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Thesis Abstract  
  

  CdGAP is a Rac1/Cdc42 specific GTPase activating protein that localizes to cell–

matrix adhesions through an interaction with the adhesion scaffold α-

parvin/actopaxin to regulate lamellipodia formation and cell spreading. In chapter 2  

of this thesis, using a combination of siRNA-mediated silencing and over expression, I 

show that cdGAP negatively regulates directed and random migration by controlling 

adhesion maturation and dynamics through the regulation of both adhesion assembly 

and disassembly. Interestingly, cdGAP was also localized to adhesions formed in three-

dimensional matrix environments and cdGAP depletion promoted cancer cell 

migration and invasion through 3D matrices. Cell migration in 3D CDMs more closely 

approximates the topography of in vitro connective tissues, suggesting that cdGAP 

likely plays an important regulatory role in cell migration in vivo.   

Other aspects of the extracellular matrix also influence cell migration.  Specifically, 

motile cells are capable of sensing the stiffness of the surrounding extracellular matrix 

through integrin-mediated focal adhesions and migrate towards regions of higher 

rigidity in a process known as durotaxis. Durotaxis plays an important role in normal 

development and disease progression, including tumor invasion and metastasis. 

However, the signaling mechanisms underlying focal adhesion-mediated rigidity 

sensing and durotaxis are poorly understood. In chapter three of this thesis, I utilize 

fibronectin-coated polydimethoxysiloxane gels to manipulate substrate compliance, 

and show that cdGAP is necessary for U2OS osteosarcoma cells to coordinate cell 

shape changes and migration as a function of extracellular matrix stiffness. CdGAP 
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regulated rigidity-dependent motility by controlling membrane protrusion and 

adhesion dynamics, as well as by modulating Rac1 activity. I also found that CdGAP 

was necessary for U2OS cell durotaxis. Taken together, these data identify cdGAP as an 

important component of an integrin-mediated signaling pathway that senses and 

responds to mechanical cues in the extracellular matrix in order to coordinate directed 

cell motility. These findings highlight the importance of GAP proteins in the regulation 

of Rho family GTPases and provide insight into how GAPs co-ordinate the cell 

migration machinery.  
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Chapter 1: General Introduction 

Composition and Properties of the Extracellular Matrix and Tissues  

  The extracellular matrix (ECM) is a scaffold that closely interacts with cells and 

functions both as a structural element, giving support and shape to tissues, but also 

contains complex chemical and physical cues that direct multiple cellular functions 

and processes [1,2]. The molecular composition of the ECM is includes glycoproteins, 

proteoglycans, polysaccharides, chemokines, and other molecules and varies widely 

between different organs and tissues [1,2]. For example, interstitial connective tissues 

are made up primarily of insoluble, fibrillar proteins, including multiple collagen types 

(primarily type I), fibronectin, and tenascin, whereas the basement membrane consists 

of laminin, vitronectin, collagen type IV, nidogen, and entactin [3]. Importantly, each of 

the structural protein components in the ECM can be modified by multiple means; for 

example, collagen is post-translationally cross linked in vivo by the enzyme lysl-

oxidase to make it more rigid and enhance its incorporation into thick, cross-linked 

fibers, and fibronectin is unfolded in response to stretching or other force application, 

which exposes cryptic binding sites that provide additional signaling inputs to cells [3]. 

The molecular makeup and modification state of ECM components largely determines 

the major physical properties of the ECM, which include its topography, porosity, and 

its average rigidity, or compliance, all of which can in turn influence the accessibility of 

important cues that determine cell behavior.   

 The rigidity of tissues is dependent upon the type, modification, and architecture 

of ECM proteins, but in addition is determined by the rigidity of the cells that reside in 
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them (Figure 1)  [3-5]. Measurements of the rigidity of single cells using atomic force 

microscopy (AFM) have shown that cell types including fibroblasts, mesenchymal 

stem cells, and neurons will adjust their rigidity to match that of the surrounding 

tissue or ECM. Importantly, ECM and tissue rigidity is not the only mechanical stimulus 

that cells are exposed to.   

 

Forces commonly encountered by cells in vivo include compressive forces, stretching, 

and variations in fluid pressure and flow rates [4a]. Together, these varied and dynamic 

chemical and physical properties of tissues and the ECM determine a myriad of 

biologic effects at multiple levels, ranging from tissue remodeling to effects on specific 

cellular behaviors including differentiation, apoptosis, matrix remodeling, 

Adapted from Gefen et al. 2001, Paszek et a;., 2005, Engler et al., 2006, Moore et al, 2010, and Butcher 
et al 2009, 

Figure 1. Cells and tissues display wide-ranging mechanical properties as 
measured through their elastic, or Young’s modulus in pascals (Pa). During 
tumorigenesis breast tissue can undergo an ~5-fold increase in rigidity.   
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neurotransmission, cell growth, and most pertinent for this thesis work, cell adhesion 

and migration [4a].  

 Organism, Tissue, and Cellular Responses to Mechanical Stimuli  

 Biological responses to force occur through a mechanism known as 

mechanotransduction, which is broadly defined as the conversion of a mechanical 

input into a chemical signal. During development, tissues and cells are exposed to a 

complex array of forces, and recent studies have provided the first direct examples of 

mechanotransduction in vivo [5]. In Drosophila  melanogaster, compressive force 

generated by the involution of tissue layers is necessary for the expression of the twist 

transcription factor in gut precursor cells,  resulting in the formation of the anterior 

digestive tract. Laser ablation to eliminate the compressive force buildup in live 

embryos reduced twist transcription factor levels and inhibited tissue invagination 

and the formation of the gut. Moreover, the differentiation of gut precursors in laser-

ablated embryos could be rescued by applying experimentally derived force with a 

micropipette directly to gut precursors [6,7].  

 In Caenerohabditis elegans, force induces activation of the Rac1 GTPase in vivo 

through recruitment of the Rac1-GEF PIX, Rac effector PAK, and ARF-GAP GIT1 to 

hemidesomoses (CeHES), structures connecting epidermal and muscle cell layers in 

the body wall. Localization of GIT1 to these structures promoted embryo elongation, 

whereas mutants of PAK were incapable of retaining GIT1 at CeHES and resulted in 

growth arrest of the embryos. Experimentally applied compressive force to CeHES in 
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live embryos expressing PAK mutants rescued the localization of GIT1 and promoted 

embryo elongation [8].   

  Other studies have demonstrated that mechanical force applied in vivo and in 

vitro can drive a myriad of developmental effects. For example, fluid flow and fluid 

pressure determine the patterning of the cardiovascular outflow tract and the 

development of veins versus arteries, as well as the remodeling of the vasculature in 

the primitive yolk sac [9,10]. In addition, shear stress and fluid flow patterns in the 

developing heart determine both heart looping and valve development [10]. The 

development of the lymphatic system, including both vessels as well as valves that 

prevent backflow of lymphatic fluid, also requires controlled stretching due to 

interstitial fluid pressure [11,12].  Bone development requires load bearing and 

compressive forces, and lung development is stimulated by normal breathing patterns 

and the stretching of epithelium within pulmonary tissues [13,14]. 

 In vitro studies have begun to reveal some of the major mechanotransduction 

pathways underlying these developmental processes, and shown that in addition to 

influencing tissue development, the mechanical properties of the ECM can determine 

the fate of individual stem cells. Specifically, stem cells derived from muscle, neurons, 

and embryonic origins all have increased proliferation and self renewal on ECM of a 

defined and specific rigidity, and increasing or decreasing the compliance of the 

substrate outside of this range results in decreased stem cell growth [15-17].  

Furthermore, reducing matrix rigidity or inhibiting contractility also enhances the 

pluripotency of induced human stem cell lines [18]. Critically, mesenchymal stem cell  

(MSC) differentiation can be controlled by tuning matrix rigidity to regulate the yes-
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associated protein 1  (YAP) and transcriptional co-activator with PDZ-binding motif 

(TAZ) transcription factors [19-21].  On soft substrates, YAP and TAZ are inactive and 

located in the cytoplasm, and MSCs differentiate into adipocytes, whereas rigid 

substrates promote shuttling of an active YAP/TAZ complex to the nucleus where it 

interacts with transcriptional enhancer activator domain (TEAD) transcription factors 

to induce MSC differentiation into osteocytes [19-21]. Importantly, YAP/TAZ 

translocation to the nucleus is dependent upon integrin-mediated interaction with the 

ECM [22].  

Cell Motility is Regulated by the Chemical, Mechanical, and 

Topographical Properties of the ECM 

  Cell migration is highly dependent on the chemical and topographical 

characteristics of the ECM, in addition to its mechanical properties. The migration of 

fibroblasts and other mesenchymal cells has traditionally been studied on 2D tissue 

culture plates coated with ECM proteins such as fibronectin or collagen. Upon plating 

cells on FN or collagen, cells initiate the first step of 2D cell migration, the formation of 

a front:rear axis. In fibroblasts this is commonly observed as the generation of a wedge 

shaped lamellipodia at the front of the cell and a retracting rear. In other cell types, 

such as U2OS cells used in the studies herein and keratocytes, the long axis of the cell 

is oriented at a right angle to the direction of cell migration and the short axis is 

measured from the leading edge to the rear of the cell.  As a result, U2OS cells migrate 

rapidly with a crescent, or canoe shape [22a]. 
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 Formation of a front:rear axis is thought to coincide with the redistribution of 

cellular organelles important for maintaining front rear polarization. Specifically, the 

microtubule organizing center (MTOC), microtubules, and Golgi apparatus re-orient 

during the establishment of the front:rear axis so that they are in front of the nucleus 

and oriented in the direction of cell motility, in order to deliver motility signals that 

preserve the newly formed front:rear axis [23-25].   

 As a front:rear axis is established, actin polymerization drives the extension of the 

cell membrane, forming a broad structure known as a lamellipodia, and also promotes 

the formation of integrin-based focal adhesions (FAs).  FAs serve to as a dynamic 

physical linkage between the ECM and the actin cytoskeleton in the lamellipodia, but 

are also signaling nodes that transduce and integrate chemical, mechanical, and 

topographical information during cell migration [25a].  

 FAs generate traction forces that are essential for cell migration. Recent studies 

have shown that FAs are molecular clutches, dynamically engaging both the ECM and 

rearward/retrograde flowing actin in the lamellipodia [26]. Actin is driven backwards in 

FAs by the addition of actin monomers at the leading edge and through non-muscle 

myosin driven contractility in the lamellae [26]. When FAs engage with actin 

retrograde flow, it promotes increased lamellipodia extension rates, as the 

lamellipodia extension rate is the net of the overall actin polymerization rate and actin 

retrograde flow rates [27].  Actin retrograde flow can be modulated through FAs, 

which engage actin and reduce retrograde flow rates. The degree to which FAs 

engage rearward flowing actin and the ECM determines the magnitude and duration 

of traction force generated by cells on the underlying substrate [27]. Actin 
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polymerization coupled with actomyosin contraction thus drives mesenchymal cell 

motility, although the precise contribution of each to rapid cell migration is still 

unclear.  

 Lamellipodia, once extended, are then stabilized by increased FA formation and 

reinforcement, in concert with the assembly of robust, contractile actin filaments 

decorated with non-muscle myosin. Once assembled and anchored by FAs, the 

contraction of the cytoskeleton results in the movement of the cell body over the ECM 

[26,28].  The final steps in cell migration are the retraction of the tail of the cell and the 

disassembly of FAs as the cell body moves over them, resulting in net forward 

movement of the cell.  

 In vitro studies employing soft biomaterials to construct artificial substrates that 

more closely approximate the mechanical properties of tissues and the ECM in vivo 

showed that cells plated on soft substrates tend to spread poorly, have smaller stress 

fibers, and small FAs [29,30]. Motility rates on 2D substrates can vary biphasically as a 

function of ECM rigidity, but in general fibroblasts migrate more slowly and form fewer 

lamellipodia on soft biomimetic substrates of  ~500-1000 Pa that approach the 

compliance of the softest tissues in the body [31,32].  In addition to motility rates, ECM 

rigidity can also determine the direction of cell motility in a process known as 

durotaxis. Durotaxis is the preference of cells to migrate towards or onto more rigid 

ECM or substrates, and has been observed in endothelial cells, fibroblasts and stem 

cells [33-37]. Durotaxis involves the polarization of cytoskeletal elements including 

non-muscle myosin IIA and B, and the generation of asymmetric traction forces in 

single cells that result in directional migration [33-37]. Recent studies have also 
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demonstrated that asymmetric force distributions and cyclic force fluctuations within 

individual FAs enable cells to determine the mechanical properties of their 

surrounding environment and durotax [35,38]. 

 Migration in 3D environments in vitro has been studied using hydrogels produced 

from polymerized collagen, or in biologically manufactured 3D cell derived matrices 

(CDMs), which are produced using fibroblast cell lines grown over extended periods 

on traditional plastic tissue culture substrates. The fibroblasts secrete and re-organize 

ECM proteins into a 3D fibrillar network with similar makeup and properties to 

interstitial ECM in vivo [39-42].  Fibroblasts and U2OS cells spread onto 3D CDMs have 

small adhesions and migrate with a dramatically different morphology from 2D 

substrates, assuming an elongated, linear morphology with diminished stress fibers 

and smaller focal adhesions [39-44]. By comparison to 2D substrates, cells in 3D CDMs 

typically migrate at much higher rates, and have greatly enhanced persistence, a 

measure of directed motility. However, changes in migration seen in 3D systems may 

also be due to changes in ECM rigidity, given that 3D CDMs are also significantly more 

pliable than the plastic or glass 2D tissue culture substrates, and have similar 

mechanical properties to the softest tissues in vivo, including brain and fat.  

 Some forms of 3D cell motility include lobopodial and amoeboid cell migration. 

Briefly, amoeboid migration occurs strictly in 3D environments and primarily occurs in 

plastic cancer cell lines. Plastic cells are capable of switching between amoeboid and 

mesenchymal migration modes, a capability that may make them resistant to 

pharmacologic treatments such as integrin and MMP inhibitors, thus enhancing their 

metastatic potential.  Amoeboid motility relies on pseuopods, blebbing, and matrix-
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metalloprotease-mediated degradation of the ECM. The necessity of integrin-

mediated adhesion in amoeboid motility is thought to be greatly diminished [45].  

 3D CDMs are linearly elastic environments, which means essentially that their 

rigidity or Young’s modulus remains unchanged under a broad range of stresses. 

Under these conditions, fibroblasts migrate primarily in a lobopodial mode of motility 

[46]. In this form of motility, cells exhibit off-axis blebbs and have mislocalized polarity 

signaling at the leading edge [46].  Surprisingly, there were not significant differences 

in the rates or directionality of migration between lamellipodia and lobopodia based 

migration in 3D CDMs.  

Integrins Mediate the Signaling Derived from Chemical and Physical 

Cues Present in the ECM  

 Cells sense the chemical and physical properties of the ECM through the Integrin 

family of heterodimeric proteins that bind directly to ECM proteins.  The integrin 

family is composed of 18 α and 8 β subunits that form a total of 24 functional 

heterodimers. The combination of integrin subunits determines ligand specificity for a 

specific ECM protein or peptide sequence, such as collagen (GFOGER) and Fibronectin, 

(RGD) [2,47] (Figure 2) .  Many integrin α and β subunits exhibit specific cell/tissue 

expression patterns, thus giving cells the ability to interact with and initiate integrin 

meditated signaling cascades dependent upon the specific composition of ECM 

environments [47]. The interaction of integrin receptors and ECM ligands is essential 

for many cellular functions, including cell adhesion, cell migration, cell division, 
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differentiation, immune surveillance, extravasation, tissue-homing, and many other 

cellular and biological processes.  

 Integrins are found in three conformational states; bent (inactive), primed, and an 

activated, straightened conformation. (Figure 3) [48]. In the case of fibronectin 

binding to αIIbβ3, the extracellular hybrid domain of the integrin α subunit moves 

away from the β-propeller, resulting in the straightening of the integrins into an 

upright, extended conformation with the ligand-binding domain unmasked [48]. 

Although the precise mechanisms are still being investigated, this unmasking and 

straightening event is coupled to key conformational changes in the cytoplasmic β tail 

(Figure 3).  These conformational changes promote the separation of the 

cytoplasmic α and β tails and phosphorylation of the NPXY motif in the cytoplasmic β 

tail [48]. 

Figure 3 

Adapted from Barcyzk et al., 2010 

Figure 2.  The integrin family of proteins with individual α and β integrin subunits.  
Integrins form heterodimers comprised of one α and one β subunit in the cell 
membrane that determine their specificity for extracellular matrix proteins. 

Adapted from Barcyzk et al.,Cell Tiss Res 2010 
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 The clustering of integrins in conjunction with binding of adhesion proteins to the 

NPXY motif in the β tail is thought to be one of the first steps in the formation of 

integrin mediated adhesive contacts termed focal adhesions (FAs) between the cell 

and ECM [49]. These contacts were originally observed in fibroblasts using interference 

reflection microscopy (IRM), which identifies structures closest to the substrate as 

darker features that result from destructive interference, and later with electron 

microscopy as electron dense protein plaques at regions of contact between the cell 

and substrate it was plated on [48,50-52]. Integrins are also found in podosomes, 

cellular processes typically associated with macrophages, osteoclasts, and podocytes, 

as well as the related invadopodia, invasive structures in transformed cells that are 

involved in breaking down basement membranes and ECM and thereby promoting 

cancer cell invasion [153]. 

 Gross Morphology of Focal Adhesions 

Adapted from Moser et al., Science  2009 

Figure 4 

Figure 3. Integrin activation involves binding to extracellular matrix and the 
extension of the extracellular portions of the α and β subunits, in combination with 
the separation of the integrin cytoplasmic cells on the cytoplasmic face of the 
plasma membrane.  
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 The dense, protein rich plaques observed in these early studies  and later termed 

focal adhesions, form important physical connections between the ECM and 

cytoskeleton [48,50-52]. Integrins can recruit a multitude of cytoplasmic proteins 

through NPXY motifs found in their β cytoplasmic tails, although α subunits are also 

capable of direct interactions with adhesion proteins [49]. Adhesions have been 

classified into distinct structures, mainly on the basis of their size and location 

(Figure 4): 1) nascent adhesions, (0.1-0.5µm) found at the leading edge of a 

lamellipodia 2) focal complexes (0.1-1.0µm), also found at the leading edge, and 3) and 

Figure 4. A) A U2OS cell spread on a fibronectin coated coverslip and fixed and 
stained for paxillin and actin. The lamellipodia is highlighted in white, this cell 
also displays robust actin stress fibers. B) Inset of boxed region showing the 
different morphologies of adhesion contacts.  C) Adhesions grow in a tension 
dependent manner.  
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focal adhesions (1-10µm), typically observed in the lamellae and connected to 

bundled actin stress fibers (1-10µm) [53]. A fourth adhesion type, fibrillar adhesions, 

will not be discussed in depth as they are rarely found in migratory cells. Fibrillar 

adhesions tend to be large (1-10µm), centrally located adhesions typically associated 

with fibronectin remodeling and are enriched for integrin α5β1 and tensin [53]. While 

this simple size and location based-classification scheme has existed for at least a 

decade, the complexity and heterogeneity of individual adhesion contacts has been 

revealed by recent studies that coupled cell fractionation techniques to biochemically 

isolate individual adhesions with mass spectrometry [48,54-58].  

Molecular Architecture of Focal Adhesions  

 The collective group of proteins that make up FAs are referred to as the 

adhesome. The adhesome was originally thought to consist of only a small group of 

structural proteins that could form a physical linkage between the ECM and actin [59].  

However, microscopy based studies expanded this small number of proteins up to 

~150 members, and recent mass spectrometry approaches have indicated that as 

many as ~1000 proteins may be enriched in FAs [56,58]. Studies of FAs using super-

resolution microscopy have provided new insight into the arrangement of core 

adhesion proteins within an individual FA, but contrasting pictures of how adhesions 

are organized on the molecular level. Core adhesion proteins include vinculin, an actin 

and paxillin binding protein, as well as paxillin, a scaffolding protein binds to α-

integrin cytoplasmic tails and vinculin. The interaction paxillin with integrins and actin 

binding proteins forms a direct physical connection between the cytoplasmic integrin 

Figure 4  
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head and the actin cytoskeleton (Figure 5).  Paxillin is a crucial structural component 

of FAs, but similar to many other FA protein scaffolds, it is also an important signaling 

hub, with a multitude of protein-protein interactions governed by Ls-IS1-1-Mec3 (LIM) 

domains, leucine and aspartate rich (LD) motifs, and by phosphorylation events that 

induce the formation of SH2-binding domains [60]. For example, paxillin can interact 

with FA localized Focal adhesion kinase (FAK) and Src tyrosine kinases that in turn 

phosphorylate paxillin to induce its interaction with p120RasGAP, Crk, and CSK, as well 

as downstream effectors upon integrin binding to ECM [60, 189-192].  FAs contain 

actin cross-linking and bundling proteins such as filamin and α-actinin that can also 

serve as scaffolds to recruit other signaling proteins to actin and Fas [27]. Finally, FAs 

Figure 5. Super resolution studies have suggested that focal adhesions are 
made up of layers of proteins that are organized by function. Integrins and the 
actin cytoskeleton form the bottom and top of the adhesion, respectively. 

Taken from Kanchanwong et al., Nature Cell Biology 2012 
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contain actin-modifying proteins such as vasodilator-stimulated phosphoprotein 

(VASP). 

  Recent studies using high resolution imaging approaches to examine the 

orientation of proteins within a single focal adhesion, resulted in distinct, dramatically 

different FA architectures. Pratla et. al. used cryo-EM on cells whose membranes were 

chemically sheared to reveal that FAs are composed of 43nM-spaced circular contacts 

of vinculin and paxillin, overlaid by a dense actin network [61]. In contrast, a study 

using super resolution imaging found that adhesion proteins were specifically layered 

into a core structure around 40nM tall, with 40nM measured as the distance between 

integrin and actin (Figure 5)  [57].  These data demonstrate for the first time that 

focal adhesion proteins, which have traditionally been grouped into three main 

categories based on their function; including structural, signaling, and scaffolding 

proteins, may also be arranged by function into a multilaminar network within 

adhesions. As linkages between the ECM and actin cytoskeleton, FAs participate in bi-

directional force transmission and signaling (ie, from the ECM into the cell, and from 

the cell out to the ECM). FAs respond to increased force of experimental origin, such as 

pulling on ECM coated beads with magnetic tweezers, plating cells on rigid ECM, or 

pulling on FAs with micropipettes, by growing in size, although the specific 

mechanisms underlying this transition are complex and remain unclear [62]. Some of 

the effects of force and rigidity on FA proteins in the context of FA maturation are 

discussed below.  

 

Taken from  Kanchanawong et al., 2010 
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FA Maturation Involves Compositional Changes to FAs 

 Mass spectrometry performed on FAs has revealed that there is a compositional 

maturation of FAs that occurs as a function of cellular contractility or ECM matrix 

rigidity (Figure 6) . Compositional maturation involves the differential recruitment of 

FA proteins to adhesions with high and low levels of actomyosin mediated 

contractility, which can be modulated through the use of inhibitors to myosin II, such 

as blebbistatin or Y27632. Comparison of FAs in cells under low and high tension has 

revealed significant differences in the recruitment of FA proteins to adhesions under 

tension [54,56]. Proteins recruited to small, nascent adhesions under low tension are 

highlighted in Figure 6  in blue. These proteins are potential mediators of adhesion 

assembly and formation, given that small, nascent adhesions are thought to be 

exposed to low amounts of cytoskeletal tension in comparison to large, mature FAs. 

When grouped by function, there is a large enrichment of proteins that regulate actin 

polymerization and branching in adhesions under low tension, including Arp2/3 

Taken from Schiller et al., EMBO 2013 
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Figure 6. Applying tension to adhesion complexes causes a compositional change 
in the relative abundance of specific adhesion proteins.   
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complex proteins and activators, as well as Rac1 and guanine nucleotide exchange 

factors that promote Rac1 activity such as Trio and Elmo [63,64].  

 In large adhesions under high tension, 22 of the 24 members of the LIM-domain 

containing protein family including paxillin, zyxin, vinculin, and hic-5  are enriched in 

FAs.  When grouped by function, this was the only protein family whose adhesion 

enrichment was enhanced consistently by tension or force [63,64].  Other proteins of 

interest for this thesis that were found to be recruited to mature FAs under force or 

tension include the Integrin linked kinase (ILK), a scaffold and pseudo-kinase that 

binds to the paxillin and actin-binding FA protein actopaxin, as well as the particularly 

interesting cysteine rich protein (PINCH) [63,64].  In addition, actopaxin, as well as 

Cdc42 GTPase activating protein (cdGAP), the subject of this thesis, were also 

preferentially enriched in FAs that were under tension. Interestingly, the same study 

also found that ILK, actopaxin, and cdGAP were part of a complex recruited 

preferentially to α5β1 integrins, as opposed to αVβ3 or αVβ5 integrins on rigid ECM 

coated with fibronectin [64]. Furthermore, there were also differences in the 

phosphorylation of cdGAP and actopaxin on rigid surfaces in response to FN binding, 

including significant increases in the phosphorylation of serine 19 in actopaxin and 

serine 765 in cdGAP in cells expressing α5β1, as opposed to αVβ3 or αVβ5 integrins 

[64]. 

The Conformation of Individual FA Proteins is Regulated by Force 

  The mechanism underlying force-induced compositional maturation of adhesion 

sites is unknown, but there are a number of studies indicating that force induced 
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conformational changes in adhesion proteins can contribute to FA formation and 

maturation. Recent studies on Integrin α5β1 demonstrated that the application of 

cyclic forces induced conformational changes consistent with integrin activation, and 

that this cyclic force further conditioned the integrins to adhere with more force and 

for longer periods to a fibronectin substrate, resulting in the activation of FAK [65]. 

Proteins recruited to integrin tails, including talin and vinculin, also undergo force 

dependent conformational changes and appear to be crucial for FA re-enforcement in 

response to force [66,67]. Atomic force microscopy and magnetic tweezers were used 

to unfold talin with physiologic force inputs, resulting in the exposure of vinculin 

binding sites in talin and promoting re-inforcement of the integrin actin linkage [66]. A 

vinculin bio-sensor composed of the vinculin head and tail domains separated by silk 

protein repeats demonstrated that upon adhesion to fibronectin, vinculin was 

stretched under force but only in assembling and growing FAs. Conversely, vinculin 

was relaxed in stable or disassembling FAs, providing the first direct evidence that FA 

dynamics involve specific changes in the force transmitted by individual FA proteins 

[67].     

FA Proteins are Modified Biochemically in Response to Force 

 Both focal adhesion scaffolding proteins and kinases including PAK, ERK, Src, FAK, 

p130 Cas, and paxillin have been shown to be differentially phosphorylated and or 

activated in response to force of either extracellular or intracellular origin. Increasing 

matrix density activates PAK phosphorylation and FA strength to tune cell motility in 

response to ligand density [68]. The Src substrate p130Cas is mechanically unfolded in 
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response to force, which primes it for phosphorylation events in multiple SH2 domain 

repeats [69]. FAK activity is regulated by integrin ligation and force, with enhanced 

FAK phosphorylation occurring on more rigid substrates. Actin stress fiber associated 

proteins are also modified in response to force, including non-muscle myosin II, which 

is phosphorylated and binds more strongly to actin upon application of force. Filamin, 

another actin binding and cross-linking protein, is phosphorylated and unfolded in 

rigid environments, and this regulates the interaction of its IgG domains with Rho 

GTPase regulatory proteins such as FilGAP, a specific inhibitor of Rac activity [70]. 

Force Induces Differential signaling through FN specific Integrins 

 Applying force to FAs of either extracellular (ie rigidity) or cytoskeletal origin 

influences specific signaling cascades initiated by different integrin subunits that are 

specific for fibronectin. Integrin α5β1 preferentially activates ILK and GEFH-1 to 

enhance RhoA activity and promote myosin II phosphorylation in serine 19 to up 

regulate contractility, whereas αvβ3 activates RhoA without activating myosin II, 

instead promoting media-dependent remodeling of the actin cytoskeleton [55]. Thus 

rigidity can specifically activate different signaling cascades and can reinforce focal 

adhesions by increased actomyosin contractility, or through the remodeling of the 

integrin-actin connection. 

FA Lifetime and Dynamics 

Individual focal adhesions must initially assemble to promote traction points for 

migrating cells, but rapidly disassemble to allow the cell body and tail to move 
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forward. The dynamics of individual FAs are crucial for determining the ability to cells 

to migrate efficiently in both 2D and 3D environments [71-75]. 

 FA dynamics are measured by transfecting individual FA proteins such as 

fluorescently tagged vinculin, zyxin, or paxillin, into cells as markers that can then be 

used to track the dynamics of FAs.  FAs rapidly assemble, which is marked by a rapid 

increase in the fluorescence intensity of the fluorescently tagged FA proteins over 

time (Figure 7) . Once assembled FAs stabilize and then rapidly disassemble. The 

lifetime of an individual FA can be altered by changes to the rates of adhesion 

assembly or disassembly, or the duration of FA stability.  Importantly, studies have 

shown that the mechanisms that regulate these phases are specific, in other words FA 

disassembly is not simply a matter of reversing the processes that drive FA formation 

[92].      

 

 

Figure 7. Measuring the fluorescence intensity of a single adhesion from the time 
it first becomes visible until it disappears reveals three basic phases; assembly, 
stability, and disassembly, which together constitute the adhesion lifetime. 
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Focal Adhesion Assembly  

 Mesenchymal cell motility requires the extension of a leading edge lamellipodia 

and actin polymerization initiated by the Arp2/3 complex [76-79].  Adhesions form 

underneath the dense, branched actin present in the lamellipodia as small, diffraction 

limited punctae and their formation rate is governed both by myosin IIA and alpha-

actinin mediated cross-linking of F-actin at the leading edge. Indeed, a mutant of 

myosin IIA unable to contract but that retains actin crosslinking ability partially rescues 

adhesion formation in a non-muscle myosin II null background. [221]. In addition, the 

formation of nascent adhesion sites depends on the amount of actin polymerization 

and actin retrograde flow rates that are present in the lamellipodia [27]. A complex 

containing PKL, PIX, PAK, and paxillin forms in nascent adhesions and promotes rapid 

FA assembly rates [72,80].  Cell adhesion to the ECM activates Rac and Cdc42 activity 

that drives the activation of the Arp2/3 complex and other actin modifying proteins in 

the lamellipodia, including mDia1 and mDia2, to regulate actin polymerization and 

flow and increase FA assembly rates [28]. Moreover, actin polymerization rates dictate 

the assembly rate of small adhesions, and studies have shown that mild latrunculin-A 

treatment to stabilize actin completely halts the formation of new FAs [81,82].  

Overexpression of mutant, constitutively active forms of Rac and Cdc42 accelerates 

the formation of nascent adhesion complexes in many different cell types [28]. 

 After their initial formation, adhesions grow in size and stabilize in a myosin IIA 

dependent manner, typically at the boundary between the lamellae and the 

lamellipodia. FA maturation requires F-actin binding to vinculin, the interaction of 
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integrin cytoplasmic domain associated protein (ICAP) and talin with β1 integrin , and 

non-muscle myosin IIA mediated cross-linking of actin and contraction of the 

cytoskeleton [82-85].  Promoting vinculin interaction with actin slows FA assembly 

rates, and ICAP interaction with the β1 integrin cytoplasmic tail also slows adhesion 

assembly rates [82,83]. Interestingly, ICAP knockout cells also have prematurely 

activated integrins and are unresponsive to changes in matrix ECM density. Inhibiting 

Myosin II or upstream signaling elements that converge on myosin, such as RhoA, 

ROCK, or MLCK, either completely inhibits FA maturation or dramatically slows 

adhesion assembly rates to destabilize mature FAs and resulting in dramatically 

shortened FA lifetimes [86]. 

Stability Phase  

 Once assembled, adhesions proceed through what is known as a stability phase, 

which is essentially a dynamic equilibrium between growth and disassembly [86]. 

Proteins regulating adhesion strengthening in response to force, including vinculin 

and talin, as well as FAK, are thought to play an important role in extending FA 

lifetimes by promoting long stability phases, nevertheless there are few reports that 

directly measure the length of the stability phase, and little is known about the 

mechanisms the govern its length.  

Focal Adhesion Disassembly  

 FAs undergo disassembly at the cell’s leading edge and also at the retracting tail.  

One of the first studies on disassembly characterized an important signaling cascade 

involving paxillin phosphorylation at Y31 and Y118, and S273, FAK and FAK 
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phosphorylation at Y397, p130cas, and Rac1 activity as crucial regulators of the rates of 

FA disassembly [87,88]. Recent studies have further shown that Rac1 and Cdc42 

activation by ASEF2 accelerates FA turnover and disassembly rates, although in 

HT1080 fibro sarcomas Cdc42 activity was not essential for cell migration or FA 

disassembly rates [71]. Other Rac GEFs, including the microtubule regulated GEF STEF 

(TIAM2) and the Rho GEFH1, both enhance FA disassembly rates [89,90].  The 

microtubule and actin binding ATPase ACF7 is one of the only proteins that can 

enhance both FA assembly and disassembly rates, and does so in a Rho GTPase-

independent fashion [91].  Microtubules target FAs and promote their disassembly 

through delivery of an unknown relaxing factor in concert with paxillin [92,93]. 

Alternatively, studies have shown that endocytic proteins, whose localization to the 

leading edge can be coordinated by microtubules, also regulate FA dynamics.  These 

include the clathrin adaptor DAB2, clathrin, the membrane scission promoting GTPase 

dynamin, and the autosomal recessive hypercholesteremia protein (ARH), all of which 

localize to FAs and can enhance rates for FA disassembly by targeting integrins and 

adhesion components for internalization [94,95].  In addition, calpain, a calcium 

activated protease, cleaves multiple FA proteins associated with the FA plaque, 

including FAK and talin to destabilize FAs and speed their disassembly [96,97]. 

Cleavage of the ECM integrin linkage also occurs when an FA targeted p130-Cas-FAK- 

MT1MMP signaling axis cleaves extracellular integrin head domains to promote FA 

disassembly [98]. RhoA activity in the retracting tail of migrating cells was long 

thought to also contribute to FA dynamics, although recent work has demonstrated 

that disassembling adhesions have decreased traction forces on a tension sensitive 
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vinculin biosensor, calling into question the role that contractility might actually play 

in determining the disassembly rate and mechanism of FAs [67].  

Ras Superfamily Proteins  

Adhesion formation and integrin signaling activates the Ras superfamily of small 

GTPases. The Ras superfamily contains 154 members, all of which are either ATP or 

GTP binding proteins with intrinsic hydrolysis activity and capable of binding to and 

cleaving phosphate through hydrolysis of adenosine of guanine triphosphate [99]. The 

Taken from Heasman et al., Nature 
Reviews Molecular Cell Biology 2010  
 

Figure 8. The Rho family of small GTPases includes 20 members. Three of the  
nodes on this tree are particularly important in terms of their function in motility, 
and include the Rac, Cdc42, and Rho subfamilies. 
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original members of this family, N-Ras, H-Ras, and K-Ras, were originally identified as 

oncogenic isolates from chicken, rat, and mouse viruses that had transforming 

capabilities. Later studies identified these proteins as normal versions of cellular genes 

that were incorporated into host cells and whose overexpression was key to their 

transformative properties [100-105]. Mutated Ras has the capacity to transform cells 

and initiate tumor formation and growth without additional activating mutations in 

other oncogenes, and a myriad of somatic mutations to Ras have been characterized 

in many human cancers [106].  Mutated K-Ras is unable to interact with GAPs and thus 

catalyze the hydrolysis of GTP to GDP, leaving Ras in a constitutively active state in 

many human tumors [106].  

 Rho family proteins are also implicated in cancer, but primarily function to control 

the cytoskeleton, cell adhesion, and cell migration. The activity of Rho family members 

is precisely controlled by Rho Family regulatory proteins, and multiple human diseases 

including cancer and developmental disorders are associated with changes in the 

expression and activity levels of Rho family proteins themselves. There are 20 

members of the Rho Family, and each contains a G-domain with high homology to the 

original G-domain characterized in H-Ras (Figure 8)  [106]. 

 Rho family proteins are active and signal to downstream effectors only when 

bound to Mg2+ and GTP, and on their own, slowly hydrolyze GTP to GDP to become 

inactivated [106]. Rho family activity both regulates and is regulated by integrin 

signaling and adhesion formation and maturation, forming a complex feedback loop 

that promotes adhesive and cytoskeletal changes during cell migration that are 

Figure 8  

Figure 7  
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dependent upon the complement and activity of Rho and Rho regulatory proteins 

within a particular cell.  

Rho Family Proteins involved in Cell Migration and their Effectors    

 The most well-studied Rho family proteins in terms of their role in cell motility 

include Rac1, Cdc42, and RhoA, and these will be the focus of this thesis.  Nonetheless, 

other Rho family members including RhoU and RhoD have also recently been shown 

to regulate cell motility [193-194].  

Rac1 and Effectors 

 Rac1 functions during cell migration to initiate lamellipodial extension and the 

formation of small adhesion complexes within the leading edge lamellipodia, binding 

to multiple downstream effectors when GTP-bound in order to promote these 

functions (Figure 9)  [107-109]. Specifically, active Rac1 binds to IRSP53, a member of 

the WAVE protein complex [110].  The indirect Rac-WAVE interaction leads to the 

activation of the ARP2/3 complex in the leading edge of migrating cells, which is 

capable of both initiating actin polymerization and promoting the formation of 

branched actin filaments [111]. Rac can also bind to and activate LIM Kinase (LIMK), 

which in turn phosphorylates cofilin to inhibit the destabilization of cortical actin 

filaments at the leading edge [112].  Activated Rac1 promotes the activity of gelsolin, 

an actin severing and destabilizing protein, to promote cell motility by enhancing 

barbed end formation at the leading edge [113].  PAK, another effector activated by 

Rac1, can phosphorylate and activate multiple downstream targets including the actin 

binding protein Filamin A, myosin regulatory light chain, and cofilin [23,112,114]. Rac1 
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can also promote linear actin polymerization at barbed actin ends through activation 

of the mDia2 protein [115].  MDia proteins are members of the Formin family and are 

capable of processive actin polymerization that drives lamellipodia formation. 

Knocking down Rac1 expression in multiple cell types inhibits cell spreading, 

lamellipodia formation, and generally reduces migration velocity in 2D systems 

[24,43,116-119].   

 Rac1 activity is modulated through integrin signaling both in vitro and in vivo in 

response to mechanically derived force. Stretching fibroblasts uniaxially promotes 

enhanced Rac1 activation at the ends of the cell that are parallel to the direction of 

shear [120]. Fluid shear stress promotes Rac1 activation in vascular endothelial cells in 

vitro, and Rac1 is also activated by shear forces in osteoclasts [121-123]. Rac1b, a Rac1 

isoform whose expression is up regulated in cancer cells, is activated in response to 

rigidity in vitro and drives the production of reactive oxygen species [124]. In vivo, the 

D. Melanogaster homolog of Rac1 is activated by compressive forces during embryonic 

development to mediate epithelial morphogenesis [8].   

Taken from Heasman et 
al., Nature Reviews 
Molecular Cell Biology 
2010 

Figure 9. Downstream effectors of Rac1. 
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Cdc42 and Effectors 

 Expression of constitutively active Cdc42 initiates the formation of small adhesion 

contacts and the extension of filopodia, thin finger-like membrane protrusions. Cdc42 

binds to and activates the WASP protein complex and initiates actin remodeling 

through Arp2/3 complex at the leading edge, although Cdc42 has also been shown to 

activate Arp2/3 in recycling endosomes [125]. Cdc42 can also activate the mDia2 

formin, which is thought to drive the formation of filopodia [126,127]. Cdc42 is crucial 

for forms of directed cell migration including both wound healing and chemotaxis, as 

it can interact directly with the polarity proteins Par6 and Par3, and MRCK proteins that 

direct the reorientation of microtubules, the microtubule organizing center, and the 

Golgi apparatus during directed cell motility [128]. The knockdown or knockout of 

Cdc42 impedes the reorientation of the golgi apparatus in wound healing models of 

migration and inhibits directional migration towards chemotactic cues [129,130]. 

Additionally, Cdc42 helps to establish the apico-basal polarity observed in epithelial 

 

Taken from Heasman et 
al., Nature Reviews 
Molecular Cell Biology 
2010 

Figure 10. Downstream effectors of Cdc42. 
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cell layers and contributes to directional secretion of matrix proteins into the 

basement membrane on the apical cell surface [23].  Cdc42 activity is increased in 

osteoclasts after application of shear stress, and another study showed that enhanced 

Cdc42 activation occurs in neural stem cells cultured on rigid substrates [122,131].    

RhoA and Effectors 

 The Rho protein subfamily of the Rho family GTPases, including RhoA, B, and C, 

primarily control the contractility and bundling of the actin cytoskeleton and are 

thought to be active both at the leading edge as well as the tail, or rear of a migrating  

cell [107-109]. Overexpression of dominant active RhoA promotes the formation of 

large adhesions, robust actin stress fibers, reduces cell spreading, lamellipodia 

formation, and cell migration [23,132]. In contrast, inhibition of Rho A,B, and C with C3 

transferase, an exoenzyme toxin that targets and inactivates these proteins, inhibits 

Figure 10 

Figure 11. Downstream effectors of RhoA. 

Taken from Ridley et al., 
 J Cell Science 2001  
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stress fiber formation and also induces tail retraction defects in many cell types [133]. 

The effects of RhoA are thought to occur principally through activation of the Rho 

Kinases ROCK1 and ROCK2, which phosphorylate myosin light chain kinase, or directly 

phosphorylates serine 19 on the regulatory light chain of non-muscle myosin, 

resulting in enhanced actomyosin contraction (Figure 11) [134]. ROCK also 

phosphorylates myosin light chain phosphatase and inactivates it, thereby preserving 

myosin light chain phosphorylation to promote myosin II contraction [134]. In addition 

to these well established roles in modulating contractility, recent studies using siRNA 

mediated knockdown of Rho proteins demonstrated an important and previously 

unknown role for them in lamellipodia formation as well; knockdown or inhibition of 

RhoA and RhoC inhibited, rather than promoted, the extension of lamellipodia [135-

137]. RhoA and RhoC can act via different effectors in migratory cells; for example, 

RhoA activates both ROCK1 and ROCK2, but acts primarily through ROCK1 to drive 

contractility, whereas  RhoC stimulates lamellipodia formation via interaction and 

activation of the formin FMNL3 [137].  

 RhoA is activated in response to integrin-binding to ECM proteins, but is also 

stimulated by a variety of mechanical forces, including shear flow, stretching, and ECM 

matrix rigidity to induce a contractile response in the cytoskeleton [138,139].  

Importantly, recent studies of cells on variable rigidity matrices have shown that cells 

with high levels of RhoA do not always have increased levels of phosphorylated 

myosin, indicating that signaling from RhoA to its downstream effectors such as ROCK 

can be decoupled during integrin mediated rigidity sensing and suggesting that 

Figure 11 

Adapted from Ridley et al., JCS 2001 
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additional downstream regulatory proteins and interactions are likely important for 

regulating Rho family protein signaling during the response to rigid ECM [55].    

Spatiotemporal Activity of Rho Family Members During Cell 

Migration   

Classical studies on cell migration hypothesized that RhoA activity was highest in 

the tail of the cell, where focal adhesions needed to be disassembled and actomyosin 

contractility would be necessary for the cell to retract its tail [136,140]. These 

conclusions were based on global biochemical measurements and fixed cell images of 

ROCK or myosin II inhibited fibroblasts, which exhibited large tails and tail retraction 

defects [141]. Attempts to develop more sensitive, precise models of the spatial and 

temporal activation of Rho family members during cell migration led to the generation 

of Rho family FRET based biosensors.  Rho biosensors exist for Rac1, Cdc42, and RhoA, 

and are typically unimolecular FRET probes that can be expressed in live cells. Studies 

using biosensors have provided evidence that Rac1 and Cdc42 are active in gradients 

that originate from the leading edge and dissipate in the trailing edge of the cell 

Adapted from Machacek et al., Nature 2009 

Figure 12. The spatial and temporal activity of Rac1, Cdc42, and RhoA is tightly 
coordinated during lamellipodia formation and extension.  RhoA is activated 
initially at the very leading edge, followed by Rac1 and Cdc42.   
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[136,140]. Initial experiments with RhoA biosensors demonstrated that surprisingly, it 

localized predominantly to the leading edge, but also exhibited short temporal bursts 

of activity in the retracting tail (Figure 12)  [136,140]. A pair of recent studies with 

next generation bimolecular FRET probes coupled with computational multiplexing 

confirmed the initial FRET studies and demonstrated, in addition, that RhoA became 

activated in a specific location at the very leading edge of the cell at the outset of cell 

protrusion initiation, well before both Rac1 and Cdc42 in temporal terms, and also in 

their eventual spatial localization relative to the leading edge [136,140,142,143]. 

Previous biochemical evaluations of global Rac and RhoA activity have demonstrated 

that in some cell types the relationship is mutually antagonistic, in that high levels of 

active Rac1 inhibit RhoA, and vice versa [144]. The small differences in the timing and 

precise location of the activation of RhoA versus Rac1 and Cdc42 seen with biosensors 

correlates with the concept of mutually exclusive activation, although the spatial 

overlap of Rho family activity revealed by FRET probes suggests that the antagonistic 

relationship may be much more complex than the original global mutual antagonism 

described by Sanders et al and highlights the precise spatial regulation of Rho GTPases 

at the leading edge of the lamellipodia in migrating cells [136,140,142-144]. 

Rho Regulatory Proteins  

 Rho family GTPases are regulated by three classes of proteins, including GTPase 

activating proteins (GAPs), Guanine nucleotide exchange factors (GEFs), and Rho 

Guanine nucleotide dissociation inhibitors (Rho GDIs) [23,132,145,146]. GEFs positively 

regulate the activity of Rho family proteins, promoting the exchange of GDP for GTP. 
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GAPs negatively regulate Rho proteins by promoting the hydrolytic activity inherent 

to all Rho family members, thereby catalyzing the hydrolysis of GTP to GDP (Figure 

13).  There are at least 70 putative GAPs and 80 (GEFs) in the human genome; 

each of which potentially regulates a total of only 21 Rho family proteins 

 

in humans [106,147]. The disproportionate balance of regulatory molecules and Rho 

Family members is evidence of the extraordinary sensitivity and broad spectrum of 

cellular processes that these proteins regulate. Furthermore, the specific complement 

of these regulatory proteins expressed in a specific cell is crucial for determining the 

balance of Rho family signaling to downstream effectors and thus how the cell will 

respond to chemical and mechanical cues present in the ECM.                                        

Rho GDI Proteins  

 Rho GDI proteins sequester Rho family GTPases in the cytosol by binding to the 

Figure 13. The three major classes of proteins that regulate Rho family activity 
levels.  Rho GDIs sequester Rho family proteins in the cytosol and  
prevent GTP loading, whereas GEFs promote the exchange of GDP for GTP and 
GAPs enhance the intrinsic hydrolytic capacity of Rho family proteins.  

Taken from Garcia Matta et al, Nature Rev MCB  2011 
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iisoprenyl group present on their N-termini, protecting the Rho Family protein from 

misfolding events leading to ubiquitination and degradation via the proteasome 

[148]. The interaction between Rho GDI and Rho family proteins locks the GDP moiety 

into the active site of the Rho Family protein, inactivating the GTPase in a two pronged 

approach, both preventing both the translocation of the Rho family protein to the 

membrane and also preventing exchange of GDP for GTP [148].  

 There are three Rho family GDIs, 1,2, and 3.  RhoGDI1 can bind to Rac, Cdc42, 

RhoA, and RhoC and is ubiquitously expressed, whereas RhoGDI2 has unknown 

binding specificity, and RhoGDI3 is expressed primarily in the brain, where it interacts 

with RhoB and RhoG [148]. The loss of RhoGDI1 by knockdown or knockout inhibits 

cell migration and decreases total protein levels of Rac, Cdc42 and RhoA, but potently 

enhances activity of the small remaining pool of each Rho family member [148]. 

RhoGDIs are thus crucial regulators of the activity of Rho family proteins during cell 

migration.       

Human Rho GEF Family proteins  

 The first GEF identified was Dbl, an oncogene isolated from transformed B-cells of 

a lymphoma patient [149].  Dbl contained what is now known as the canonical DH or 

Dbl-homology domain that catalyzes the exchange of GDP for GTP in Rho family 

members.  The 70 members of the GEF family have an exceptionally diverse set of 

complementary domains that allow GEFs to be precisely localized and regulated in a 

variety of cell and tissue types.  As activating proteins for Rho family members, many 

GEFs have been identified as oncogenes, including Dbl, Vav family GEFs, pREX-1, Ect-2, 
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DOCK1-2, TIAM, TRIO, and ArhGEF12 [106]. Typically GEFs are overexpressed in cancer 

cells and tumors, and act to promote activation of signaling cascades which enhance 

tumor survival, angiogenesis, and cell migration and lamellipodia formation, leading 

to enhanced metastasis [106]. Rho GEFs are activated in response to integrin-ECM 

interaction and recruited to FAs. RhoGEFs recruited to FAs by the scaffolding proteins 

actopaxin and paxillin include β-Pix, DOCK-180, PKL, and Vav2, where these GEFs 

locally activate Rac and promote lamellipodia formation, membrane protrusion, and 

FA formation and turnover [60,72,150-154]  

Regulation of GEFs  

GEFs are regulated through their localization, phosphorylation, and in response to 

physical stimuli, such as changes in intracellular or extracellular tension. For example, 

Vav family proteins are phosphorylated, activated, and recruited to adhesions upon 

epidermal growth factor receptor ligation and integrin activation, forming a 

convergence point for growth factor receptor- integrin crosstalk [154]. The RhoA 

specific GEFs, GEFH-1 and LARG, are both recruited to focal adhesions and rapidly 

activated in response to extracellular pulling forces generated by fibronectin coated 

magnetic beads. GEFH-1 requires activation of FAK, Ras, and ERK in order for its DH 

domain to become activated in response to force [155,156]. GEFH-1 exchange activity 

for RhoA was also shown to dependent directly upon the rigidity of the extracellular 

collagen matrix, with cells in rigid matrices exhibiting a larger pool of active GEFH-1 

and Rho activity than cells in softer collagen gels  [157]. In contrast, LARG was 

activated by the mechanosensitive kinase FYN through a pathway previously shown 



  Chapter 1;  General Introduction 

 36 

to be downstream of integrin αVβ3 and to be responsible for controlling cell and 

adhesion area specific responses to changes matrix rigidity [155,156,158-160]. Src 

family kinases are key transducers of the cellular and adhesive responses to rigidity, 

and Src becomes activated locally and also at long distances in response to force 

produced by pulling on fibronectin beads with laser tweezers [161]. Activated Src can 

phosphorylate LARG in response to mechanical force in order to reinforce cell 

adhesion [155,156].  

Rho GAP Family Proteins  

 All GTPase activating proteins, or GAPs, contain a conserved but structurally 

distinct GAP domain, which allows them to bind Rho Family small GTPases and 

accelerate the hydrolysis of GTP to GDP. Although the conformation of GAP proteins 

specific for the Ras, Rho, Arf, and Rap GTPases differs substantially, there is a common 

biochemical mechanism that promotes GTP hydrolysis (Figure 14)  [162].  The 

majority of GAPs, including Rho family specific GAPs, contain a critical positively 

charged arginine residue that is proximal to the γ-phosphate of the GDP group being 

hydrolyzed, as seen in Figure 14  [162]. This residue stabilizes a high-energy 

transition state and promotes accelerated GTP hydrolysis [163-165]. Mutating the 

conserved arginine in the GAP domain inhibits GAP activity and is a common 

mutagenesis approach for making “Gap-dead” mutants that has been used 

successfully on a wide range of GAP proteins [166]. Dysregulated activity and 

expression of GAPs is involved in a number of diseases (Figure 15).  

Figure 14 

Taken from Bos et al., Cell 2011 
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GAPs are typically large proteins, and contain a diverse set of domains that are 

involved in regulating their GAP activity and localization through common 

mechanisms including tyrosine, serine, and threonine phosphorylation, protein-

protein interactions, lipid modification/interaction, and degradation [147]. For 

example, GAPs with known roles in cell migration are phosphorylated or modulate 

their GAP activity in response to integrin mediated signaling, including FilGAP [167].  

 

 

 FilGAP’s activity is regulated by ROCK phosphorylation in response to integrin 

ligation. FilGAP is also mechanically regulated in an interaction with FLNa and 

Taken from Bos et al., Cell 2011 

Figure 14. GTP hydrolysis by Ras family proteins requires the stabilization of a  
transition state moiety formed during the reaction.  Rho GAPs catalyze the  
hydrolysis by coordinating and stabilizing the negative charge formed in the 
transition state product with a positively charged arginine residue.   
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integrins, with increased force releasing FilGAP from FLNa and promoting its Rac1 

specific activity and localization at the cell membrane [70]. Additionally, FilGAP 

knockout or knockdown promotes the transition from amoeboid to mesenchymal cell 

migration in 3D collagen, a Rac1 dependent process [168].  

 Like FilGAP, ArhGAP22 can also regulate the transition of metastatic breast cancer 

cells from the mesenchymal to amoeboid mode of cell migration by inhibiting Rac1 

activation in 3-D collagen environments [169,170]. ArhGAP22’s Rac1 specific GAP 

activity is regulated by intracellular tension, as ArhGAP22 decreased Rac1 activity in 

response to over -expressed ROCK1 and increased myosin based contractility 

[169,170]. When ArhGAP22 was depleted using siRNA, inhibition of Rac1 activity was 

lost in the case where ROCK1 was activated [169,170].  However, blebbistatin 

treatment of cells overexpressing ROCK also prevented suppression of Rac1 activity, 

Diseases RhoGAP
MLS          ArhGAP6

Cancer         GRAF, Bcr, DLC family, p190, cdGAP, 
          srGAP3

X-linked mental retardation       srGAP3, oligophrenin-1, OCRL-1

BBS          MyosinIXa

Adams -Oliver Syndrome     cdGAP

Lowe’s Syndrome       OCRL-1

Duane’s Retraction Syndrome   -2Chiaemerin

Figure 15.  Disease states resulting from dysregulated GAP activity or 
expression levels.   MLS: Microphthalmia with Linear Skin Defects, BBS: Bardet-
Biedl Syndrome. 
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indicating that ArhGAP22 is likely regulated by tension, and not directly via interaction 

with or phosphorylation by ROCK, as in the case of FilGAP [170].      

 Other GAPs are also regulated by mechanical stimulation from the ECM. 

Specifically, p190 RhoGAP, a RhoA specific GAP, binds to the focal adhesion 

components Src, FAK, and p120RasGAP, and localizes to FAs [171]. Activated 

p190RhoGAP downregulates RhoA signaling and inhibits stress fiber formation and 

actomyosin contraction. Interestingly, increasing ECM rigidity regulates the 

differentiation of human cardiac stem cells through a p190RhoGAP and YAP 

dependent pathway [172].  Cardiac precursors plated on an acrylamide substrate of 

varying matrix rigidity differentiated into cardiac cells in areas where the rigidity 

matched that of native tissue, but not on softer or stiffer regions, and not when 

p190RhoGAP protein was either overexpressed or knocked down using siRNA [173]. 

The role of matrix rigidity in stem cell differentiation has been well studied, but this is 

the first to implicate GAP proteins and Rho GTPases as playing a critical role in 

modulating the differentiation of stem cells during development and during healing 

in response to tissue damage from myocardial infarction.  

 Reinforcing the role of p190RhoGAP as a mechanosensitive protein, a recent study 

on Rho signaling in breast epithelial cells demonstrated that loss of p190RhoGAP was 

permissive for the initial steps of ductal morphogenesis in cells plated on low rigidity 

collagen gels, whereas control cells were unable to re-organize and form pre-duct like 

structures [174]. Further analysis demonstrated that p190RhoGAP regulates the early 

steps of duct formation by interacting with p120 Beta-catenin and shuttling between 

focal adhesion sites and cell-cell junctions, with more p190RhoGAP in adhesions under 
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more rigid conditions [174]. Interestingly, the spatial activity of RhoA as measured by 

Raichu-FRET also supported this observation, with higher GAP activity in cell-cell 

junctions on a soft matrix, and lower activity in cell matrix adhesions [174].  When the 

matrix rigidity was increased, GAP activity was higher at cell adhesion sites and lower 

in cell-cell junctions, correlating with a shift in the localization of p190RhoGAP protein 

[174].   

 The Deleted in Liver Cancer family of GAP proteins consists of DLC 1, 2 and 3, and 

were first identified as tumor suppressors whose expression was lost in patient- 

matched normal tissue versus hepatocellular carcinoma. DLC expression has since 

been found to be down regulated in a variety of human tumors [175,176].  DLC-1 

interacts with tensin family proteins through their SH2 domains, and this interaction is 

crucial for DLC-1 localization to FAs and also for the RhoA,B, and C specific GAP activity 

of the DLC-1 protein [175,176]. Mutants of DLC-1 which retain their GAP activity but 

cannot localize to adhesions have no effect on cell migration, whereas overexpression 

of adhesion localized active DLC-1 or DLC-1 lacking a GAP domain substantially alters 

cell migration (inhibits or promotes cell migration velocity, respectively) [175,176]. 

DLC family GAPs function as tumor suppressors and decreased protein expression as a 

result of truncating mutations that are found in over 50% of all human tumors, a level 

of mutagenesis on par with that of major tumor suppressors such as p53.  

 In summary, FilGAP, p190RhoGAP, and the DLC family GAPs are the only FA 

localized GAP proteins currently known, aside from cdGAP. Of note, these proteins are 

all regulated by force of extracellular origin or by intracellular contractility, marking 

the establishment of a new paradigm for how GAPs respond to environmental stimuli 
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in order to control the activity of Rho family proteins. The importance of GAP proteins 

specific for Rho family members other than RhoA in active rigidity sensing is unclear. 

Furthermore, the function and importance of Rho GAPs and Rho family proteins  in 

durotaxis is unknown.  

cdGAP   

CdGAP, also known as Arhgap31, was first cloned in mice and determined 

through a yeast two-hybrid screen to be a binding partner for both Rac and Cdc42 

[177]. The expression of cdGAP was found to accelerate the hydrolysis of p32-labeled 

GTP bound to both Rac and Cdc42 in vitro, establishing it as GAP specific for both 

proteins [177]. Studies using Raichu FRET probes confirmed in a cellular context that 

cdGAP was specific for Rac and Cdc42, and also found that overexpression of cdGAP 

inhibited lamellipodia formation in cells stimulated by either nerve growth factor 

(NGF) or epidermal growth factor (EGF). Like other Rho GAP proteins, cdGAP is a large 

protein that contains multiple domains outside of its GAP domain that allow for both 

interactions with other proteins, as well for direct regulation of cdGAP through post 

translational modifications, including serine and threonine phosphorylation. The N-

terminus of murine cdGAP contains a conserved GAP domain, as well as five proline-

rich domains that serve as confirmed docking sites for intersectin and ERK; the 

sequence of amino acids that interact with ERK (772-776) is highlighted in red,  

Figure 16 . The proline rich domains in cdGAP also likely interact with other 

unknown proteins containing SH3 domains [178-182]. The first 17 amino acids of the 

N-terminus of murine contain a phosphatidylinositol (PI (3,4,5 P3) binding site marked 
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in green, Figure 16 , while residues 181-776 contain an actopaxin/alpha-parvin 

binding site marked in blue, Figure 16 [183,184]. The C-terminus contains no 

recognized domains or structure, but based on protein sequence analysis with Swiss 

Prot based ELM (eukaryotic linear motif resource for functional sites in proteins), 

cdGAP contains putative binding sites for multiple proteins including AP-2 and 

clathrin, as well as 14-3-3 family members (Swiss Prot ELM functional domain analysis). 

 Multiple cdGAP isoforms have been proposed to exist in mice, with both a 

truncated short form consisting of 821aa, and a longer form of 1425aa [178-180]. The 

human form of cdGAP contains 1444aa and has 76% homology to the murine long-

Figure 16. CdGAP murine and human proteins. The major domains in each include  
Rho GAP domains at the N-terminus and proline rich domains that mediate 
protein-protein interactions in the central domain of cdGAP. The N-terminus 
contains a PI3 (4,5) inositol interaction site. The actopaxin binding site lies between 
amino acid 181 and 776 in cdGAP, whereas ERK binds to a non-canonical 
recognition sequence between amino acid 772 and 776.   
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form of cdGAP, with much of the divergence between the murine and human proteins 

occurring in the first three proline rich regions and C-terminal domain sequence [185].  

 Expression of cdGAP mRNA during development in mice is high between 9.5 days 

post coitum (dpc) and 11.5 dpc, with localization to the developing heart field, head 

and flank, and apical regions of the hand and food plates [178,179,185,187]. Human 

tissues with high cdGAP mRNA levels include heart, lung, and spleen, as well as 

muscle, kidney and testis [177-179,185]. Human CdGAP (~250kDa) is expressed in the 

U2OS osteosarcoma cells the cell line used for this thesis, along with a small 

complement of other GAPs (Figure 17).  In epithelial cells, serum stimulation leads 

to increased transcription and translation of cdGAP in a GSK-3 dependent manner 

[181]. 

Regulation of CdGAP’s GAP Activity  

 Regulation of cdGAP’s gap activity occurs through both protein-protein 

interactions as well as through phosphorylation. Intersectin is a GEF specific for Cdc42 

that binds to dynamin and SNAP proteins, and can mediate the recycling of β1 

integrins from the plasma membrane. Intersectin binds to the proline-rich central 

domain of cdGAP and inhibits the GAP activity of cdGAP towards Rac [177]. ERK or 

GSK-3 Beta activation by serum or platelet derived growth factor leads to 

phosphorylation of cdGAP on threonine 776, which inhibits its GAP activity towards 

Rac and Cdc42 [177,179,181,182,185,186].  

 In contrast, cdGAP binding to and interaction with phosphatidylinositol (PI3, 4,5)) 

through a polybasic motif including K(2,4,7,9,11,13) and R12 on the N-terminus of  
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cdGAP promoted it’s GAP activity towards both Rac and Cdc42 [183]. Given that 

activated Rac1 and Cdc42 are membrane bound, this could be a mechanism that 

mediates targeting of cdGAP to localized pools of active Rho famly proteins. A recent 

study also provided evidence that human cdGAP is able to regulate its GAP activity 

through an intermolecular interaction between its N and C-terminus, with this 

interaction masking the GAP activity domain and inhibiting GAP activity, although this 

has not been extensively studied to date [187]. The direct interaction of cdGAP with 

actopaxin stimulated by integrin signaling localizes cdGAP to FAs and promotes its 

GAP activity, as well as its inhibitory effects on cell spreading in a GAP dependent 

fashion [184].  

 A truncating mutation in human cdGAP, Gln682X, is causative for the 

developmental disorder Adams-Oliver syndrome (AOS), which is a collection of severe 

vascular, neurological, and skeletal defects [187].  Patients with AOS display syndactaly 

Figure 17.  Rho family GAP proteins expressed in U2OS osteosarcoma cells. 
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(defects in limb development), aplasia cutis congenita (absence of skin), vascular cutis 

marmorata (formation of reticulated dermal vascular networks),  

pulmonary hypertension, and a spectrum of neurological defects. The gln682x 

mutation in cdGAP results in expression of a truncated protein with heightened GAP 

activity towards Cdc42, resulting in defective wound closure and cell migration in both 

patient derived fibroblasts and transfected cell lines expressing the truncated, mutant 

cdGAP protein [187].  

 CdGAP has also been implicated in the progression of breast cancer, as its 

expression is required for efficient murine breast cancer chemotaxis and invasion in 

response to treatment with TGFBeta [188]. Interestingly, recently published whole 

exome sequencing studies performed by the Cancer Genome Atlas project reinforced 

cdGAP’s potential role in oncogenesis. These studies demonstrated that human 

cdGAP is mutated and differentially expressed across a wide variety of tumors, with 

particularly high rates of mutation in uterine and cervical carcinomas, as well in skin 

cutaneous melanoma and stomach adenocarcinoma. These mutations are focused in 

an area from alanine 200, just beyond the GAP domain, to serine 549. A number of 

these mutations also fall in the GAP domain, and may regulate GTPase activity 

(Cbioportal collection of Cancer Atlas Genome data sets @ Memorial Sloan Kettering, 

database includes references [194-218].  

 To regulate cell motility and spreading, cdGAP is recruited to FAs through a direct 

interaction with actopaxin, a protein containing an actin-binding calponin homology 

domain [219]. Actopaxin also associates with ILK and PINCH in focal adhesions, and 
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deletion of any one of the members of this complex induces the destabilization and 

degradation of the others [220].  

 CdGAP over expression inhibits cell spreading and haptotaxis to collagen and 

fibronectin [184]; key to it’s inhibitory effects on spreading is the GAP activity of the 

protein [184]. Mutation of two key residues in cdGAP’s GAP domain, R56 and N169, 

inhibits the GAP activity of cdGAP towards Rac1 and rescues cell spreading [184]. 

CdGAP’s GAP activity increases during the later phases of cell spreading on fibronectin 

and early stages of cell migration, indicating that it’s GAP activity is regulated in an 

integrin-dependent fashion [184].  

 In this thesis I investigate cdGAP’s function in regulating both random and 

directed cell migration in response to a variety of environmental stimuli, including 

alterations to both the topography and mechanical properties of the extracellular 

matrix. I will firmly establish that cdGAP is capable of integrating information 

contained in the extracellular environment to regulate cell morphology, adhesion size, 

adhesion dynamics, in order to control both random and directed modes of cell 

migration, including wound healing, invasive migration through basement 

membranes, and durotaxis.   
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Abstract  

 CdGAP is a Rac1/Cdc42 specific GTPase activating protein that localizes to cell–

matrix adhesions through an interaction with the adhesion scaffold α-

parvin/actopaxin to regulate lamellipodia formation and cell spreading. Herein we 

demonstrate, using a combination of siRNA-mediated silencing and over expression, 

that cdGAP negatively regulates directed and random migration by controlling 

adhesion maturation and dynamics through the regulation of both adhesion assembly 

and disassembly. Interestingly, cdGAP was also localized to adhesions formed in three-

dimensional matrix environments and cdGAP depletion promoted cancer cell 

migration and invasion  through 3D matrices. These findings highlight the importance 

of GAP proteins in the regulation of Rho family GTPases and the co-ordination of the 

cell migration machinery. 
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Introduction   

 The ability of cells to migrate individually or as collective sheets is essential for 

organism development, wound repair, and immune surveillance, as well as 

pathologies including cancer metastasis [Bucar and Stamenkovic., 2008;Cahalan and 

Gutman., 2006;Sonneman and Bement., 2011;Weijer et al., 2009]. In order to efficiently 

translocate, cells must interact with and respond to their local microenvironment, 

which is rich in extracellular matrix (ECM) proteins [Chan et al., 2007;Lock et al., 2008]. 

The integrin family of heterodimeric transmembrane proteins are the primary and 

best-studied mediators of cell-ECM interactions [Huttenlocher and Horwitz, 2011]. The 

small GTPases Rac1, Cdc42 and RhoA are activated by integrin signaling in response to 

cell adhesion to the ECM [Arthur et al., 2002;Chan et al., 2007;Fukata et al., 2003;Hall, 

2005;Hotchin and Hall, 1995]. These Rho family GTPases control cell migration through 

regulating cell polarization, lamellipodial extension, and force generation, as well as by 

coordinating the formation and dynamics of discrete cell-ECM adhesion structures 

collectively referred to as adhesion plaques or contacts [Abercrombie and Dunn, 

1975;Beningo et al., 2001;DeMali and Burridge, 2003;Horwitz and Webb, 2003;Rottner 

et al., 1999]. Adhesion contacts provide a physical link between the ECM and the 

intracellular cytoskeleton to enable force transmission required for cell motility [Gardel 

et al., 2010]. They also serve as signaling nodes to relay bidirectional signals between 

cells and their environment to regulate migration, as well as cell morphology, growth 

and apoptosis [Huttenlocher and Horwitz, 2011].  

Distinct groups of adhesion contacts formed by fibroblasts on 2D ECM 

substrates have been classified based primarily on their size, spatiotemporal 
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localization and molecular content [Geiger and Bershadsky, 2001;Huttenlocher and 

Horwitz, 2011;Kirchner et al., 2003;Zamir and Geiger, 2001]. The formation of small 

peripheral focal complexes at the leading edge of protruding lamellae is dependent 

on the activation of Rac1 and Cdc42 [Nobes and Hall, 1995]. Upon the activation of 

RhoA or application of acto-myosin-driven contractile forces, focal complexes either 

rapidly disassemble or further mature into larger, more centrally located focal 

adhesions [Bershadsky et al., 2003;Hotchin and Hall, 1995;Ren et al., 1999;Ridley and 

Hall, 1992, Riveline et al., 2001]. In contrast to 2D systems, distinct populations of 3D 

matrix adhesions are less well defined. However, their formation and dynamics are 

also dependent on the spatially regulated activity of the Rho GTPases [Deakin and 

Turner, 2011;Geiger and Yamada, 2011;Harunaga and Yamada, 2011]. Indeed, a 

coordinated cycle of Rho GTPase-driven adhesion contact assembly, maturation, and 

disassembly is essential for efficient cell migration in both 2D and 3D 

microenvironments [Deakin and Turner, 2011;Doyle et al., 2012;Webb et al., 2002]. 

 The activity of the Rho GTPases is regulated by guanine nucleotide exchange 

factors (GEFs), GTPase activating proteins (GAPs), and Rho guanine nucleotide 

dissociation inhibitors (GDIs) [Jaffe and Hall, 2005]. GEFs activate Rho family proteins, 

while GAPs and Rho GDIs act to inhibit their activity either by catalyzing GTP 

hydrolysis or preventing their localization to the cell membrane, respectively. In 

contrast to the extensive analysis of leading edge or adhesion localized GEFs, the role 

of GAP family proteins in controlling Rho GTPase activity associated with cell 

migration and adhesion dynamics is less well understood [Garrett et al., 2007;Lee et al., 

2010;Nayal et al., 2006;Ten Klooster et al., 2006;Yu et al., 2009;Zhao et al., 2000].  
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 CdGAP is a Rac1 and Cdc42 specific GAP [LaLonde et al., 2006;Lamarche-vane and 

Hall, 1998;Tcherkezian et al.,2006;Aoki et al., 2004;Kurokowa et al., 2004] that localizes 

to adhesion contacts via interaction with the scaffold protein α-parvin 

(actopaxin/CHILKBP) to regulate cell spreading and chemotaxis [LaLonde et al., 2006]. 

Recent studies have highlighted the importance of cdGAP in both normal human 

development [Southgate et al., 2011], and in the pathophysiology of cancer [He et al., 

2011]. For example, Adams-Oliver disease is a rare developmental disorder 

characterized by vascular malformations, skin defects, and truncated limb 

development. In this condition, mutations in cdGAP result in enhanced Cdc42 activity 

and abnormally heightened migration in patient-derived fibroblasts [Southgate et al., 

2011]. Importantly, the mechanism by which cdGAP controls cell migration is not well 

characterized. Herein, we show that cdGAP controls cell migration in 2D environments 

by influencing the type and dynamics of adhesion contacts. We further demonstrate 

that cdGAP regulates 3D ECM cancer cell invasive migration and identify cdGAP as the 

first 3D matrix adhesion-localized GAP.    

Results  

CdGAP regulates directed and random cell migration 

 Depletion of cdGAP in HeLa cells using siRNA was previously shown to enhance 

cell spreading [LaLonde et al., 2006]. To evaluate the role of cdGAP in cell migration, its 

expression was efficiently suppressed in the osteosarcoma-derived U2OS cell line 

using two independent siRNAs (Figure 1A).  Scrape wound assays of confluent 

monolayers demonstrated that cells depleted of cdGAP exhibited enhanced closure 
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rates and increased migration velocity at the wound edge compared to control RNAi-

treated cells (Figure 1,B and C). The velocity of randomly migrating cells plated at low 

density was also increased upon cdGAP depletion (Figure 1,D and E). Highly motile 

U2OS cells have a crescent morphology akin to keratocytes during cell migration 

[Clarke et al., 2004; Khyrul et al., 2004]. Consistent with this, cdGAP siRNA-treated cells 

rapidly extended and retracted lamellipodia and exhibited an exaggerated crescent 

morphology as compared to control cells (see Movie S1, supplementary material). In 

contrast, over expression of GFP-cdGAP (long isoform) [Tcherkezian et al, 2005] (Figure 

2A) significantly inhibited random cell migration velocity (Figure 2, B and C) as well as 

the formation of lamellipodia (see Movie S2, supplementary material), consistent with 

previous studies in which the over expressed short isoform of cdGAP inhibited 

lamellipodia formation during cell spreading [He et al., 2011;LaLonde et al., 

2006;Tcherkezian et al., 2005;Tcherkezian et al., 2006]. Collectively, these data identify 

cdGAP as a regulator of migration velocity and thus as an important component of the 

cell migration machinery. 

CdGAP controls the formation of small adhesion contacts 

 Previous studies demonstrated that a short isoform of cdGAP localizes to 

adhesions, suggesting a role for cdGAP in modulating adhesion localized, or proximal 

Rac1- and Cdc42-mediated signaling [LaLonde et al., 2006]. We confirmed that 

endogenous human cdGAP localizes with paxillin at adhesions in U2OS cells (Figure 3, 

A and B). Interestingly, RNAi depletion of cdGAP resulted in an increase in the number 

of small adhesions localized to the leading edge (Figure 3, C and D) reminiscent of 

Rac1- and Cdc42-driven focal complexes [Ren et al., 1999;Ridley and Hall, 1992] and a 
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corresponding decrease in the average adhesion size per cell (Figure 3E). 

Representative masks of individual cells also demonstrate the enhanced crescent 

morphology of cdGAP RNAi-treated cells (Figure 3F) as was observed in the random 

migration movies (see Movie S1, supplementary material). Expression of active 

V12Rac1 or V12Cdc42 in U2OS cells (Figure 5), or inhibition of myosin II activity with 

blebbistatin (see Figure S1, supplementary material) produced a strikingly similar cell 

shape and adhesion morphology to cdGAP depletion. In contrast to cdGAP depletion, 

GFP-cdGAP over expression (see Figure 2A) resulted in a reduction in the number of 

cells with small leading edge localized adhesion contacts (Figure 4C) and a 

corresponding increase in the average adhesion size (Figure 4D). In addition, cells 

expressing adhesion localized GFP-cdGAP (Figure 4, A and B) spread less and were 

more angular than GFP control cells (Figure 4, A and E). The reduced cell area, large 

adhesion size, and angular morphology characteristic of U2OS cells over expressing 

GFP-cdGAP was eliminated by expression of either dominant active V12Rac1 or 

V12Cdc42 (Figure 5). U2OS cells co-expressing GFP-cdGAP and myc-V12Rac1 or myc-

V12Cdc42 (Figure 5A) had small adhesion contacts, were well spread, and exhibited a 

crescent morphology, similar to cdGAP siRNA- treated cells (Figure 5B). Expressing 

wild-type versions of Rac1 or Cdc42 in U2OS cells did not alter the phenotype of either 

control or GFP-cdGAP expressing cells (unpublished observation). In contrast, 

treatment with the myosin II inhibitor blebbistatin also prevented the GFP-cdGAP over 

expression phenotype, inducing the formation of small adhesions and a crescent 

morphology (see Figure S1, supplementary material). Together, these data support a 
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role for cdGAP in suppressing lamellipodia extension by inhibiting the activation of 

both Rac1 and Cdc42 to promote the growth and maturation of adhesion contacts.  

CdGAP regulates multiple aspects of focal adhesion dynamics  

 The manipulation of cdGAP by RNAi or over expression resulted in changes in 

adhesion morphology and size suggesting that cdGAP might be regulating adhesion 

dynamics during cell migration, as there is an inverse relationship between adhesion 

size and adhesion turnover [Lauffenburger and Horwitz, 1996;Nayal et al., 2006]. 

Furthermore, rapidly moving cells have accelerated adhesion dynamics [Bristow et al., 

2009;Delorme-Walker et al., 2011;Gardel et al., 2010;Gupton and Waterman-Storer, 

2006;Webb et al., 2004]. To assess the effect of cdGAP on adhesion dynamics, both 

control and cdGAP siRNA-treated cells expressing zyxin-GFP, as a marker for cell-ECM 

adhesions, (Figure 6A) were imaged using time-lapse microscopy (see Movie S3, 

supplementary material) and adhesion lifetime and dynamics measurements 

calculated [Deakin and Turner, 2011;Webb et al., 2004]. The overall adhesion lifetime 

of cdGAP siRNA-treated cells was significantly shortened as compared to control cells 

(Figure 6,B-D). In addition, cdGAP depletion enhanced both adhesion assembly and 

disassembly rates (Figure 6,E and F). In contrast, over expression of cdGAP in U2OS 

cells (Figure 7A) caused a significant increase in focal adhesion lifetime (Figure 7, B-D) 

by decreasing both the assembly and disassembly rates in comparison to control cells 

(Figure 7, E and F). Notably, many adhesions in cdGAP transfected cells exhibited 

lifetimes that were longer than the duration of the three-hour movies (see Movie S4, 

supplementary material). These highly stable adhesions were necessarily omitted from 

our analysis as adhesion lifetime or dynamics could not be accurately determined. 
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Nevertheless, they serve as a further indication that the presence of cdGAP promotes 

adhesion stabilization. 

CdGAP localizes to 3D matrix adhesions to regulate 3D cell motility and invasion   

 Cell migration studies performed on 2D tissue culture plastic, where cells contact 

the ECM only on their ventral surface, may not accurately reflect the in vivo 

environment in which cells are often completely surrounded by ECM on all sides and 

where the organization, rigidity and composition of the ECM can vary greatly from 2D 

surfaces [Cukierman et al., 2001;Cukierman et al., 2002;Yamada and Cukierman, 2007]. 

To evaluate a potential role for cdGAP in the regulation of cell migration in these 3D 

ECM environments, control and cdGAP siRNA-treated HT1080 human fibrosarcoma or 

U2OS cells were seeded onto 3D cell-derived matrices (CDMs) [Cukierman et al., 

2001;Deakin and Turner, 2011]. Immmunofluorescence analysis revealed that 

endogenous cdGAP localized to 3D matrix adhesions at the ends of actin filaments in 

both HT1080 cells (Figure 8A) and U2OS cells (see Figure S2A, supplementary 

material). The enrichment of cdGAP in 3D adhesions was confirmed by co-localization 

analysis of co-transfected GFP-cdGAP with mRFP-paxillin in both the HT1080 (Figure 

8A) and U2OS cells (see Figure S2B, supplementary material).  

 Recent studies have demonstrated that while U2OS cells are capable of forming 

3D adhesions, they do not migrate efficiently within 3D matrices [Kubow and Horwitz, 

2011] (and our unpublished observations). Therefore, in order to assess the role of 

cdGAP in 3D migration, HT1080 cells that have been shown previously to migrate 

effectively through 3D matrices were utilized [Wolf et al., 2003;Wolf and Friedl, 2009]. 

CdGAP-depleted HT1080 cells (Figure 8B) migrated at a significantly higher velocity 
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through 3D CDMs than control RNAi cells (Figure 8C). Cells depleted of cdGAP 

migrated primarily in a mesencyhmal mode of migration, displaying an elongated 

morphology similar to control treated cells. In addition to increasing cell migration 

through the 3D CDMs, depletion of cdGAP also increased the capacity of HT1080 cells 

to invade through Matrigel-coated transwell inserts (Figure 8D). 

Discussion 

 Efficient cell migration requires that the organization and dynamics of cell-ECM 

interactions are tightly coordinated [Gardel et al., 2010;Gupton and Waterman-Storer, 

2006]. In the current study, we have identified cdGAP as an important regulator of 

both adhesion size and adhesion dynamics, providing insight into how it controls 

migration velocity. Perturbing cdGAP function with siRNA-treatment enhanced the 

formation of small leading edge adhesion contacts (Figure 3) that were phenotypically 

similar to those observed in U2OS cells over expressing dominant active (V12) forms of 

either Rac1 or Cdc42 (Figure 5), or of adhesions in cells with inhibited myosin II activity 

(see Figure S1, supplementary material) [Kuo et al., 2011;Nobes and Hall.,1995]. 

Furthermore, unlike other adhesion proteins such as FAK, Src, and Erk that have been 

shown to modulate adhesion turnover by selectively modulating either adhesion 

assembly or disassembly [Webb et al., 2004;Shober et al., 2008], the adhesions in 

cdGAP-depleted cells exhibited increases in both adhesion assembly and disassembly 

rates that resulted in shortened lifetimes (Figure 5). A similar enhancement of 

adhesion assembly and disassembly rates has been observed in cells over expressing 

the Rac1-GEF Asef2, or in cells expressing constitutively active PAK1 (T423E), a Rac1 

effector [Bristow et al., 2009;Delorme-Walker et al., 2011]. Thus, cdGAP silencing and 
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activated Rac1 produce comparable effects on both adhesion morphology and 

dynamics. Activated Cdc42 may also perform a similar function in adhesion dynamics, 

but to our knowledge its effects on adhesion assembly and disassembly rates have not 

been examined. Taken together with previous studies that established the specific 

activity of cdGAP for Rac1 and Cdc42 both in vitro and in a cellular context [LaLonde et 

al., 2006;Lamarche-vane and Hall, 1998;Tcherkezian et al.,2006;Aoki et al., 

2004;Kurokowa et al., 2004], our data suggest that cdGAP depletion likely enhances 

Rac1 and Cdc42 activity levels to drive the formation of small adhesions and accelerate 

adhesion dynamics.  

 In contrast to siRNA treatment, cells over expressing cdGAP were poorly spread 

with angular morphologies and large adhesions (Figure 4,6), all of which are properties 

of cells with increased levels of active RhoA and concomitant myosin II activity [Cox et 

al., 2001]. Inhibition of myosin II activity with blebbistatin prevented the cell and 

adhesion morphology typically observed in GFP-cdGAP over expressing cells (see 

Figure S1, supplementary material), further indicating that cdGAP over expression may 

be enhancing RhoA mediated signaling pathways that can regulate the control of 

acto-myosin generated tension. Studies on Rho family activation have demonstrated 

that increasing Rac1 or Cdc42 activity decreases the level of active RhoA [Sander et al., 

1999], and vice versa, and that over expression of other Rac1 GAPs such as ArhGAP22 

and FilGAP may indirectly influence RhoA activity [Ohta et al., 2006;Sanz-Moreno et al., 

2008;Wu et al., 2009]. We can speculate that cdGAP may therefore function in a similar 

manner to indirectly shift the reciprocal balance of signaling from Rac1 and Cdc42 to 

RhoA during adhesion formation and maturation in order to produce the large 
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adhesions observed in cdGAP over expressing cells. Importantly, co-expression of 

V12Rac1 or V12Cdc42 in U2OS cells with GFP-cdGAP induced the formation of small 

adhesion contacts and blocked the poorly spread, angular morphology of cdGAP over 

expressing cells, demonstrating that cdGAP over expression targeted both Rac1 and 

Cdc42.  

  The large adhesions observed in cdGAP over expressing cells were exceptionally 

stable, whereas adhesions in cdGAP siRNA-treated cells were dynamic and rapidly 

turned over. Small adhesions similar to those we observed forming at the leading 

edge of cdGAP siRNA-treated cells exert high traction forces on the ECM relative to 

their size [Beningo et al., 2001]. Thus, it is interesting to speculate that cdGAP over 

expressing cells have static, hyper-mature adhesion contacts that slow cell migration 

by anchoring the cell body to the ECM, while siRNA-treated cells migrate more quickly 

as the result of an increase in the population of small adhesions that provide optimal 

traction forces for rapid cell migration. Importantly, we observed that endogenous 

cdGAP localized to both small adhesions at the leading edge as well as larger, more 

mature adhesions (Figure 3,4), and that acto-myosin generated contractility was not 

necessary for GFP-cdGAP’s localization to small adhesion contacts (see Figure S1, 

supplementary material). This indicates that cdGAP is present in adhesions at all stages 

of adhesion maturation. The enhanced GAP activity of cdGAP observed in the later 

stages of cell spreading [LaLonde et al., 2006] suggests that during cell migration the 

normal function of cdGAP may be to stabilize adhesions and positively regulate their 

maturation as its GAP activity is stimulated in response to integrin signaling.  
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 Cell migration models incorporating 3D matrix topography and rigidity offer a 

more physiologically relevant environment for evaluating the likely in vivo function of 

proteins involved in coordinating cell migration, as compared to the more traditional 

2D tissue culture plastic models [Even-Ram and Yamada, 2005;Pankov et al., 2005]. 

Indeed, adhesion morphology is different in 3D matrices [Cukierman et al., 2001] and 

some adhesion proteins have been found to play strikingly different roles in regulating 

the speed and mode of cell migration depending on the environmental context 

[Deakin and Turner., 2011;Even-Ram and Yamada, 2005;Pankov et al., 2005;Petrie et al., 

2009]. For example, Hic-5 expression is not essential for 2D adhesion formation, but is 

necessary for the formation of 3D matrix adhesions and the mesenchymal phenotype 

in MDA-MB-231 breast cancer cells, as well as for their efficient migration and invasion 

[Deakin and Turner., 2011]. In contrast, our results demonstrate that cdGAP localizes to 

adhesions in both 2D and 3D environments and appears to play a similar role in 

inhibiting cell migration in both situations (Figure 7). Optimal mesenchymal migration 

in 3D requires efficient 3D matrix adhesion turnover, as well as the tight regulation of 

Rac1 and RhoA activity. Indeed, suboptimal or elevated global levels of Rac1 activity 

impair cell migration in 3D and the latter promotes the formation of numerous, non-

productive small off-axis protrusions [Pankov et al.,2005], while high RhoA activity 

levels may promote switching to an amoeboid mode of motility [Deakin and 

Turner.,2011]. Importantly, cdGAP-depleted cells migrated more rapidly and did not 

form off-axis protrusions or switch their migratory phenotype (unpublished 

observation). This suggests that cdGAP, consistent with its restricted localization to 
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adhesions, influences primarily the localized, as opposed to global levels of Rho 

GTPase activity.  

 While 3D CDMs closely approximate the 3D architecture and makeup of loosely 

packed connective tissue and the tumor stroma [Deakin and Turner.,2011], tumor cell 

dissemination also requires the invasion of cancer cells through densely packed 

basement membranes. In this regard, our studies revealed that cdGAP also plays an 

important role in suppressing invasion through Matrigel, a standard model for cancer 

cell basement membrane translocation (Figure 7D). In contrast, a recent study 

reported that cdGAP knockdown inhibited invasion in response to TGF-b [He et al., 

2011], indicating that cdGAP’s function may be cancer cell type or context specific. 

Nonetheless, these studies point to an important and potentially complex role for 

cdGAP in regulating cancer cell invasion.  

 In summary, we have identified an important role for cdGAP in regulating cell 

migration and demonstrate that cdGAP inhibits cell motility through promoting 

adhesion contact maturation and stability. The study further highlights the 

importance of GAPs in addition to GEFs, in controlling the dynamics of the cell 

migration machinery in both 2D and 3D environments. 
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Materials and Methods 

Antibodies and Reagents 

 Antibodies used in this study were cdGAP (Cell Signaling Technology, Beverly, 

MA), α-actinin  (Sigma, St. Louis, MO) ILK, Rac1, paxillin (BD Bioscience, Bedford, MA) 

and paxillin clone H114 (Santa Cruz Biotechnology, Santa Cruz, CA). GFP and myc-

tagged plasmids containing the murine long isoform of cdGAP were a gift from 

Nathalie Lamarche-Vane [Tcherkezian et al., 2005] (McGill University, Montreal, 

Canada). Plasmids containing myc-tagged V12Rac1 and myc-tagged V12Cdc42 were 

previously described [Brown et al., 2002].  

Tissue Culture  

 U2OS, Human Foreskin Fibroblast (HFF), and HT1080 cells were obtained from the 

American Tissue Culture Collection (ATCC, Manassas, VA).  HT1080 cells were 

maintained in Eagle’s Minimum Essential Media (EMEM) (ATCC) supplemented with 10 

I.U./ml penicillin, 10µg/ml streptomycin, and 10% FBS (v/v) (Atlas Biologicals, Ft. 

Collins, CO). U2OS and HFF cells were maintained in Dulbeco’s Minimum Essential 

Media (DMEM) supplemented with 2mM L-glutamine, 10% FBS (v/v), 5µg/ml 

kanamycin, 10 I.U./ml penicillin, 10µg/ml streptomycin, and 1mM sodium pyruvate. 

Cells were maintained at 5% CO2 and 37°C. For blebbistatin experiments, cells were 
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treated with DMSO vehicle control or 20µM blebbistatin (EMD Chemicals, San Diego, 

CA) for 30 minutes in complete DMEM before being fixed.  

siRNA and GFP tagged protein transfection 

 HT1080 and U2OS cells were transfected with a non-specific control siRNA or two 

separate siRNAs to human cdGAP. U2OS cells were transfected using Oligofectamine 

(Invitrogen, Carlsbad, CA) as per the manufacturer’s instructions, while HT1080 cells 

were transfected with Lipofectamine 2000 (Invitrogen) as per the manufacturer’s 

instructions- siRNAs were used at a final concentration of 0.3 µM for both transfection 

reagents. The siRNA sequences directed against human cdGAP were as follows 

(Ambion, Grand Island, NY): cdGAP(1) 5’-GGACAGAUCUCUACAUAGA-3’, cdGAP(2)  5’-

CCUCAGCGGAGAUCAGUAA-3’. The control siRNA sequence was 

5’ACUCUAUCUGCACGCUGAC-3’. Transfection of tagged proteins into U2OS and 

HT1080 cells was performed with Fugene HD (Roche, Indianapolis, IN) according to the 

manufacturer’s instructions.  

Immunofluoresence Microscopy 

 Cells plated on glass coverslips coated in either 2D or 3D ECM were fixed and 

permeabilized simultaneously using a mixture of 4% (w/v) paraformaldehyde (pH 

adjusted to 7.2) and 1% (v/v) Triton X-100 in phosphate buffered saline (PBS). 

Coverslips were washed in PBS containing 0.05% (v/v) Tween 20 (for all wash steps). 

Fixed coverslips were quenched in PBS containing 0.1M glycine, before being washed 

in PBS-Tween 20 and blocked for a minimum of one hour in PBS containing 3% (w/v) 

BSA. Glass coverslips were incubated with primary antibodies for one hour at room 
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temperature, and following three washes in PBS-Tween 20, were incubated for one 

hour with Dylight-conjugated secondary antibodies (Jackson Immunoresearch Labs, 

West Grove, PA) in PBS with 3% (w/v) BSA. Filamentous-actin was visualized using 

rhodamine-phalloidin (Invitrogen). 

Scrape Wound Assays 

 Following siRNA-treatment, U2OS or HT1080 cells were spread for three hours on 

10µg/ml collagen-coated 6-well or 12-well plates and allowed to form a monolayer 

before wounding with a pipette tip. Wounded monolayers were washed in warmed 

media three times to remove detached cells and debris. All wound assays were 

performed in media containing serum. Cells were placed into an environment 

controlled chamber at 5% CO2 and 37°C, and phase contrast images were acquired on 

a Nikon Eclipse Ti scope using a 10X/0.30 PL FLUOR Nikon objective and equipped 

with a Hamamatsu Orca R2 camera (Hamamatsu City, Japan) and Nikon NS-Elements 

software. Three points along each wound edge were taken per each experiment, and 

cells at the wound edge were tracked in ImageJ using the manual tracking plugin 

(Fabrice Cordelieres, Institut Curie, Orsay, France). Average cell migration velocity was 

calculated from raw data generated with the manual tracking plugin using the 

chemotaxis plugin in ImageJ from Ibidi (Martinsried, Germany).   

Random Migration Analysis  

 U2OS cells were plated at low density in either 6 or 12 well plates on 10µg/ml 

collagen for two hours before being imaged in serum containing DMEM for 16 hours 

under phase contrast on a Nikon Eclipse Ti scope under a 10X/0.30 PL FLUOR Nikon 
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objective with environment chamber maintained at 5% CO2 and 37°C. Velocity values 

were calculated as described above for the wound healing analysis. To generate the 

track images in Figure 1D and 2B, the xy positions of randomly migrating cells 

generated using the manual tracking plugin in ImageJ were plotted in Microsoft Excel 

(Redmond, WA).  

Adhesion Morphology and Size Analysis  

 To quantify the percentage of cells containing small, leading edge localized 

adhesion contacts, cells were spread for two hours in 10% FBS containing DMEM on 

10µg/ml collagen-coated glass coverslips. Cells were processed for 

immunofluoresence and stained with paxillin to mark adhesions and rhodamine 

phalloidin to visualize actin. Cells with small paxillin positive adhesions that 

encompassed >20% of either their leading edge or cell periphery were scored as 

positive for small adhesion contacts.  Adhesion size was measured in ImageJ on 

background-subtracted images of paxillin stained adhesions. Thresholded particles 

>0.1µm2 were measured using the analyze particles function in ImageJ to give an 

average adhesion area.   

Live Cell Imaging and Focal Adhesion Dynamics Analysis  

 For adhesion dynamics analysis, U2OS cells were either co-transfected with myc-

cdGAP and zyxin-GFP, or U2OS cells stably expressing zyxin-GFP were transfected with 

a control siRNA or siRNAs targeting cdGAP. SiRNA-treated or over expressing cells 

were re-plated onto collagen-coated 35mm MatTek glass bottom dishes (MatTek Corp, 

Ashland, MA) overnight before being imaged on a Leica SP5 confocal microscope 
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using an HCX PL APO 63×/1.40–0.60 OIL λ BL objective (Leica, Bannockburn, IL) 

equipped with an environment chamber maintained at 37°C and 5% CO2. Time-lapse 

movies were compiled and background subtracted before being analyzed in ImageJ. 

Only individual adhesions that could be followed from the point at which they were 

initially visible all the way through until complete disassembly were quantified. 

Adhesion assembly and disassembly rates were calculated as previously described by 

measuring the slopes of semilog plots of the mean fluorescence intensity over time for 

each individual adhesion [Deakin and Turner, 2011;Webb et al., 2004]. Adhesion 

lifetimes were determined from adhesions used for the assembly and disassembly rate 

calculations. 

Generation of 3D CDMs and 3D random migration analysis 

 Cell derived matrices (CDMs) were generated using Human Foreskin Fibroblast 

(HFF) cells as previously described [Deakin and Turner, 2011]. Briefly, HFF cells were 

plated on either 1% (v/v) gluteraldehyde fixed gelatin-coated (0.02% gelatin (v/v) in 

PBS) glass coverslips and 6 or 12 well plastic dishes. Dishes and coverslips were 

quenched with 1M glycine and washed with PBS before HFF cells were added and 

grown to confluence. Cells were then cultured for an additional 12-14 days. Cells were 

grown in DMEM with 10% (v/v) FBS supplemented with 50µg/ml ascorbic acid to 

promote the stabilization of the collagen matrix. Ascorbic acid containing media was 

exchanged every two days until matrices were denuded with extraction buffer 

containing 20 mM NH4OH and 0.5% (v/v) Triton X-100. HT1080 cells were seeded onto 

the matrix for 4-6 hours before beginning migration studies.  Cells were imaged on a 
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Nikon Eclipse Ti scope using a 10X/0.30 PL FLUOR Nikon objective with environment 

chamber maintained at 5% CO2 and 37°C. Cell migration velocity was calculated as 

described for the scrape wound and random migration studies. 

Matrigel Invasion Assays   

 Control and cdGAP siRNA-treated HT1080 cells (1.5x10^4 total cells per well) were 

placed into the upper chamber of a Matrigel coated transwell insert with 0.8µm pores 

prepared in accordance with the manufacturer’s instructions (BD bioscience). The 

bottom chamber was filled with 10% (v/v) FBS-containing media. Cells were allowed to 

invade for 10-12 hours before the Matrigel and any remaining cells were scraped off 

the top of each membrane with a cotton swab. Membranes were then fixed with 4% 

paraformaldehyde, permeabilized, and stained for actin using rhodamine phalloidin. 

Widefield images (10X10) of the bottom of each transwell were taken using a Nikon 

Eclipse Ti scope under a 10X/0.30 PL FLUOR Nikon objective. Stitched widefield images 

were used to count the total number of invaded cells. The total numbers of invaded 

cells were normalized to control siRNA treatments and presented as relative invasion.  

Statistics 

 All statistics were performed in Microsoft Excel using the standard deviation, 

standard error of the mean, and Student’s t-test functions. Statistical analysis was 

considered significant if p values were < 0.05, and error bars represent +/- standard 

error of the mean. For all asterisks *,p < 0.05, **,p < 0.005 , ***, p < 0.001. All data were 

compiled from a minimum of three independent experiments. 
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Figures and Figure Legends 

Figure 1. CdGAP silencing accelerates the speed of wound healing and random 
migration. 
 (A) U2OS cells were transfected with two separate siRNAs targeted against human 

cdGAP and knockdown efficiency was assessed by western blotting using an antibody 

specific for human cdGAP. (B) CdGAP siRNA-treated cells closed a wound more quickly 

then control siRNA-treated cells. U2OS cells treated with control or cdGAP siRNA were 

plated at high density, scrape wounded, and imaged over 16 hours. (C) Tracking of 

individual cells at the wound edge confirmed that cells treated with cdGAP siRNA 

migrated at a higher velocity than control siRNA-treated cells. A minimum of 40 cells 

were tracked in each wound per siRNA condition from each of three independent 

experiments and compared using Student’s t-test, *, p < 0.05 for each cdGAP siRNA 

when compared to the control. (D) Representative tracks generated from control and 

cdGAP siRNA-treated U2OS cells plated at low density migrating randomly on 10µg/ml 

collagen for 16 hours demonstrating the longer distance traveled by cdGAP silenced 

cells. (E) cdGAP siRNA-treated cells migrate at a higher velocity than control siRNA-

treated cells. For random migration velocity calculations, a minimum of 30 cells from 

each of three independent experiments were tracked. Velocity measurements from 

the control siRNA-treatment and each cdGAP siRNA-treatment were statistically 

compared using Student’s t-test, *, p < 0.05 for both siRNAs. For Figure 1, all graphs 

have error bars representing +/- the standard error of the mean. 
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Figure 2. CdGAP over expression slows random cell migration.  

 (A) U2OS cells were transfected with GFP or GFP-cdGAP. (B) Representative tracks of 

transfected U2OS cells plated at low density migrating on 10µg/ml collagen for 16 

hours, with GFP-cdGAP transfected cells migrating a shorter distance than GFP control 

cells. (C) GFP expressing cells migrate at a higher velocity than GFP-cdGAP expressing 

cells. A minimum of 30 cells from three independent experiments were analyzed per 

condition and GFP versus GFP-cdGAP expressing cells compared with Student’s t-

test,***, p < 0.001. Velocity graph has error bars representing +/- the standard error of 

the mean.      
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Figure 3. CdGAP depletion promotes the formation of small adhesion contacts at 

the leading edge and decreases average adhesion area. 

 (A) U2OS cells were spread, fixed and stained for endogenous cdGAP two hours post 

plating on 10µg/ml collagen. Endogenous cdGAP co-localizes to adhesions that are 

positive for paxillin staining. Inset shows a zoom of adhesions positive for cdGAP and 

paxillin staining used to generate the line profile in (B). (B) A line profile through 

adhesions demonstrates that cdGAP and paxillin fluorescence intensity peaks in 

adhesions and diminishes in the surrounding cytoplasm. (C) Control and cdGAP 

siRNA-treated U2OS cells were spread on 10µg/ml collagen coated coverslips and 

stained for actin and paxillin. Merged images are overlays of the paxillin and actin 

channels. Inset shows enlarged area from each white box; small adhesions are 

frequently observed in the leading edge of migrating U2OS cells treated with cdGAP 

siRNA. (D) CdGAP depletion increases the percentage of cells with small, leading edge 

or peripheral adhesions. Cells were scored as positive if > 20% of their leading edge or 

periphery contained small paxillin-positive adhesions. A minimum of 80 cells from 

three separate experiments were scored per condition and control versus siRNA-

treated cells compared with Student’s t-test, ***, p < 0.001 for both siRNAs. (E) Average 

adhesion size decreases in cdGAP siRNA-treated cells, a minimum of 30 cells from 

three independent experiments were analyzed and control-treated cells compared to 

each siRNA-treatment with Student’s t-test, ***, p < 0.001 for both siRNAs. (F) Masks of 

cdGAP siRNA-treated cells were made to display representative cell morphology. 
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CdGAP siRNA-treatment promoted the formation of a crescent morphology in U2OS 

cells. For Figure 3, all error bars represent +/- the standard error of the mean. 
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Figure 4. CdGAP over expression inhibits the formation of small adhesion 

contacts and increases adhesion area.  

 (A) U2OS cells transfected with GFP or GFP-cdGAP were spread on 10µg/ml collagen 

coated coverslips and stained for paxillin and actin. Inset shows the localization of 

GFP-cdGAP to adhesions that are positive for paxillin staining. The white bar in the 

merged inset for the GFP-cdGAP expressing cell marks adhesions through which the 

line profile in (B) was drawn. (B) A line profile through adhesions demonstrates that 

GFP-cdGAP and paxillin fluorescence intensity peaks in adhesions and diminishes in 

the surrounding cytoplasm. (C) The percentage of cells with small leading edge or 

peripheral adhesions decreased in GFP-cdGAP expressing cells. The percentage of 

small adhesions was quantified from a minimum of 60 transfected cells from each of 

three independent experiments per condition and GFP versus GFP-cdGAP expressing 

cells compared with Student’s t-test, *, p < 0.05. (D) Average adhesion size was 

measured in U2OS cells expressing GFP and GFP-cdGAP constructs from a total of 30 

transfected cells per condition from three independent experiments and compared 

using Student’s t-test, ***, p < 0.001. (E) Masks of cells over expressing GFP or GFP-

cdGAP demonstrate that GFP-cdGAP over expressing cells have a smaller spread area 

and an angular morphology. For Figure 4, all error bars represent +/- the standard 

error of the mean. 
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Figure 5. Dominant active V12Rac1 and V12Cdc42 block the cdGAP over 

expression phenotype. 

 (A) U2OS cells were co-transfected with either GFP or GFP-cdGAP and myc-tagged 

dominant active V12Rac1 or myc-tagged dominant active V12Cdc42 and the 

expression levels of each construct were evaluated by western blotting. (B) Cells 

expressing the indicated constructs were spread on 10µg/ml collagen coated 

coverslips and stained for paxillin and actin. 
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Figure 6. CdGAP silencing accelerates adhesion dynamics. 

 (A) U2OS cells stably expressing zyxin-GFP were subjected to control or cdGAP siRNA-

treatment and evaluated for cdGAP and zyxin-GFP expression by western blot. (B) 

Zyxin-GFP stable U2OS cells treated with control or cdGAP siRNA were imaged to 

quantify focal adhesion dynamics. White arrows indicate adhesions that are turning 

over during the time course and labels indicate the duration of each sequence in 

minutes. (C) The relative fluorescence intensity of representative individual adhesions 

with siRNA treatments plotted over time. (D) CdGAP siRNA shortens the average 

adhesion lifetime. (E) CdGAP siRNA accelerates adhesion assembly rates. (F) CdGAP 

siRNA enhances adhesion disassembly rates. Confocal image sequences were used to 

calculate the lifetime, adhesion assembly, and adhesion disassembly rates for each 

siRNA treatment. All lifetime and rate measurements were made from three 

independent experiments for a total of 50-70 adhesions, 4-7 cells per condition and 

compared with Student’s t-test, ***, p < 0.001 for assembly, disassembly, and lifetime 

calculations in comparison to control siRNA for both cdGAP siRNAs. For Figure 6 all 

error bars represent +/- the standard error of the mean. 
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Figure 7. CdGAP over expression slows adhesion dynamics.   

 (A) U2OS cells were transiently co-transfected with zyxin-GFP and either vector or 

myc-cdGAP and evaluated for cdGAP and zyxin-GFP expression by western blot. (B) 

Zyxin-GFP positive U2OS cells expressing myc-control vector or myc-cdGAP were 

imaged to quantify focal adhesion dynamics. White arrows indicate adhesions that are 

turning over during the time course and labels indicate the duration of each sequence 

in minutes. (C) The relative fluorescence intensity of representative individual 

adhesions plotted over time. (D) Myc-cdGAP over expression lengthens adhesion 

lifetime. (E) Over expression of myc-cdGAP inhibits adhesion assembly rates. (F) Over 

expression of myc-cdGAP inhibits adhesion disassembly rates. Confocal image 

sequences were used to calculate the lifetime, adhesion assembly, and adhesion 

disassembly rates for each condition. All lifetime and rate measurements were made 

from four independent experiments for a minimum of 50 adhesions from 6-10 cells 

per condition. Statistical comparisons were made between control and myc-cdGAP 

over expressing cells for the lifetime and adhesion dynamics measurements with a 

Student’s t-test,**, p < 0.005 for adhesion assembly rate, *** , p < 0.001 for lifetime and 

disassembly rate comparisons. For Figure 7, all error bars represent +/- the standard 

error of the mean.   
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Figure 8. CdGAP localizes to 3D matrix adhesions and cdGAP siRNA enhances 

Matrigel invasion and migration velocity in 3D CDMs.  

 (A) Endogenous cdGAP and GFP-cdGAP both localize to 3D matrix adhesions. HT1080 

cells were plated onto coverslips coated with 3D CDMs before being fixed and stained 

for endogenous cdGAP, actin and fibronectin. HT1080 cells co-transfected with GFP-

cdGAP and mRFP-paxillin were fixed and stained for fibronectin. (B) HT1080 cells were 

treated with cdGAP siRNAs and knockdown efficiency evaluated by western blotting. 

(C) CdGAP siRNA-treatment enhanced cell migration velocity in 3D CDMs. Migration 

velocity was calculated for individual cells moving within the 3D matrix from three 

independent experiments with a minimum of 30 cells per experiment and siRNA 

treatment, with ***, p < 0.001 for comparisons between control and cdGAP silenced 

cells. (D) HT1080 cells treated with cdGAP siRNA invade more efficiently through 

Matrigel than control siRNA-treated cells. Relative invasion was calculated from three 

independent experiments and compared using Student’s t-test. *, p < 0.05 for 

comparisons between control and each cdGAP siRNA-treatment. For Figure 8, all error 

bars represent +/- the standard error of the mean. 
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Supplementary 

 Supplementary S1. Blebbistatin treatment induces the formation of small 

adhesions and a crescent morphology in GFP-cdGAP expressing cells. 

 (A) U2OS cells transfected with GFP-cdGAP were spread on 10µg/ml collagen coated 

coverslips, treated with either DMSO vehicle control or blebbistatin, and stained for 

paxillin and actin. Insets demonstrate that GFP-cdGAP localizes with paxillin to both 

large adhesions in vehicle treated cells and small adhesions in blebbistatin treated 

cells.  
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Supplementary S2. CdGAP localizes to 3D matrix adhesions in U2OS cells. 

 (A) U2OS cells were seeded into 3D CDMs and then fixed and stained for endogenous 

cdGAP, actin, and fibronectin. (B) U2OS cells were co-transfected with GFP-cdGAP and 

mRFP-paxillin, seeded into 3D CDMs, and then fixed and stained for fibronectin. 
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Supplementary Movies 

 Movie S1. U2OS cells treated with control or cdGAP siRNA randomly migrating on 

collagen. Phase contrast images acquired every ten minutes, with movies playing back 

at ten frames per second. CdGAP siRNA treated cells migrate at a high velocity and 

rapidly extend and retract lamellipodia.   
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Movie S2. U2OS cells over expressing GFP or GFP-cdGAP migrating on collagen. 

Transfected cells are marked with an asterisk (*). Phase contrast images acquired every 

ten minutes, with movies playing back at ten frames per second. The migration of 

cdGAP over expressing cells is inhibited and they slowly extend small lamellipodia. 
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 Movie S3. U2OS cells stably expressing zyxin-GFP treated with control or cdGAP 

siRNA migrating on collagen. Fluorescence images acquired every two minutes, with 

movies playing back at ten frames per second. CdGAP siRNA-silenced cells rapidly 

extend lamellipodia and quickly form and disassemble adhesions as they migrate.  
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Movie S4. U2OS cells co-transfected with zyxin-GFP and either control vector or myc-

cdGAP migrating on collagen. Fluorescence images acquired every two minutes, with 

movies playing back at ten frames per second. CdGAP over expressing cells slowly 

extend lamellipodia and have a large percentage of adhesions that remain stable for 

the duration of the movie.  
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Abstract: Motile cells are capable of sensing the stiffness of the surrounding 

extracellular matrix through integrin-mediated focal adhesions and migrate towards 

regions of higher rigidity in a process known as durotaxis. Durotaxis plays an 

important role in normal development and disease progression, including tumor 

invasion and metastasis. However, the signaling mechanisms underlying focal 

adhesion-mediated rigidity sensing and durotaxis are poorly understood. Utilizing 

fibronectin-coated polydimethoxysilane gels to manipulate substrate compliance, we 

show that cdGAP, an adhesion-localized Rac and Cdc42 specific GTPase activating 

protein, is necessary for U2OS osteosarcoma cells to coordinate cell shape changes 

and migration as a function of extracellular matrix stiffness. CdGAP regulated rigidity-

dependent motility by controlling membrane protrusion and adhesion dynamics, as 

well as by modulating Rac1 activity. CdGAP was also found to be necessary for U2OS 

cell durotaxis. Taken together, these data identify cdGAP as an important component 

of an integrin-mediated signaling pathway that senses and responds to mechanical 

cues in the extracellular matrix in order to coordinate directed cell motility. 
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Introduction  

 Cells derive signals from interaction with the surrounding extracellular matrix 

(ECM) to regulate crucial functions including cell growth, differentiation and motility 

[1]. Integrin binding to glycoproteins present in the ECM such as collagen and 

fibronectin stimulates cell motility and promotes the formation of focal adhesions 

(FAs) in part by signaling to the intracellular Rho family of GTPases, including Rac1, 

RhoA, and Cdc42 [2]. These molecular switches are activated by guanine nucleotide 

exchange factors (GEFs), and inactivated by GTPase activating proteins (GAPs), during 

cell migration to coordinate signaling to the cellular migration machinery, including 

the regulation of FA dynamics and the remodeling of the actomyosin cytoskeleton 

through activation of downstream Rho family effectors such as PAK, Arp2/3, and non-

muscle myosin II isoforms [3-7].   

 In addition to its chemical composition, recent studies have shown that 

mechanical properties of the ECM also influence integrin signaling to promote 

directed cell migration [8-10]. Specifically, cell motility rates are enhanced by increased 

matrix rigidity, and cell migration is directed towards more rigid substrates in a 

process known as durotaxis [8-10]. Artificially changing ECM compliance or exerting 

experimentally derived force on integrins can regulate the Rho family GTPases RhoA 

and Rac1, suggesting that ECM rigidity activates integrin signaling to control the Rho 

family of GTPases [11-14]. However, the function and activity of Rho GTPases during 

mechanically directed cell migration remains unclear, and furthermore, the specific 

GEFs and GAPs that modulate their spatial and temporal activity to promote durotaxis 

have not been identified.  
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 CdGAP is a Rac1 and Cdc42 specific GAP that localizes to FAs on rigid glass to 

regulate cell migration, FA size, and FA dynamics in an integrin dependent manner 

[15,16]. CdGAP also regulates cell migration in more compliant 3D cell-derived 

extracellular matrices [15]. Mutations in cdGAP are causative for defects in 

vasculogenesis, heart formation, skin wound closure, and limb formation that 

comprise the syndrome known as Adams-Oliver disease and which may be the result 

of altered rigidity sensing or dysregulated stem cell migration and differentiation 

[9,17]. CdGAP also plays a role in cancer, where changes in ECM stiffness and rigidity 

sensing promote metastasis [15,18-20].  

 Using fibronectin-coated polydimethoxysilane (PDMS) based gels of different 

rigidity, we determined that cdGAP is necessary for optimal rigidity sensing, driving 

changes to the migration machinery as a function of ECM compliance and thereby 

enhancing rigidity dependent cell migration and durotaxis. 

Results  

CdGAP Regulates Cell Morphology and Motility in an ECM Rigidity Dependent 

Manner  

 U2OS osteosarcoma cells respond to integrin-ECM interaction on rigid glass 

substrates by spreading and then becoming highly motile, adopting an atypical 

crescent shaped morphology [15,16,21]. Thus, crescent-shaped U2OS cells have a long 

axis as measured from side to side and shorter minor axis as measured from the 

leading edge to the rear of the cell, giving them a distinctive high aspect ratio 

(long:short axis of the cell) as compared to the wedge shape typical of migrating 

fibroblasts. Perturbing cdGAP expression levels via overexpression or siRNA has 
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previously been shown to regulate cell spreading and the ability of U2OS cells to 

attain a crescent phenotype in response to integrin-ECM engagement on traditional 

rigid glass or tissue culture substrates [15,16]. To determine if cdGAP controlled U2OS 

morphology as a function of ECM rigidity, we generated soft PDMS substrates of 1 kPa 

and hard 1 MPa that mimicked the approximate elastic modulus in vivo of interstitial 

connective tissue and bone, respectively [22]. On soft substrates, control small 

interfering RNA (siRNA) treated U2OS cells had a small spread area (Supp Figure 1A) 

and a rounded morphology with a low aspect ratio (Figure 1A,C) whereas on hard 

substrates cells were well spread with a crescent morphology (Figure 1A,C). In 

contrast, cdGAP siRNA treated cells (Figure 1B) were unable to detect and respond to 

the compliance of the soft ECM and exhibited an equivalent spread area (Supp. Figure 

1A) and also demonstrated an exaggerated crescent morphology (high aspect ratio) 

on both soft and hard substrates (Figure 1A,C).  

  We next determined if cdGAP also regulated cell motility as a function of matrix 

rigidity. The majority of control U2OS cells on soft substrates either remained rounded 

for the duration of the migration analysis or transiently established a leading edge and 

migrated at a low speed (Figure 1D,E and Supp. Mov. 1), whereas on hard substrates, 

they transitioned to and maintained a crescent morphology and migrated at 

significantly increased rates (Figure 1D,E and Supp. Mov. 2). Conversely, cdGAP RNAi 

treated cells were unresponsive to rigidity and migrated at an accelerated rate on 

either compliant or rigid substrates with an exaggerated crescent morphology that 

changed rapidly over time (Figure 1D,E and Supp. Mov. 3,4).  
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 The rate at which cells migrate is determined in part by their ability to extend, 

stabilize, and retract the plasma membrane [6,23,24]. Furthermore, regulated 

membrane extension and retraction rates have been associated with cells that are 

capable of ECM rigidity-sensing, such as fibroblasts and stem cells [22,25-27]. Control 

cells plated on soft substrates slowly extended and protruded their membrane (Figure 

1F,G) compared to control cells on hard substrates (Figure 1F,G). In contrast, cdGAP 

RNAi cells were unaffected by ECM rigidity and extended and retracted their 

membrane on both compliant and rigid surfaces at significantly faster rates than 

control cells (Figure 1F,G).  

 Together, these data indicate that cdGAP plays a central role in suppressing the 

transition of U2OS cells to a motile phenotype on soft substrates resulting in inhibition 

of cell migration rates, whereas cells depleted of cdGAP are unresponsive to changes 

in matrix rigidity. Furthermore, the accelerated rates of membrane protrusion and 

retraction in cdGAP-depleted cells may contribute to a reduced capacity of these cells 

to sense matrix rigidity via differences in integrin-ECM signaling. 

CdGAP Regulates FA Organization and Dynamics in Response to ECM Matrix 

Rigidity  

 Exposure of cells to rigid ECM increases non-muscle myosin IIA activity to promote 

cytoskeletal contractility and results in an overall increase in FA size. However, the 

effects of mechanical signals originating from the ECM on FA dynamics are unclear, as 

they have been reported to both increase and decrease on compliant ECM [27-30]. 

Nevertheless, the FA lifetime and rates of FA assembly and disassembly are crucial 

determinants of cell migration velocity [30-35]. Manipulation of cdGAP expression was 



                     Chapter 3; The Focal Adhesion-localized CdGAP Regulates Matrix Rigidity Sensing   

 127 

previously shown to control FA size and FA dynamics in response to integrin-ECM 

engagement on glass substrates, so we determined if cdGAP could also regulate FAs 

as a function of matrix rigidity [15]. 

  Control RNAi treated cells plated on soft substrates had small adhesions  (Figure 

2A,B),  and relatively long FA lifetimes (Figure 2C,D and Supp. Mov. 5), whereas FAs of 

cells on hard ECM increased in size (Figure 2A,B),  and turned over more quickly, 

resulting in shortened FA lifetimes (Figure 2 A,B and Supp. Mov. 6). In contrast, cdGAP 

RNAi treated cells had small leading edge adhesions that failed to increase in size 

upon exposure to more rigid substrates (Figure 2A,B) and rapidly turned over (Figure 

2C,D and Supp. Mov. 7,8). Furthermore, adhesion lifetimes in cdGAP depleted cells on 

either soft or hard substrates were significantly decreased when compared to control 

cells (Figure 2C,D). Taken together, these data indicate that cdGAP functions to 

regulate FA organization and dynamics in response to matrix rigidity, enhancing FA 

size and controlling FA stability in a rigidity-dependent fashion. 

CdGAP Regulates Rac1 Activity in an ECM Rigidity Dependent Fashion 

 Rac1 and the Rac1 isoform Rac1b, as well as the Rac homologue Ced-10 (D. 

Melanogaster), are activated in vitro and in vivo in response to force or as a function of 

matrix compliance [12-14,36]. We previously showed that integrin-ECM interactions 

stimulated cdGAP’s GAP activity towards Rac1, so we determined whether ECM 

rigidity could also influence cdGAP’s ability to regulate Rac1 activity [16]. Comparison 

of FRET signals from the Raichu-Rac biosensor in control siRNA treated cells on soft 

and rigid substrates revealed a significant increase in the gradient of active Rac1 in 

cells at the leading edge on rigid substrates (Figure 3A-C). In contrast, cdGAP 
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knockdown cells were again unresponsive to matrix rigidity, and exhibited 

dramatically enhanced gradients of Rac1 activation when compared to control siRNA 

treated cells on either soft or hard surfaces (Figure 3A-C). Given that activated Rac1 has 

been shown to enhance formation of a crescent morphology in U2OS cells, and 

decrease FA lifetimes independently of Cdc42, these data indicate that cdGAP inhibits 

localized Rac1 activity at the leading edge as a function of matrix rigidity. Inhibition of 

Rac1 in turn potentially suppresses both lamellipodia formation and FA dynamics, 

resulting in rigidity-dependent cell migration [15,33,35,37,38]. 

CdGAP is necessary for Durotaxis   

 Durotaxis, or the preferential movement of cells from a compliant to more rigid 

environment, requires coordinated changes to the cell migration machinery as a 

function of matrix rigidity, involving the force dependent increase in size of FAs, as 

well as regulation of the contractility of the actin cytoskeleton during lamellipodia 

formation [8,39,40]. Our data indicated that these components of the cell migration 

machinery were unresponsive to matrix rigidity in cdGAP RNAi treated cells, so we 

determined if cdGAP was necessary for durotaxis. Control RNAi treated cells plated 

into a durotaxis chamber with a soft:hard rigidity interface (Figure 4A, see Materials 

and Methods for details) preferentially migrated towards the more rigid glass surface 

(Figure 4B-D, Supp. Mov. 9). Conversely, cells depleted of cdGAP migrated with 

significantly reduced directionality (Figure 4B,C) and without preference for soft or 

hard ECM (Figure 4D, Supp. Mov. 10). In addition to losing their preference for more 

rigid substrates, cdGAP siRNA treated cells crossed the rigidity interface significantly 

more frequently than control cells (Figure 4E, Supp. Mov. 10), a further indication that 
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these cells migrated with diminished ability to actively sense and respond to changes 

in ECM rigidity. Importantly, the differences in cell crossing rates we observed were 

not the result of a bias in the number of cells adherent to either the soft or hard side of 

the rigidity interface (Supp. Figure 1B). Together, these data indicate that cdGAP 

expression is essential for individual cells to actively differentiate between ECM of 

varying rigidity and to demonstrate efficient durotaxis.   

 Discussion 

 The FA protein cdGAP was previously identified as a suppressor of cell spreading 

and crescent morphology in U2OS cells in response to the engagement and activation 

of integrins by ECM proteins absorbed onto traditional rigid glass or plastic cell culture 

substrates [16]. Herein, we show that cdGAP not only responds to integrin 

engagement of the ECM, but that it can also act as a suppressor of spreading and the 

transition to a motile phenotype in response to matrix rigidity.  

 CdGAP is recruited to FAs via an interaction with actopaxin (alpha-parvin) which is 

part of a complex including ILK and PINCH [16,41-43]. Importantly, the interaction 

between cdGAP and actopaxin is required for cdGAP’s inhibitory effects on crescent 

formation in U2OS cells [16]. Moreover, depending on its phosphorylation state, 

actopaxin can either promote or inhibit crescent formation and cell migration in U2OS 

cells, whereas ILK overexpression inhibits cell spreading, crescent formation, and cell 

migration in response to integrin mediated ECM-engagement [16,38,44]. Taken 

together with recent studies showing that ILK and actopaxin are recruited into FAs in 

an integrin-specific and rigidity-dependent manner in order to promote rigidity 

sensing on fibronectin, this suggests that the ILK-PINCH-actopaxin complex and 
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cdGAP may form a mechanically sensitive signaling axis that controls U2OS cell 

morphology and motility in response to ECM compliance [45,46].  

 Interestingly, cdGAP inhibited crescent formation and cell motility to a larger 

extent on soft substrates, suggesting that increased rigidity may perturb the activity or 

dynamics of cdGAP and/or the ILK-PINCH-actopaxin signaling axis. The mitogen-

activated kinase Erk is activated by increased ECM rigidity, and active ERK has been 

shown to directly bind to and phosphorylate cdGAP on multiple residues including 

threonine 776, resulting in the inhibition of cdGAP’s GAP activity towards both Rac1 

and Cdc42 [19,45,47]. ERK also phosphorylates the actopaxin amino-terminus, 

resulting in the transition of U2OS cells to a crescent phenotype through PIX-

dependent activation of Rac1 and PAK [44,48]. It is interesting to speculate that 

increased ERK kinase activity on more rigid substrates could reduce cdGAP’s inhibition 

of Rac1 or Cdc42 and enhance the phosphorylation of actopaxin’s amino-terminus to 

promote crescent formation and cell migration. Future studies will be necessary to 

determine how the phosphorylation profiles of both actopaxin, cdGAP, and other FA 

proteins are regulated by substrate compliance.  

 Rac1 activity enhances the formation of a crescent phenotype and cell migration 

rates in U2OS cells and is regulated by matrix compliance [12-15,36]. Using Raichu 

FRET analysis as a reporter for Rac1 activity, we found that cdGAP plays an essential 

role in regulating Rac1 activity at the leading edge and is to our knowledge the first FA 

localized Rac GAP that has been shown to be regulated by matrix rigidity.  

Interestingly, knockdown of other Rac GAPs that respond to integrin-ECM 

engagement, including SrGAP1 and Sh3BP1, broadened the spatial gradient of Rac 
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activity at the leading edge and resulted in enhanced protrusion and migration 

[49,50]. Furthermore, spatially restricted activation of Rac at the membrane or 

regulation of the gradient of Rac activity at the leading edge results in the formation of 

new lamellipodia and alters cell migration rates [51-53]. Thus by suppressing Rac 

activity at the leading edge in a rigidity dependent manner, cdGAP may also 

determine both the capacity of U2OS cells to transition into a crescent morphology 

and control membrane protrusive activity to regulate cell migration. Alternatively, 

cdGAP has also been shown to regulate the activity of Cdc42, which enhances 

lamellipodia and filopodia formation as well as cell motility, so we cannot exclude a 

role for Cdc42 in rigidity dependent U2OS cell crescent formation and motility.  

 Rac1 and Cdc42 activation at the leading edge drives the initial formation of small 

adhesions in an actin polymerization-dependent mechanism [23,54]. RhoA is also 

localized to the leading edge and is activated spatiotemporally ahead of Rac, but in 

contrast promotes the formation of contractile stress fibers resulting in the formation 

of large, long-lived FAs [32,55-57]. CdGAP knockdown led to the formation of small 

FAs independent of matrix rigidity, suggesting that FAs in cdGAP RNAi treated cells 

may have failed to mature due to decreased RhoA activity or activation of downstream 

RhoA effectors such as ROCK or non-muscle myosin IIA. Alternatively, small FAs also 

result from the destabilizing effects of activated Rac, which can drive rapid FA 

assembly and disassembly rates leading to the shortened FA lifetimes that we 

observed in cdGAP RNAi treated cells plated on soft and rigid ECM. Conversely, 

cdGAP’s suppression of Rac activity alone would slow FA assembly and disassembly 
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rates and thereby could explain the lengthened FA lifetimes we observed on soft ECM 

in control RNAi treated U2OS cells.  

 Our FA lifetime data were in contrast to previous studies in fibroblasts that 

observed rapid FA turnover rates on soft ECM but similar to other studies on U2OS 

cells that measured FA lifetimes in separate experiments on soft or rigid substrates 

[27-30]. The discrepancy between FA lifetimes in fibroblasts and U2OS cells on soft 

substrates may be explained by a cell specific behavior in U2OS cells known as 

“transient frictional slip”, where integrins and FA proteins engage actin but slide in a 

retrograde fashion over the ECM [58]. Slip increases inversely with matrix compliance, 

and could result in slowed FA growth rates [58]. Given that our substrates were softer 

than those used in the study by Aratyn-Schauss et al., [58] we can speculate that this 

may have promoted enhanced slip between the ECM and integrin during FA 

formation. This may explain the lengthened FA lifetimes that we observed in control 

RNAi treated cells on soft substrates, as compared to the shortened FA lifetimes 

previously observed in fibroblasts on soft ECM.  

 Cell motility and durotaxis are driven by traction forces exerted through FAs. 

Recent studies showed that a single cell straddling both soft and rigid substrates in a 

durotaxis assay generates asymmetric traction forces; with FAs on rigid ECM exerting 

high force and FAs over soft ECM exerting low forces. This in turn creates an 

asymmetry in traction force that leads to directed cell movement in the direction of 

the more rigid substrate [40,59,60]. Individual U2OS cells plated on soft and rigid 

substrates contain small and large adhesions, presumably at different levels of 

maturation, that in turn exhibit a broad range of traction forces [15,29]. The data 
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presented herein show that cdGAP RNAi treated cells have an abundance of small 

adhesions, which in other studies have been shown to exert a narrower range of 

traction forces [29,61]. It is interesting to speculate that cdGAP siRNA-treated cells are 

incapable of generating asymmetric traction forces on soft and rigid substrates due to 

their inability to alter FA size in response to ECM compliance and leading to rigidity-

independent cell migration.   

 Asymmetry in traction force during durotaxis is also observed at the level of 

individual FAs, with a traction force peak that is distributed towards the anterior of 

individual FAs that oscillates to promote durotaxis [62,63].The rapid and cyclical 

nature of these force fluctuations within individual FAs suggests that they might be 

controlled by Rho GTPase signaling. Indeed, cyclical fluctuations in Rho GTPase 

signaling have been observed at the leading edge of randomly migrating cells and 

polarized cells during wound closure [55,62-65]. Asymmetric force fluctuations within 

FAs requires paxillin phosphorylation at both tyrosine 31 and 118, which in turn can 

enhance the binding of Crk and recruitment of Dock 180, to potentially activate Rac1 

[66,67]. The paxillin LD1 motif, which is just amino-terminal to Y31, recruits complexes 

containing ILK, actopaxin, and cdGAP to FAs [16,41-43]. Thus, cdGAP may be an 

important component of this scaffold and signaling complex that controls the cycling 

of Rac1 through its GTP and GDP bound states and thereby regulates force 

fluctuations in FAs, rigidity sensing, and durotaxis. 

 To summarize, we have identified the Rac and Cdc42 specific GAP cdGAP as a key 

mediator of FA based mechanosensing of the ECM and as an important regulator of 

durotaxis in U2OS osteosarcoma cells. It will be important in future studies to 
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understand how cdGAP’s function in rigidity-dependent adhesion maturation and 

durotaxis may be influenced by regulation of its GAP activity or through altered 

protein-protein interactions with actopaxin, ILK, or paxillin, or as yet undescribed 

binding partners in FAs.  Recently identified mutations to cdGAP in cancer patients 

(Cancer ATLAS Genome Project), and also those that have been reported in Adams-

Oliver Syndrome may also provide an interesting basis for further understanding the 

mechanisms underlying cdGAP’s regulation of mechanosensing and how specific 

defects in the cellular response to rigidity can lead to disease [17]. 
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Materials and Methods 

Cell culture, antibodies and transfection 

 U2OS osteosarcoma cells were originally derived from a moderately differentiated 

tibial osteosarcoma, and for this study were obtained from the American Tissue 

Culture Collection (ATCC, Manassas, VA). U2OS cells were maintained in Dulbecco’s 

Minimum Essential Media (DMEM) supplemented with 2mM L-glutamine, 10% FBS 

(v/v), 10 I.U./ml penicillin, 10µg/ml streptomycin, and 1mM sodium pyruvate. Cells 

were maintained at 5% CO2 and 37°C. Antibodies used in this study were rabbit anti-
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cdGAP (Cell Signaling Technology, Beverly, MA),mouse anti-α-actinin and rabbit anti-

fibronectin (Sigma, St. Louis, MO), mouse anti-paxillin clone 349, and mouse anti-ILK 

(BD Bioscience, Bedford, MA), and rabbit anti-paxillin clone H114 (Santa Cruz 

Biotechnology, Santa Cruz, CA).  

  U2OS cells were transfected with a non-specific control siRNA or two separate 

siRNAs to human cdGAP. U2OS cells were transfected using Oligofectamine 

(Invitrogen/Life Technologies, Carlsbad, CA) as per the Manufacturer’s instructions 

with siRNAs used at a final concentration of 0.3 µM. The siRNA sequences directed 

against human cdGAP were as follows (Ambion, Grand Island, NY): cdGAP(1) 5’-

GGACAGAUCUCUACAUAGA-3’, cdGAP(2)  5’-CCUCAGCGGAGAUCAGUAA-3’. The 

control siRNA sequence was 5’ACUCUAUCUGCACGCUGAC-3’. Transfection of tagged 

proteins into U2OS cells to generate stable vinculin-YFP and zyxin-GFP expressing cell 

lines was performed with Lipofectamine LTX (Invitrogen/Life Technologies) according 

to the manufacturer’s instructions. The Raichu Rac FRET probe was obtained from Dr. 

Michiyuki Matsuda. U2OS cells were initially selected with 1mg/ml G418 to produce 

cell populations with heterogenous expression, and then maintained in 300µg/ml 

G418 during culture with the exception of siRNA treatments, where cells were cultured 

in antibiotic free media.   

Generation of compliant substrates  

 Sylgard 184 (Dow Corning, NY) was thoroughly mixed at either 90:1 (w/w) or 10:1 

(w/w) to create soft and hard polydimethoxysilane (PDMS) substrates with a Young’s 

modulus of ~1 kPa and ~1 MPa, respectively. PDMS mixtures were spun down in a 
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centrifuge for 5 minutes at 500xg to remove any air bubbles introduced by mixing. For 

experiments on glass coverslips, 50µl of PDMS was pipetted, and any newly formed air 

bubbles were removed with a needle. For MatTek dishes, 15µl PDMS was placed onto 

the center of a MatTek dish, and the dish was placed onto a home-made spin coater. 

Dishes were spun at ~3,000 RPM for 15 seconds to spread the PDMS into a thin, even 

coating on the glass insert in the middle of the dish. After PDMS had been applied, 

coverslips or dishes were cured in an oven at 70°C overnight. PDMS substrates were 

sterilized with UV irradiation for 10 minutes, coated with 10 µg/ml fibronectin (BD 

bioscience), and blocked with 1% (w/v) heat denatured Bovine Serum Albumin 

(Sigma) before use. Equivalent fibronectin coating for soft and hard PDMS substrates, 

as well as glass coverslips was verified by staining coated slips with an antibody 

against fibronectin (Sigma). The shear modulus of the 90:1 and 10:1 PDMS mixtures 

were determined by small amplitude oscillatory shear at 1 Hz in a TA Instruments 

ARG2 Rheometer, while curing at 70˚C between 40mm parallel plates. Values for the 

Shear modulus were converted to the reported Young’s modulus values using the 

equation E=2G(1+v), where E= Young’s modulus, G= Shear modulus, v= Poisson’s ratio 

(assuming a Poisson ratio of 0.5 for PDMS).    

Durotaxis Assay 

 For durotaxis experiments, 6-well cell culture plates were first filled with 1.5 ml of 

degassed, soft 90:1 PDMS. After allowing the PDMS to spread for 20 minutes, glass 

coverslips were carefully placed on top of the PDMS.  The edges of the coverslip 

became overlapped by the uncured PDMS forming a rigidity interface between the 
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PDMS and glass.  Plates were cured overnight at 70°C before being sterilized and 

coated with fibronectin as described above. U2OS cells were plated into chambers for 

four hours before being imaged in serum-containing DMEM for sixteen hours under 

phase contrast on a Nikon Eclipse Ti scope under a 10X/0.30 PL FLUOR Nikon objective 

in an environment chamber at 37°C with regulated CO2. For quantification, a crossing 

event was considered to have occurred if a cell’s nucleus passed over the boundary 

between the soft PDMS and hard glass, or vice versa. The total number of cells that 

crossed the boundary, along with the number of times that they crossed, and whether 

they finished the migration time-lapse analysis on either the soft or hard substrate, 

was quantified and analyzed using ImageJ and Microsoft Excel.  

Immunofluoresence Microscopy 

 Cells on fibronectin-coated PDMS were fixed and permeabilized simultaneously 

using a mixture of 4% (w/v) paraformaldehyde (pH adjusted to 7.2) and 1% (v/v) Triton 

X-100 in phosphate buffered saline (PBS). Coverslips were washed in PBS containing 

0.1% (v/v) Tween 20 (for all wash steps). Fixed coverslips were quenched in PBS 

containing 0.1M glycine, before being washed in PBS-Tween 20 and blocked in PBS 

containing 3% (w/v) BSA. Glass coverslips were incubated with primary antibodies for 

one hour at room temperature, and following three washes in PBS-Tween 20, were 

incubated for one hour with Dylight-conjugated secondary antibodies (Fisher 

Scientific, Waltham, MA) in PBS with 3% (w/v) BSA. Filamentous-actin was visualized 

using rhodamine-phalloidin (Invitrogen, Carlsbad, CA). 
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Random Migration Analysis  

 U2OS cells were plated on spin coated glass coverslips in 24 well plates for four 

hours before being imaged in serum containing DMEM for 16 hours under phase 

contrast on a Nikon Eclipse Ti scope under a 10X/0.30 PL FLUOR Nikon objective in an 

environment chamber with controlled CO2 at 37°C. Velocity and directionality values 

were obtained using the Manual Tracking and Chemotaxis Ibidi (Martinsried, 

Germany) plugins in ImageJ.  

Cell Shape, Adhesion Size, and Cell Area Analysis  

 Adhesion size was measured in ImageJ on background-subtracted images of 

paxillin stained adhesions. Thresholded particles were measured using the Analyze 

Particles function in ImageJ to give an average adhesion area. For cell area and aspect 

ratio calculations,  thresholded images of the actin channel were analyzed in ImageJ. 

U2OS cell morphology was quantified using an aspect ratio of the major: minor axis.  

The major axis in crescent shaped cells ran from one tip of the crescent to the other, 

and there was a short minor axis from the leading edge of the crescent to the cell rear.  

In rounded cells, this ratio approached one, given that the cells were closer to circles 

than crescents.   

Live Cell Imaging and Focal Adhesion Dynamics Analysis  

 For adhesion dynamics analysis, vinculin-YFP or zyxin-GFP expressing cells were 

transfected with a control siRNA or siRNAs targeting cdGAP. Cells were re-plated onto 

soft or hard PDMS coated MatTek glass bottom dishes (MatTek Corp, Ashland, MA) 

overnight before being imaged on a Leica SP5 confocal microscope using an HCX PL 
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APO 63×/1.40–0.60 OIL λ BL objective (Leica, Bannockburn, IL) equipped with an 

environment chamber maintained at 37°C with regulated CO2. Time-lapse movies 

were compiled and background subtracted before being analyzed in ImageJ. Only 

individual adhesions that could be followed from the point at which they were initially 

visible all the way through until complete disassembly were quantified for lifetime 

analysis. 

Raichu FRET Analysis 

 U2OS cells were co-transfected with control or cdGAP siRNA, and one day later 

transfected with a Raichu-Rac1 FRET probe using Lipofectamine LTX. Cells were 

allowed to recover for 16-20 hours post transfection in antibiotic-free complete media 

and were plated onto MatTek dishes that were spin coated with a thin layer of soft or 

hard PDMS (see Production of PDMS substrates). Live cell imaging was performed in a 

CO2  and temperature controlled environment on a Leica AF6000 microscope with 

100x Fluotar Apo X objective. CFP and YFP excitation and emission was performed 

using external Leica fast filter wheels in line with a Leica mercury light source and 

Cascade Roper (Photometrics) camera, respectively. FRET images were acquired 

sequentially in the following channels, 1) CFP image with CFP excitation and emission, 

2) CFP excitation and YFP emission, 3) YFP excitation and YFP emission. Gain and 

exposure settings were equivalent for all FRET images taken.  FRET Channels 1 and 2 

were background subtracted in ImageJ and the ratio of YFP (channel (2)/CFP (channel 

1) used to produce the FRET image. Images were pseudo-colored with the rainbow 

RGB on equivalent scales in ImageJ.  For gradient calculations, 20µm wide line profiles 
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were drawn on 32-bit FRET ratio images from the leading edge to the cell nucleus. To 

normalize FRET gradients in different sized and shaped cells, an average FRET value 

was calculated along the line profile for each of twelve different distance categories, 

starting at the nucleus.   

Statistics   

 All data sets were analyzed with GraphPad PRISM software using student’s t-test 

and are representative of the summed data from at least three independently 

performed trials, and significance indicated with asterisks (*  p<0.05, ** p<0.005, *** 

p<0.0005).  All error bars represent 95% confidence intervals. Results were considered 

significant when the p value was <0.05. 
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Figure Legends: 

Figure 1. CdGAP regulates cell morphology, motility, and membrane dynamics in 

a matrix rigidity dependent manner  

(A) U2OS cells, treated with control and two independent cdGAP siRNAs were plated 

on soft and hard PDMS substrates coated with fibronectin. Cells were stained for actin 

and masks created of the thresholded actin images. (B) Transfection of two 

independent cdGAP siRNAs efficiently suppressed cdGAP protein expression in U2OS 

cells. (C) Control siRNA treated cells increased their aspect ratio (long:short axis of the 

cell) significantly in response to hard substrates, whereas cdGAP siRNA-treated cells 

maintained an exaggerated crescent morphology with a higher aspect ratio than 

controls, and did not change their aspect ratio as a function of matrix rigidity. (D) 

U2OS cells were transfected with control or cdGAP siRNA and plated onto soft or hard 

PDMS coated coverslips and individual cells tracked to determine cell migration 

velocity. (E) Control siRNA treated cells migrated at a higher velocity on hard 

substrates, whereas the migration of cdGAP siRNA treated cells was substantially 

elevated above that of control cells on both soft and hard substrates. (F) Migrating 

control siRNA-treated and cdGAP-depleted cells were imaged at high magnification 

and montages of membrane dynamics were compiled over twenty minute periods 

using the QPim11a plugin for ImageJ. (G) Overall membrane protrusion and retraction 

velocity for control and cdGAP siRNA treated cells, demonstrating that control siRNA 

treated cells are more protrusive on a hard substrate, whereas cdGAP siRNA caused 

cells to be equally protrusive on soft and hard substrates and significantly more  
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protrusive than control cells. For spread area, aspect ratio, and cell migration analysis, 

a total of 15-30 cells from three independent experiments were analyzed. For QPIM 

analysis averages represent 3-6 cells from three independent experiments, migrating 

over a twenty-minute period. 
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Figure 2. CdGAP controls FA size and regulates FA dynamics in a rigidity 

dependent manner  

(A) Immunofluoresence of focal adhesions on soft versus hard PDMS. Merged images 

are of actin (red), and paxillin (green).  Insets show pseudo-colored masks of different 

sized focal adhesions, with adhesions from 0.1-1µm2 (Red), and adhesions >1-10 µm2 

(Green).  (B) Quantification of average adhesion area (µm2) in control versus cdGAP 

siRNA-treated cells plated on substrates of varying rigidity. Control cells expressing 

cdGAP undergo a significant increase in average adhesion size when plated onto rigid 

PDMS, whereas cdGAP-depleted cells maintain mostly small, peripheral adhesions on 

both soft and hard PDMS.  (C) Cells expressing vinculin-YFP and treated with control or 

cdGAP siRNA were imaged on soft versus hard PDMS matrices to quantify their 

adhesion dynamics, and montages of images at the indicated timepoints were 

generated from live-cell movies. (D) Adhesion lifetime was shortened dramatically in 

cdGAP depleted cells on both soft and hard matrices, whereas control cells exhibited a 

significant decrease in adhesion lifetime when comparing cells plated on soft versus 

hard matrix. P-values represent student’s t-test on the pooled data from two 

experiments using vinculin-YFP as an adhesion marker and one experiment using 

zyxin-GFP. Adhesion size analysis was performed on ~1,000 total FAs from 20-30 cells, 

three independent experiments For lifetime analysis, ~100 total FAs from 3-6 cells 

were evaluated for the FA lifetime analysis, per experimental condition. 
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Figure 3. CdGAP inhibits the spatial activity of Rac in a rigidity-dependent 

manner. 

 (A) The Raichu Rac1 FRET biosensor was transfected into control and cdGAP siRNA 

treated cells, and cells were plated onto either soft or hard PDMS substrates.  

Fluorescence images of live cells were acquired, and the ratio of CFP/YFP images was 

taken for each cell to generate a color enhanced image. Pseudo-colored scales were 

set with the same range for all images. (B) Line profiles 20µm wide were generated 

from the leading edge to the nucleus and the relative FRET efficiency was calculated 

along each line profile. To normalize for differences in cell size, groups of FRET values 

along the linescan were binned into twelve distance categories and averaged from 

three independent experiments to produce the FRET gradients. (C) Control cells 

demonstrate graded increases in Rac1 activity from the nucleus to the leading edge on 

rigid substrates, whereas CdGAP siRNA treated cells consistently displayed a steeper 

gradient of Rac1 activity at the very leading edge of migrating cells that was 

unchanged when cells were plated onto either soft or rigid substrates. Statistical 

analysis was performed on each distance category by determining a student’s t-test 

relative to the control cells plated onto soft PDMS. Distance categories 3-12 were all 

significantly higher for cdGAP siRNA-treated cells on soft and hard matrices when 

compared to control cells on either soft or hard matrices.  Control cells plated on hard 

matrices had significantly enhanced FRET in categories 10-12 when compared to 

control cells plated onto soft PDMS. At least twelve cells from three independent 

experiments were analyzed for each average FRET gradient shown in (C).  
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Figure 4. CdGAP is necessary for durotaxis    

(A) Cell durotaxis was measured across a glass-soft PDMS interface, (see materials and 

methods) (B) Representative tracks of control and cdGAP siRNA treated cells plated 

into durotaxis chambers. (C)  cdGAP siRNA treated cells that crossed the rigidity 

interface moved with less directionality than control cells across the rigidity boundary. 

(D) Control siRNA treated cells crossed onto the glass coverslip preferentially, where 

they typically remained for the duration of each experiment.  In contrast, cdGAP siRNA 

treatment resulted in equal numbers of cells crossing from soft to hard and hard to 

soft, diminishing the ability of migratory cells to differentiate between soft and rigid 

substrates. (E) Control siRNA treated cells typically crossed the rigidity interface only 

once, whereas cdGAP siRNA treatment promoted multiple crossings of migrating cells 

in either direction. Crossing data represent a minimum of 150 total cell crossings for 

each experimental condition from three independent experiments.  
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Supplementary Figures 
 
Supplemental  Figure 1.  (A) Average cell area in control and cdGAP siRNA treated 

cells spread on soft and hard PDMS coated coverslips. (B) The number of cells plated 

on either side of the rigidity boundary was equivalent for both the control and cdGAP 

siRNA treatments in the durotaxis assays.     
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Supplementary Movies 

 Movie S1. U2OS cells treated with control siRNA migrating on soft PDMS. Phase 

contrast images acquired every ten minutes, with movies playing back at ten frames 

per second. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Control RNAi cells on soft PDMS 
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Movie S2. U2OS cells treated with control siRNA migrating on hard PDMS. Phase 

contrast images acquired every ten minutes, with movies playing back at ten frames 

per second. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Control RNAi cells on hard PDMS 
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Movie S3.  CdGAP siRNA (2) treated cells migrating on soft PDMS. Phase contrast 

images acquired every ten minutes, with movies playing back at ten frames per 

second.  

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CdGAP RNAi cells on soft PDMS 
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Movie S4.  CdGAP siRNA (2) treated cells migrating on hard PDMS. Phase contrast 

images acquired every ten minutes, with movies playing back at ten frames per 

second.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CdGAP RNAi cells on hard PDMS 
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Movie S5. U2OS cells stably expressing vinculin-YFP treated with control siRNA 

migrating on soft PDMS. Fluorescence images acquired every two minutes, with 

movies playing back at ten frames per second.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Control RNAi cell with vinculin-YFP on soft PDMS 
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Movie S6. U2OS cells stably expressing vinculin-YFP treated with control siRNA 

migrating on hard PDMS. Fluorescence images acquired every two minutes, with 

movies playing back at ten frames per second.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Control RNAi cell with vinculin-YFP on hard PDMS 
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Movie S7. U2OS cells stably expressing vinculin-YFP treated with cdGAP siRNA 

migrating on soft PDMS.. Fluorescence images acquired every two minutes, with 

movies playing back at ten frames per second. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CdGAP RNAi cell with vinculin-YFP on soft PDMS 



                     Chapter 3; The Focal Adhesion-localized CdGAP Regulates Matrix Rigidity Sensing   

 165 

Movie S8. U2OS cells stably expressing vinculin-YFP treated with cdGAP siRNA 

migrating on hard PDMS.  Fluorescence images acquired every two minutes, with 

movies playing back at ten frames per second. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CdGAP RNAi cell with vinculin-YFP on hard PDMS 



                     Chapter 3; The Focal Adhesion-localized CdGAP Regulates Matrix Rigidity Sensing   

 166 

Movie S9.  Phase contrast time-lapse of control siRNA treated U2OS cells plated in 

durotaxis chambers.  The boundary between soft and hard matrix is marked in frame 

one. Phase contrast images acquired every two minutes, with movies playing back at 

ten frames per second. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Durotaxis of control siRNA treated cells  
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Movie S10. Phase contrast time-lapse of cdGAP siRNA treated U2OS cells plated in 

durotaxis chambers.  The boundary between soft and hard matrix is marked in frame 

one. Phase contrast images acquired every two minutes, with movies playing back at 

ten frames per second. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Durotaxis of CdGAP depleted cells  
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Chapter 4:  General Discussion 
    
 The integrin-mediated recruitment of adaptor and scaffolding proteins to focal 

adhesions (FAs) controls cell migration [1-3]. Actopaxin is an actin-binding scaffold 

protein that recruits cdGAP to FAs in two-dimensional systems to mediate its effects 

on cell spreading and lamellipodia formation upon stimulation of integrin signaling 

with the ECM proteins collagen or fibronectin.  Herein, I show that cdGAP controls cell 

random migration on traditional cell culture substrates, and also regulates motility 

during wound healing, on soft PDMS gels, and in 3D cell derived matrices. I establish in 

this thesis that cdGAP is a convergence point for multiple signals from the ECM, and 

can integrate chemical, topologic, and mechanical inputs to control aspects of cell 

motility in response to diverse stimuli.  

 U2OS cells spontaneously form lamellipodia and a crescent shaped front:rear axis 

when plated onto fibronectin or collagen coated glass or plastic surfaces, whereas in 

directed motility during wound wounding, lamellipodia formation is coordinated 

primarily as a result of mechanical and chemical stimuli that also reorients the polarity 

machinery of the cell to direct persistent motility [4,5]. During wound healing, a 

complex containing the Cdc42, Par6, and PKCζ, proteins re-orients microtubules, the 

golgi apparatus, and centrosome to the front of the nucleus in order to promote 

directed cell motility into the wound [4,5]. Rac1 activation at the leading edge is also 

essential for continued, persistent protrusion and directed cell motility during wound 

healing.  
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 CdGAP RNAi treated cells migrated rapidly during wound healing into to the 

wound, but also at times extended lamellipodia perpendicularly to the direction of 

wound closure. In addition, cdGAP RNAi cells migrating randomly on glass or plastic, 

or in durotaxis chambers, migrated as exaggerated crescents but also rapidly changed 

direction, often extending new lamellipodia from the cell rear, a behavior not 

observed in control treated cells. Furthermore, although cdGAP RNAi treated cells 

were able to establish a high aspect ratio and clear front:rear axis during cell migration 

in wound healing or during motility on soft and rigid PDMS, these cells also migrated 

with reduced directionality during durotaxis. CdGAP depleted cells display hallmarks 

of cells that respond quickly and efficiently to environmental stimuli, such as their high 

aspect ratio and  ability to quickly form an exaggerated front rear axis. Nonetheless, 

cdGAP depleted cells are unable to durotax properly, evidence of a strong disconnect 

between their inherent front:rear polarity and ability to undergo directed cell 

migration.     

The importance of polarity proteins such as Cdc42 and the Par polarity complex in 

durotaxis is unknown. Of note, cdGAP has previously been shown to inhibit the 

activity of Cdc42, and recent studies show that cdGAP can interact with a complex 

containing Cdc42, Par6, and PKCζ [33]. The rapid reorientation of lamellipodia in U2OS 

cells depleted of cdGAP suggests that the polarity machinery, including microtubules 

and the golgi apparatus, may also be rapidly reorienting.  On the other hand, the 

frequent changes in lamellipodial protrusion and decreased persistence of cells in 

response to ECM cues during durotaxis may reflect a disorganized or misoriented 
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golgi apparatus and dysregulated organization of polarity proteins. The use of live or 

fixed cell studies on durotaxing cells in order to evaluate markers for the golgi 

apparatus or microtubules may provide further insight into how cdGAP RNAi cells are 

capable of generating robust front:rear polarity but desensitized to chemical and 

mechanical stimulation during cell migration. 

 In addition to re-orientation of the Golgi apparatus and microtubules, directed cell 

motility also requires the targeted delivery of motility factors through exo- and 

endocytic pathways.  Specifically, Cdc42 maintains Rac1 and Beta-Pix activity at the 

leading edge of polarized cells through the Arf6 mediated delivery of these factors, as 

well as integrins, to the leading edge [4,5].  Cdc42 activity enhances the localization of 

Beta-Pix to the leading edge, which in turn activates Rac1. Of interest, cdGAP interacts 

with members of the exo and endocytic machinery, including intersectin, a GEF and 

dynamin and clathrin binding protein. It may thus be important to determine if cdGAP 

is regulating the localized trafficking and delivery of factors such as integrins, Rac1, 

and GEFs that promote lamellipodia formation and directed cell motility to the leading 

edge during durotaxis [5-8].  

 In addition to being a suppressor of 2D cell migration, cdGAP also inhibited cell 

motility in 3D and is the first Rac GAP shown to localize to FAs in 3D environments. 

Previous studies have shown that Rac GAP proteins control cell migration in 3D 

environments, including ArhGAP22, DLC1, and FilGAP. We did not establish whether 

direct binding of cdGAP to actopaxin was necessary for its effects on 3D migration or 

for its localization to FAs, as it is on 2D substrates.  It will be interesting in future 

studies to knock down expression of actopaxin, or overexpress a cdGAP binding 
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deficient mutant of actopaxin (previously shown to displace cdGAP from FAs in 2D 

systems, (Δ21-25)  actopaxin) to determine if actopaxin binding is required for cdGAP 

localization to FAs and its suppression of cell motility in 3D systems. CdGAP was also 

shown to regulate adhesion dynamics during cell migration on 2D surfaces, likely by 

regulating the activity of the Rac1 GTPase. Recent studies demonstrated for the first 

time that FA dynamics are regulated in 3D in a similar manner to 2D, with a conserved 

role for FA localized paxillin in regulating Rac1 and promoting FA turnover in 3D 

systems [2,9-11].  Given cdGAP’s inhibitory effects on cell migration, it is likely that 

cdGAP would suppress FA dynamics in 3D environments, similar to its function in 2D.  

Rac1 activity is decreased in 3D environments when compared to 2D, and it would 

also be of interest to establish if cdGAP RNAi treated cells controlled Rac1 activity in 3D 

CDMs using the Rac-Raichu FRET probe and GST-pulldown assays.  

 Aside from topography, fibrillar 3D CDMs also have significantly different 

mechanical properties than traditional plastic or glass tissue substrates, and cells can 

migrate in them using multiple modes of motility, including both amoeboid and 

lobopodial migration [12].  Although HT1080 cells are capable of converting between 

amoeboid and mesenchymal modes of motility, we observed that control HT1080 cells 

predominantly migrated with mesenchymal morphology, and there was not a 

significant change in this migration mode when we evaluated cdGAP depleted cells in 

3D CDMs.  We did not evaluate lobopodial migration in 3D, which is governed by the 

elasticity of the ECM and different from the mesenchymal migration of HT1080 cells in 

3D environments.  Fibroblasts in 3D CDMs or tissue explants migrate in a lobopodial 
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fashion and exhibit numerous off-axis blebbs and reduced polarization of Rac1 and PI3 

kinase activity at the leading edge of migrating cells, but only in linearly elastic 

environments [12]. When plated onto non-linear environments such as rigid or cross-

linked 3D CDMs, fibroblasts revert to mesenchymal migration [12]. As a newly 

recognized mediator of mechanical signaling during migration in 2D systems, it would 

be interesting to evaluate whether cdGAP also regulates lobopodial migration in 3D, 

given its dependence on the mechanical properties of the ECM.   

 Invasion and metastasis require cancer cell migration through fibrillar 

environments and invasion through basement membranes. In this thesis I show that 

cdGAP suppresses the invasion of cancer cells into a matrigel 3D basement 

membrane, a process that requires integrin mediated signaling to Rho GTPases and 

MMP expression, secretion, and activation [13-15]. In U2OS cells actopaxin signaling to 

Rac via recruitment of the Rac GEF Pix and activation of Pak was shown to be required 

for the formation of active invadopodia in cells plated onto a gelatin matrix. Actopaxin 

phosphorylation on its N-terminus enhanced Pak signaling, matrix degradation, and 

MMP-2 activation, resulting in enhanced invasion of breast cancer cells [16]. Given the 

actopaxin-cdGAP interaction, it will be important to determine if cdGAP alters gelatin 

matrix degradation or the secretion of active MMPs, or localizes to active site of matrix 

degradation with actopaxin.  Moreover, examining how actopaxin phosphorylation 

affects cdGAP’s GAP activity and localization will potentially provide insight into it 

ability to promote directed motility and rigidity sensing. Experiments should focus on  

the interaction of cdGAP with actopaxin in cancer cells through traditional 

biochemistry including IPs and pulldown approaches, as well as in a cellular context 
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through evaluation of FRET to determine if actopaxin is cdGAP to mediate invasion. Of 

note, Human Cancer Genome Atlas studies have identified multiple previously 

unknown mutations to cdGAP from patient samples; making similar point mutations 

to human cdGAP and examining their function in both ECM degradation and invasion 

assays could lead to new insights into cdGAP’s basic function in motility, but also 

provide insight into it’s potential role as a mediator of invasion and metastasis.   

 Integrin signaling regulates Rho GTPases and can be stimulated by the 

mechanical properties of the ECM. The activation of Rac and Rac family members has 

previously been shown to be regulated by mechanical stimulus both in vivo and in 

vitro, suggesting the existence of a GAP or GAPs that may involved in the cellular 

response to matrix rigidity.  Here the suppression of lamellipodia formation, decreased 

membrane dynamics, and decreased Rac FRET activity on soft substrates in 

comparison to control cells on rigid substrates suggests that cdGAP regulated Rac 

activity in a rigidity dependent manner. Nonetheless, it will be necessary to directly 

determine how the GAP activity of cdGAP functions with respect to ECM rigidity 

through the use of GAP assays in cells on soft and hard substrates.  Another approach 

would be to examine the function of a GAP dead mutant of cdGAP in a cdGAP 

depleted or null background during durotaxis or on soft and rigid substrates.  

 If rigidity controls cdGAP’s GAP activity, how cdGAP might be regulated by 

mechanical force on a molecular level is another future direction that warrants careful 

consideration. Other focal adhesion localized enzymes, including p130Cas Src, and 

filamin, have been shown to be activated through the direct application of physical 

force, which induces conformational changes to each protein [34]. Interestingly, our 
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data suggest that cdGAP may actually be more active under conditions where the cell 

is less contractile and there is less force exerted on it. The structure of murine and 

human cdGAP has not been described, making it difficult to propose mechanisms 

whereby the cdGAP protein itself might be regulated by matrix rigidity.  It would be 

interesting to understand if cdGAP undergoes a conformational change in response to 

force or recruitment to FAs.  Magnetic ECM matrix coated beads could be used to 

apply force to cells expressing cdGAP in a force biosensor, as has been performed for 

vinculin, on soft and rigid substrates, or in the presence of pharmacologic inhibitors of 

contractility, such as blebbistatin.  The relative change in FRET as a result of these 

manipulations would provide data indicating how force or recruitment to FAs may act 

to alter the conformation of cdGAP. 

Of interest, in unpublished observations I have shown that the c-terminal region 

of cdGAP is able to interact with Filamin, a mechanically sensitive actin-binding 

protein (Figure 1, DW unpublished see pg. 189). Filamin is of interest in 

mechanobiology for multiple reasons, including the ability of its IgG domains, which 

mediate many of its interactions with FA localized proteins, to unfold in response to 

force  [28-30]. In addition, recent reports have uncovered a new role for FilaminA in 

controlling Rac activity in U2OS cells through both IQGAP and RacGAP [3]. 

Furthermore, Filamin binds  directly to integrin cytoplasmic tails in vitro in response to 

experimentally derived shear forces, thereby displacing FilGAP from its interaction 

with FilaminA and inhibiting its Rac GAP activity [28]. While a function for this 

mechanically induced switch in interactions in a cellular context or during cell 

migration as a function of matrix rigidity remains to be explored, it brings up 



  Chapter 4; General Discussion  

 175 

interesting possibilities for regulating cdGAP.  The interaction of FilaminA with cdGAP 

may serve to regulate its GAP activity, localization, or other aspects of its behavior, 

such as its Fluorescence Recovery after Photobleaching, or FRAP dynamics, in a 

mechanically sensitive manner.  FRAP can measure of both the kinetics of the 

exchange of adhesion proteins, as well as establish the amount of adhesion protein 

that is locked into adhesions and incapable of moving into and out of FAs, a quantity 

known as the immobile fraction. Although we could not establish a direct functional 

consequence for the cdGAP-Filamin interaction on glass or plastic substrates in cell 

migration, further investigation of both Filamin null cells, and Filamin cdGAP double 

knockdown in cells plated on soft and rigid physiologic substrates is warranted, 

Figure 1. A) U2OS cell lysate was used in a GST pulldown assay with the indicated 
C-terminal cdGAP constructs, and GST-1160-1425 cdGAP interacted with 
endogenous FLNa protein.  B) Endogenous FLNa co-IPs with overexpressed Myc-
cdGAP in U2OS cells.  C) GST-1160-1425 cdGAP pulls down primarily GFP-FLNa 
and GFP-FLNc when these constructs are overexpressed in U2OS cells.   
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particularly given Filamin’s role in mechanotransduction and its importance to the 

regulation of Rac GAPs.    

 During durotaxis, adhesion maturation and the extertion of traction forces in an 

asymmetric fashion at FAs on soft versus rigid areas of the ECM is necessary for 

directed migration towards more rigid substrates [31]. The exertion of traction stress 

and the maturation of FAs are regulated primarily through RhoA and myosin II 

mediated signaling to the cytoskeleton [22].  However, the relationship between 

traction force and substrate rigidity in U2OS cells is undetermined.  While our 

overexpression studies suggested that cdGAP might activate RhoA and contractility, 

through an indirect, reciprocal relationship, a complete analysis of the localized 

activity of RhoA or activity of downstream effectors such as non-muscle myosin II 

remains to be performed in cdGAP over expressing or depleted cells. Interestingly, 

durotaxis in control siRNA treated cells is suppressed by inhibition of downstream 

effectors of RhoA, ROCK1 and 2 with Y27632 (Figure 2 , DW unpublished). Inhibition 

of contractility in U2OS cells with Y27632 , an inhibitor of ROCK, or blebbistatin, a 

specific inhibitor of non-muscle myosin II, enhances motility, crescent formation, and 

induces tail retraction defects in U2OS cells (DW unpublished observation). These are 

similar features to cdGAP siRNA treated cells, with the exception of the actin 

cytoskeleton that remains intact in cdGAP depleted cells, suggesting that cells 

depleted of cdGAP have reduced myosin signaling that leads to smaller FAs and 

preventing the asymmetric generation of increased traction force on rigid substrates. 

However, the magnitude and distribution of traction force in durotaxing U2OS cells 

depleted of cdGAP is unknown, and it will be important to determine this in future 
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experiments, given the crucial role of enhanced traction force transmitted through FAs 

on more rigid ECM in mechanically directed motility.   In addition to directed motility, 

the generation of traction forces also determines other aspects of cell migration, 

Figure 2.  (A-C) Control siRNA treated cells need actomyosin based contractility to 
durotax, whereas cdGAP depleted cells are unaffected by inhibition of ROCK with 
Y27632.     
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including migration velocity, and in this work I proved that cell migration velocity 

stimulated by ECM proteins, matrix rigidity, or matrix topography is critically 

dependent upon the level of cdGAP expression.    

Interestingly, cdGAP depleted cells migrated rapidly on highly compliant 

substrates, where traction forces have previously been observed to be low, and raising 

the question of how cdGAP depletion promotes rapid motility on soft substrates. 

Recent studies of keratocytes, another cell type that migrates with a crescent shaped 

morphology, indicated that migration velocity was equally dependent upon both 

actomyosin contractility as well as actin polymerization [32]. In cells on soft, gelatin-

coated surfaces, cells developed large traction forces at the leading edge through a 

combination of both actin polymerization and myosin contractility [32].  CdGAP siRNA 

treated cells are unaffected by myosin inhibition with respect to migration velocity.  It 

will be interesting to determine if inhibition of actin polymerization, for example with 

latrunculin A, inhibits migration velocity in U2OS cells depleted of cdGAP, or if cdGAP 

depleted cells are unaffected by inhibition of actin polymerization.    

 Rac1 activity is capable of promoting actin polymerization at the leading edge 

through Arp2/3, cortactin, and mDia-dependent mechanisms, and studies have shown 

that actin polymerization and branching is required for the initial formation of small 

FAs [22,23]. Moreover, cdGAP may control focal adhesion formation rates through the 

recruitment and or activation of these actin-modifying proteins.  Of interest, cdGAP 

depleted cells have enhanced levels of cortactin recruited to their periphery, in 

agreement with enhanced Rac activity that we observed via FRET at the leading edge 

(Figure 3, DW unpublished observation). Activated Rac1 has previously been reported 
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to mediate the re-distribution of cortactin to the periphery of the cell [24]. Moreover, 

actin polymerization at the leading edge also seems to be required for environmental 

sensing, as cell lines depleted of Arp2/3 are unresponsive to changes in matrix density 

and cannot undergo haptotaxis, a process that requires the coordinated adaptation of 

the actin cytoskeleton and FAs to increasing concentrations of fibronectin [25,26].  

Cortactin also regulates FA dynamics, and plays a crucial role in determining cell 

migration rates as a function of ECM compliance [27].   

Figure 3. Control and cdGAP siRNA treated U2OS cells were plated onto 
fibronectin coated hard PDMS substrates and fixed and stained for cortactin and 
actin. CdGAP depleted cells have enhanced recruitment of cortactin to their 
leading edge.  
 



  Chapter 4; General Discussion  

 180 

 Given the effects of cdGAP on regulating FA organization and dynamics, it will be 

important to determine how the composition of FAs varies with and without cdGAP 

on soft and rigid substrates, and in addition, what the phosphorylation and expression 

levels are of adhesome proteins in these cells. Recent studies have already used this 

kind of approach as an unbiased way to narrow down what signaling networks that 

may be altered as a result of changing matrix rigidity and or cdGAP depletion, and, 

provide potentially important insight into the specific mechanisms underlying 

mechanically driven FA maturation. Proteomics studies have the ability to reveal if the 

loss of cdGAP recruits and or activates Rac dependent effectors to accelerate FA 

formation and inhibit FA stability, or whether it can also act independently of its GAP 

domain through another mechanism. 

 In summary, we have shown that cdGAP regulates cell migration and potentiates 

cells to various environmental stimuli, including ECM rigidity.  Carrying out the studies 

suggested herein will shed light on the molecular mechanisms underlying cdGAP’s 

role in FA dynamics, rigidity sensing, and durotaxis, and will provide important 

understanding of how Rho GTPases and their regulatory proteins integrate 

environmental stimuli to regulate directed cell motility. 
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