B) FAK-WT and FAK-KO MEF 2-D and 3-D extracts were 

analyzed by Western blots for α1-integrin, α5-integrin, and αV-integrin protein levels.  GAPDH 

was used as a loading control.  (C) FAK-WT and FAK-KO MEF 2-D and 3-D extracts were 

analyzed by Western blots for β1-integrin and β3-integrin protein levels.  GAPDH was used as a 

loading control. 
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Figure 4:  Loss of FAK alters MEF ability to compress 3-D collagen gel. 

Gel thickness of FAK-WT and FAK-KO MEF collagen gels were determined by staining the 

cells with CellTracker Red dye and determining the top and bottom of the gel using two-photon 

fluorescent microscopy (10x/0.3 NA objective).  FAK-KO MEFs have the inability to compress 

the collagen gel. 
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Figure 5 
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Figure 5:  Imaging of collagen matrix by second harmonic generation microscopy 

A) Second harmonic generation (SHG) microscopy was utilized to image collagen matrix within 

collagen alone, FAK-WT, and FAK-KO MEF collagen gels (40x/0.8 water immersion 

objective).  Loss of FAK resulted in low SHG signal much like a collagen gel devoid of cells.  

Scale Bar 20 µm.  (B) Pixel intensity per image was determined using Fiji software.  Data was 

presented as average pixel intensity per cell type.  Error bars represent standard error of the 

mean.  Each cell type had 10 images.  Quantitation of pixel intensity revealed collagen within 

FAK-WT gels exhibited a stronger second harmonic signal compared to collagen alone and 

FAK-KO collagen gels. 
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Figure 6:  Effect of the loss of FAK on 3-D collagen matrix organization 

A) The collagen matrix of FAK-WT and FAK-KO collagen gels were imaged using scanning 

electron microscopy.  Collagen fibers in FAK-WT collagen gels formed a dense, organized 

matrix where as collagen in FAK-KO collagen gels formed a loose, unorganized matrix.  Scale 

Bar 1 µm.  (B) Freeze-fracture procedure was performed to visualize the collagen matrix deep 

within the collagen gel.  Images were taken using a scanning electron microscope.  Collagen 

fibers formed a dense network around the FAK-WT MEFs and completely engulfed the cells 

where as in the FAK-KO collagen gels, the collagen fibers were loosely arranged around the 

cellular clusters.  Scale Bar 1 µm.   
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Figure 7:  Re-expression of FAK restores 3-D cell morphology, force generation, and gel 

compression. 

FAK-KO MEFs were infected with either a lentivirus expressing a full length form of FAK 

(WT-FAK) or a constitutively active form of FAK (FAK180/3) to rescue FAK knockout.  (A) 

Re-expression of FAK was determined in WT-FAK and FAK180/3 MEFs by Western blot 

analysis of FAK protein levels.  GAPDH was used as a loading control.  (B) Representative force 

tracing of tension produced by FAK-WT (black), FAK-KO (blue), WT-FAK (red), and 

FAK180/3 (green).  Following establishment of basal tension, cells were stimulated with 1 µM 

LPA.  Re-expression of FAK restored agonist induced tension.  (C) FAK-WT, FAK-KO, WT-

FAK, and FAK180/3 collagen gels were stained with vinculin to visualize focal adhesions.  

Images were taken using a two-photon fluorescent microscope (40x/0.6 N.A. objective).  Both 

WT-FAK and FAK180/3 MEFs spread within the collagen gels and formed thin, elongated 

vinculin plaques at the end of actin stress fibers.  Scale Bar 20 µm.  (D) Gel thickness of FAK-

WT, FAK-KO, and re-expressing MEF collagen gels were determined by staining the cells with 

CellTracker Red dye and determining the top and bottom of the gel using two-photon fluorescent 

microscopy (10x/0.3 N.A. objective).  Re-expression of FAK rescued the ability to compress the 

collagen gel. 
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Figure 8:  Re-expression of FAK restores collagen matrix organization. 

The collagen matrix of FAK-WT, FAK-KO, WT-FAK, and FAK180/3 collagen gels were 

imaged using scanning electron microscopy.  Collagen fibers in WT-FAK and FAK180/3 formed 

a dense, organized matrix like in the FAK-WT collagen gels.  Re-expression of FAK in FAK-

KO MEFs restored the ability to organize the collagen matrix.  Scale Bar 1 µm.   
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Figure 9 
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Figure 9:  FAK localization in focal adhesions and not kinase activity is important for 

tension generation  

A) Representative force tracing of tension produced by FAK-WT treated with DMSO (black) or 

PF-573,288 (red) and FAK-KO MEFs treated with DMSO (blue) or PF-573,288 (green).  

Following establishment of basal tension, cells were treated with DMSO or 1 µM PF-573,228 for 

15 minutes and then stimulated with 1 µM LPA.  Inhibition of FAK kinase activity did not alter 

basal or agonist induced force.  Time-course studies were performed on FAK-WT MEFs to 

determine greatest inhibition of FAK kinase activity.  Level of phosphorylated tyrosine residue 

397 of FAK was analyzed by Western blot to determine activation of FAK.  GAPDH was used 

as a loading control.  (B) Representative force tracing of tension produced by FAK-WT (black), 

FAK-KO (blue), and a kinase dead mutant form of FAK expressed in FAK-KO MEFs (FAK-

dead) (green).  FAK-dead MEFs had a similar basal and agonist induced force as FAK-WT 

MEFs.  Following tension experiments, expression of FAK was determined by Western blot.  

GAPDH was used as a loading control.  (C) FAK-WT and FAK-KO MEF 2-D and 3-D extracts 

were analyzed for phosphorylated FAK protein levels by Western blots.  GAPDH was used as a 

loading control.  There was a robust amount of phosphorylated FAK in 2-D however FAK was 

not phosphorylated in 3-D.  (D) Representative force tracing of tension produced by FAK-WT 

(black) and chloropyramine hydrochloride (C4) treated FAK-WT (green).  Following stable 

basal tension, cells were treated with 1 µM C4 followed by stimulation with 1 µM LPA.  MEFs 

treated with C4 produced a lower basal tension than FAK-WT MEFs and minimal agonist 

induced force.  (E) Representative force tracing of tension produced by FAK-WT (black), FAK-

related non-kinase (FRNK) expressed in FAK-KO MEFs (red), and a mutant form of FRNK 

(FRNK-C1034S) that does not localize to focal adhesions (green).  FRNK MEFs had a similar 
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basal and agonist induced force as FAK-WT MEFs where as FRNK-C1034S MEFs have low 

basal tension and minimal agonist induced force.  Following tension experiments, expression of 

FRNK was determined by Western blot.  GAPDH was used as a loading control. 
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Figure 10 
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Figure 10:  Mechanism of FAK regulation of fibroblast tension generation and collagen 

matrix organization 

A) FAK is localized to the focal adhesions and is necessary for the proper arrangement of the 

adhesion proteins and linkage to the actin cytoskeleton to allow internal force to be transmitted 

through the adhesion to the collagen matrix.  Transmission of force to the ECM results in 

organization of the collagen fibers into a dense, organized network.  This anchors the cell to the 

substrate, allowing for cell contraction to occur.  B) Knockout of FAK causes an accumulation of 

focal adhesion proteins and an increase in cortical actin without classical focal adhesion 

formation.  The result is a weak link between the actin cytoskeleton and focal adhesions.  An 

increase in internal tension occurs, however due to the actin cytoskeleton not being linked up 

properly, force cannot be transmitted through the adhesion to the collagen matrix, resulting in the 

inability to organize the collagen fibers.  C) FRNK localizes to the focal adhesions and this 

results in a phenotype similar to FAK-WT MEFs with the formation of a dense network of 

collagen fibers and the induction of cell contraction.  D) Expression of a mutant form of FRNK 

that does not localize to focal adhesions (FRNK-C1034S) has a similar phenotype to the FAK-

KO MEFs with a lack of collagen matrix organization and minimal force generation, suggesting 

that FAK localization to the focal adhesion is critical for cell contraction and matrix 

organization. 
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Supplementary Figures 

 

 

Supplementary Figure 1 
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Supplementary Figure 1:  Analysis of FAK, Pyk2 and p53 protein levels. 

WT, p53-KO, FAK-WT, and FAK-KO MEF extracts from 3-D collagen gels were assessed for 

(A) FAK, (B) Pyk2, and (C) p53 protein levels.  GAPDH was used as a loading control. 
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Supplementary Figure 2 
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Supplementary Figure 2:  DNA staining 

FAK-KO MEFs cell nuclei and actin filaments were stained day 1, 2, 3 or 4 post-seeding to 

determine cell distribution within the collagen gel.  Cells were imaged using two-photon 

fluorescent microscopy (20x/0.4 N.A. objective).  On day 1, FAK-KO MEFs were evenly 

distributed along the depth of the collagen gel.  Over the course of 4 days, the FAK-KO MEFs 

clustered together forming large conglomerates of cells throughout the depth of the gel. 
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Supplementary Figure 3 
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Supplementary Figure 3:  Re-expression of FAK restores cell spreading and focal adhesion 

formation in 2-D. 

Preconfluent FAK-WT, FAK-KO, WT-FAK, and FAK180/3 MEFs were grown for 24 hours on 

25 µg/ml collagen coated dishes.  Cells were fixed, permeabilized, and stained with rhodamine 

phalloidin to visualize actin filaments or immunostained with monoclonal vinculin antibody to 

localize focal adhesions.  Images were taken using a Zeiss 510 laser confocal microscope 

(63x/1.4 N.A. oil immersion objective).  Re-expression of FAK restored cell spreading and focal 

adhesion distribution in 2-D.  Scale Bar 20 µm.   
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Supplementary Figure 4 
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Supplementary Figure 4:  Restoration of SHG signal in FAK re-expressing MEFs 

A) Second harmonic generation (SHG) microscopy was utilized to image collagen matrix within 

collagen alone, FAK-WT, FAK-KO, WT-FAK, and FAK180/3 MEF collagen gels (40x/0.8 N.A. 

water immersion objective).  Scale Bar 20 µm.  (B) Pixel intensity per image was determined 

using Fiji software.  Data was presented as average pixel intensity per cell type.  Error bars 

represent standard error of the mean.  Each cell type had 10 images.  Quantitation of pixel 

intensity revealed both WT-FAK and FAK180/3 produced a similar strong SHG signal as FAK-

WT MEFs. 
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Supplementary Figure 5 
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Supplementary Figure 5:  Inhibition of Src-family of kinases does not affect force 

generation 

FAK-WT MEFs were treated with water (black), DMSO (red) or 1 µM of the Src-family kinase 

inhibitors PP2 (green) or SU6656 (blue) for 15 minutes prior to stimulation with LPA.  Inhibition 

of the activity of the Src-family kinases did not alter FAK-WT basal and agonist-induced tension 

generation. 
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FAK was initially discovered to be a protein crucial in transducing signals following 

integrin engagement to influence cellular behavior (Guan et al., 1991; Kornberg et al., 1991; 

Guan and Shalloway, 1992; Hanks et al., 1992; Kornberg et al., 1992; Schaller et al., 1992).  

Over the past 20 years, FAK has been implicated in having a role in a vast array of processes that 

includes cell motility and survival, to being a key factor in the development of diseases such as 

cardiovascular complications, fibrosis, and cancer (Ilic et al., 1995; Sieg et al., 1999; Sieg et al., 

2000; Gabarra-Niecko et al., 2003; van Nimwegen, et al., 2005; Clemente et al., 2007; Peng et 

al., 2008; Wong et al., 2011; Lagares et al., 2012).  Due to its location in the focal adhesions and 

connection with the contractile cytoskeleton and ECM, FAK has become a prime candidate for 

the cell’s ability to sense and generate mechanical forces.  However, current literature is not clear 

as to the role of FAK in tension generation.  Also, studies primarily focus on investigating the 

role of FAK in cells seeded on a 2-D substrate coated surface.  In the body, interactions between 

cells do not exist in a singular plane but in all directions.  Therefore, it is important to study cell 

behavior in a system that closely mimics the physiological condition. 

The overall goal of this dissertation was to gain a better understanding of how FAK is 

involved in the generation and transmission of nonmuscle cell contraction.  In order to 

investigate this, tension of FAK knockdown endothelial cells and FAK knockout fibroblasts was 

measured in a 3-D collagen matrix.  Knockdown of FAK in human pulmonary microvessel 

endothelial cells altered both cell morphology and actin distribution, and increased focal 

adhesion formation.  Measuring tension generation in 3-D reveled that FAK depleted endothelial 

cells developed a higher basal tension without alterations in myosin II phosphorylation.  

However, agonist induced tension generation was not altered in FAK knockdown endothelial 

cells.  The loss of FAK caused an increase in monolayer barrier function, which coincided with a 
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slight alteration in VE-cadherin localization.  Therefore, the loss of FAK in endothelial cells 

resulted in rearrangement of the actin cytoskeleton and enhancement in cell attachment to the 

underlying matrix producing a greater basal cellular tension, resulting in alterations in cell-cell 

cohesion and the formation of a tighter monolayer.  However, measurement of tension 

generation by FAK knockout fibroblasts revealed that the loss of FAK reduced basal force and 

produced minimal agonist induced force generation without alterations in myosin II 

phosphorylation.  The lack of classical focal adhesion formation and inability to organize the 

collagen matrix in the absence of FAK in 3-D suggests that FAK is responsible in the 

stabilization of the focal adhesions and transmission of force through the focal adhesion to the 

ECM in order to organize the collagen fibers and result in cell contraction.  Inhibition of FAK 

kinase activity showed that FAK functions in a kinase independent manner to regulate force 

generation. 

It was observed that loss of FAK resulted in an increase in basal force in endothelial cells 

but caused a reduction in basal force and produced minimal agonist induced force in fibroblasts.  

The reason for this difference in response to the loss of FAK is two-fold.  FAK may play 

differing roles in each cell type depending on the individual cell’s physiological function.  

Endothelial cells line the inner wall of blood vessels and regulate the movement of solutes across 

the vessel wall, as well as aiding in control of vascular dilation and constriction.  Fibroblasts are 

among the most common cells in connective tissue and are involved in synthesizing the ECM 

proteins and play a critical role in wound healing.  It has been shown that endothelial cells 

derived from different vascular beds exhibit differences in permeability suggesting that one has 

to consider not only the cell type but the location that the cells were isolated from (Schnitzer et 
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al., 1994).  Also, there may be differences in FAK function between species since the endothelial 

cells were of human origin and the fibroblasts were isolated from mice. 

Secondly, the modulation of FAK protein levels was achieved in two different ways, 

knockdown with shRNA targeting FAK mRNA in endothelial cells and a genetic knockout in 

fibroblasts.  Due to the nature of shRNA targeting of proteins, there was still at least 10% of the 

FAK protein remaining in the endothelial cells.  This may be enough protein present to lock the 

focal adhesions to the actin cytoskeleton and allow the strengthening of the adhesion in order to 

transduce the cellular force to the ECM and allow cell contraction.  Complete loss of FAK in 

fibroblasts resulted in a reduction in basal force and minimal production of agonist induced 

force.  Current investigations are underway in our lab to create a stable FAK knockdown human 

dermal fibroblast cell line to investigate how knockdown of FAK alters tension generation in 

fibroblasts and see if it results in a similar phenotype exhibited by FAK knockout fibroblasts. 

Our knowledge regarding FAK’s role in cell contractility is derived primarily from 

studies conducted on cells seeded onto 2-D tissue culture substrates.  However, studies have 

shown differences in cell morphology, biochemical signaling, and function in 2-D versus 3-D 

culture.  Roskelley and Bissell (1995) have shown that epithelial cells grown in a 3-D 

environment promote normal epithelial polarity and differentiation compared to 2-D.  Fibroblasts 

are normally nonpolar cells, however, culturing them on 2-D surfaces induces an artificial 

polarity.  When fibroblasts are suspended in collagen or seeded onto tissue-derived 3-D matrix, 

they exhibit a nonpolar morphology and enhanced adhesion and cell migration (Elsdale and 

Bard, 1972; Friedl and Brocker, 2000; Cukierman et al., 2001).  The physical structure of the 3-

D matrix appears to provide information that is not present when cells are attached to a ligand 

coated surface altering biochemical signaling and cell function.  It is also uncertain if there is 
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formation of stress fibers and discrete focal adhesions in 3-D.  When cells are completely within 

a 3-D matrix in vivo or when placed on soft substrates, focal adhesions are not readily detectable 

(Friedl et al., 1998; Knight et al., 2000; Petroll et al., 2003).  Utilization of live cell microscopy 

of cells embedded in a collagen matrix reveals no aggregation of common focal adhesion 

proteins (Fraley et al., 2010) where as other studies utilizing tagged focal adhesion proteins show 

focal adhesion formation (Kubow and Horwitz, 2011).  However, it has been shown that the 

molecular composition of the focal adhesions differs in 3-D (Cukierman et al., 2001; Cukierman 

et al., 2002).  However, the previous studies have utilized a 3-D matrix in which the apical 

surface of the cell was not in contact with the matrix or cells embedded within the collagen were 

seeded into a plastic culture dish compared to the 3-D matrix in which the cells are completely 

embedded within and do not have interaction with any solid surface.  This dissertation shows that 

focal adhesions and stress fibers do form in cells embedded within a 3-D collagen matrix in 

which the cells can only interact with themselves and the collagen.  Differences in visualization 

of focal adhesions and stress fiber formation as previously reported may be due to differences in 

culturing and microscopy techniques.   

I have shown that FAK is a critical protein in the generation and transmission of cellular 

force and may act to regulate tension through several potential mechanisms, including generation 

of a competent signaling complex, binding of the integrin to the underlying matrix, and/or 

linkage of the integrin to the actin cytoskeleton.  FAK is a necessary component to elicit 

downstream signaling cascades following integrin engagement.  After recruitment of FAK to the 

focal adhesions, phosphorylated FAK binds active Src, creating binding sites for other focal 

adhesion proteins and generating a kinase complex that can phosphorylate downstream 

components.  However, I have shown that neither FAK nor Src kinase activity is necessary for 
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the generation of cellular tension indicating that activity of the FAK-Src signaling complex is not 

critical for cellular force.  Also, previous reports have shown that Pyk2 protein levels are 

increased following FAK knockout (Lim et al., 2008; Weis et al., 2008).  This is thought to 

coincide with increases in p190RhoGEF expression and focal adhesion formation (Lim et al., 

2008).  The data presented here shows that Pyk2 protein levels were elevated in FAK knockout 

fibroblasts in 3-D, however, Pyk2 was unaltered in FAK knockdown endothelial cells.  It is 

possible that elevated Pyk2 expression could alter Rho dynamics in the cell resulting in the 

changes in cellular tension generation.  It would prove interesting to determine the effect of 

deletion of Pyk2 protein on tension generation to determine if elevation in Pyk2 expression with 

the loss of FAK is causing the defect in the ability to produce tension through alterations in 

cytoskeletal dynamics.  

Since FAK localization to the focal adhesion is necessary for tension generation, FAK 

may also be responsible in promoting binding of the integrin to its matrix ligand.  Talin binds to 

the β-integrin cytoplasmic tail and induces integrin activation by unmasking and disrupting the 

α- and β-integrin cytoplasmic tail interaction (Pfaff et al., 1998; Calderwood et al., 1999; 

Vinogradova et al., 2002; Tadokoro et al., 2003).  This induces a conformational change in the 

extracellular domain of the integrins and promotes high-affinity ligand binding of the integrins 

(Vinogradova et al., 2002; Tadokoro et al., 2003).  Given FAK’s close proximity to the cell 

surface and the ability to bind to both talin and the β-integrin cytoplasmic tail, FAK may be 

involved in promoting the high affinity binding of the integrins to the underlying matrix allowing 

efficient linkage of the internal focal adhesion to the ECM.  Also, following the stimulation of 

contractility, there is aggregation of integrins in the focal adhesions (Chrzanowska-Wodnicka 

and Burridge, 1996).  FAK may be responsible for the aggregation of the integrins, resulting in 
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the formation of focal adhesions in 3-D, since I did not observe classical focal adhesion 

formation in FAK knockout fibroblasts in 3-D.  In addition, integrin recruitment to the focal 

adhesions and to the cell surface may be altered with the loss of FAK and does not allow proper 

linkage of the focal adhesions to the underlying matrix.  I discovered that there was an alteration 

in integrin protein levels in FAK knockout fibroblasts compared to controls indicating that FAK 

may play a role in expression of integrin proteins.  Therefore, FAK may be responsible for 

integrin engagement with the ECM and promoting high-affinity ligand binding to allow strong 

cellular adhesion formation in order to generate and transmit cellular force. 

 In order for the integrins to grip tightly to the ECM, the integrin cytoplasmic domains 

must be anchored to the actin cytoskeleton.  This occurs through interaction of focal adhesion 

proteins with both the integrin and the actin stress fibers.  Vinculin is a focal adhesion protein 

that can bind to talin or α-actinin and is thought to be involved in anchoring F-actin to the 

cellular membrane (Zamir and Geiger, 2001; Pokutta and Weis, 2002; Cohen et al., 2006; Golji 

and Mofrad, 2013).  I showed that in both endothelial cells and fibroblasts, the loss of FAK 

altered vinculin localization with an increase in vinculin-containing focal adhesion plaques in 

endothelial cells and diffuse vinculin localization without classical focal adhesion formation in 

FAK knockout fibroblasts.  Therefore, FAK may be responsible for the proper recruitment and 

organization of vinculin within the focal adhesion hierarchy to allow vinculin to crosslink talin to 

the actin filaments and reinforce the focal adhesion.  In addition, I observed that the actin 

cytoskeleton was altered with the loss of FAK with a lack of actin stress fiber formation in FAK 

knockout fibroblasts in 3-D but an increase in cortical distribution of actin filaments.  Rho is 

responsible for stress fiber and focal adhesion formation and is involved in the activation of 

ROCK, which alters both myosin activity and cytoskeletal dynamics (Ridley and Hall, 1992; 
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Hall, 1994; Takai et al., 1995; Amano et al., 1996; Chrzanowska-Wodnicka and Burridge, 1996).  

Katoh and colleagues (2007) showed that inhibition of ROCK disassembled central actin stress 

fibers and focal adhesions without affecting peripheral actin formation.  Also, myosin 

phosphorylation actually precedes formation of stress fiber and focal adhesion formation and 

accompanied by an increase in cell contractility (Chrzanowska-Wodnicka and Burridge, 1996).  I 

showed that with the loss of FAK in fibroblasts and endothelial cells there were alterations in 

cellular tension without any changes in myosin II phosphorylation.  It was previously shown that 

in 2-D, loss of FAK leads to a deregulation in Rho and ROCK dynamics (Ren et al., 2000; Chen 

et al., 2002; Pirone et al., 2006).  Thus, the loss of FAK in 3-D may lead to a loss in Rho and 

ROCK activation, resulting in changes in the actin cytoskeleton and focal adhesion formation, 

leading to alteration in cellular tension.  Therefore, determining Rho-GTP levels and activity of 

ROCK following the loss of FAK would be necessary to determine the involvement of FAK in 

the regulation of Rho-mediated cellular tension generation. 

The finding that FAK is a critical protein in the regulation of cellular force can have 

many implications in the study of human disease.  Increases in vascular permeability and the 

development of edema occur during inflammation and may be due in part to disruption of cell 

cohesion and changes in intrinsic contractile activity of endothelial cells (Lucas et al., 2009; 

Dushianthan et al., 2011; Mac et al., 2011).  Given the importance of FAK in regulating 

endothelial cell tension and monolayer barrier, inhibition of FAK function in endothelial cells 

could aid in blocking permeability increases during the inflammatory process and lessen edema 

formation.  Also, FAK may be important in blocking the progression of cancer.  FAK expression 

has been found to be elevated in certain types of cancer (Owens, 1995).  Enhanced expression of 

FAK could lead to increased force generation and remodeling of the ECM to produce a more 
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rigid matrix.  It has been shown that increased tumor matrix rigidity leads to cellular proliferation 

and tumor growth (Tilghman, 2010).  Therefore, reduction in tumor specific FAK protein levels 

could reduce tumor cell proliferation and block tumor growth.   

Fibroblasts are important cells within the body that are involved in the secretion and 

organization of matrix proteins.  Pulmonary fibrosis occurs due to the formation of excess 

fibrous connective tissue in the lungs, which is mediated by fibroblasts.  It has been shown 

previously that FAK expression is elevated in fibroblasts isolated from pulmonary fibrosis 

patients and inhibition of FAK prevents the formation of pulmonary fibrosis (Lagares, 2012).  

Enhanced FAK expression could lead to abnormal matrix secretion and organization leading to 

the formation of fibrosis.  Reduction of FAK protein levels in lung fibroblasts could prevent the 

accumulation of matrix proteins and slow the progression of pulmonary fibrosis.  Fibroblasts are 

also important in wound healing, and cellular force and matrix organization plays a large role in 

the closure of a wound.  Postoperative adhesions are fibrous bands of abnormal internal scar 

tissue that join tissue surfaces that are not usually connected and can occur in any area of the 

human body that sustains injury or undergoes surgery.  Although usually temporary, if these 

adhesions are not properly dissolved through digestion by fibrinolytic enzymes, macrophages 

and fibroblasts are recruited to the site and lay down matrix proteins forming a more permanent 

fibrous adhesion, which can prevent muscles and organs from moving freely and even twisting 

and pulling organs from their normal positions, resulting in severe pain, impaired organ function, 

and/or restriction of motion.  The remodeling of the ECM and cell contraction is critical for 

proper wound healing.  A previous study of skin fibrosis and hyptertrophic scar formation has 

shown that mechanical force causes the secretion of monocyte chemoattractant protein 1 (MCP-

1) and collagen production in a FAK-mediated process (Wong et al., 2011).  Therefore, 
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uncoupling mechanical tension from fibrosis formation may prove successful in preventing 

abnormal wound healing.  Given FAK’s kinase-independent involvement in cellular tension 

generation and collagen matrix organization in fibroblasts, developing treatments that locally 

alter FAK localization to focal adhesions in fibroblasts may protect against aberrant scar tissue 

formation and block the formation of post surgical adhesions. 

In conclusion, the data presented here shows that FAK is an integral part in nonmuscle 

cellular tension.  While many studies have shown FAK to be a necessary component of 

contractile signaling pathways, very few studies have attempted to determine FAK’s direct role 

in the generation and transmission of adhesive forces.  The investigation of nonmuscle cellular 

tension generation in 3-D shows a novel role for FAK in cell contraction.  Initially, the primary 

function of FAK was discovered to be in the transmission of intercellular signals following 

integrin engagement via phosphorylation of downstream effectors in order to influence cellular 

behavior.  However, data presented here shows that FAK localization to focal adhesions in 

fibroblasts is critical for tension generation without a need for kinase activity suggesting that 

FAK can function as a structural protein within the adhesion to stabilize adhesions and allow the 

cell to contract.  While studying FAK function in 2-D tissue culture dishes is necessary, the 

utilization of 3-D culture allows the determination of FAK’s involvement in cell contraction 

through direct measurement of cellular tension and results can be extrapolated to FAK function 

in vivo.  Alterations in cell contractility and cell migration play key roles in the development of 

certain diseases including developmental disorders, Crohn’s disease, atherosclerosis, and cancer 

(Raines, 2000; McManus and Golden, 2005; Brand et al., 2006; Chaffer and Weinberg, 2011).  

Thus, FAK may be a novel target in many cell types for the development of treatments to alter 

cell contractility and block disease progression. 
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