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EFFECTS OF SHEAR STRESS ON THE DISTRIBUTION OF 

KINDLINS IN ENDOTHELIAL CELLS 

 

 

Sidney V. Jones 

 

 

ABSTRACT 

 

 

Endothelial cells (ECs) are exposed to changes in shear stress under a variety of 

physiological and pathological circumstances and respond by changing their shape, 

gene expression and cytoskeletal arrangement. Integrins are central mediators of these 

mechanotransduction responses of ECs and integrin function is in turn controlled by 

interaction of their short cytoplasmic tails with cytoplasmic binding partners. Recent 

studies have demonstrated the importance of the kindlin family members, known 

cytoplasmic tail binding proteins, as regulators of integrin function. Our lab has 

previously shown that kindlin-2 (K2) and kindlin-3 (K3) are both expressed and 

functionally significant for integrin mediated cellular events in ECs. 

The conversion of shear stress that realigns ECs in the direction of flow 

differentially affects the distribution of K2 and K3. This observation was made under 

shear stress rates of 3 or 10 dynes/cm2 in cells adherent to fibronectin. K2 is present in 
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focal adhesion (FA) under static conditions and becomes redistributed into an increase 

number of FAs with decreased area and length in response to low shear stress. The 

change in distribution of K2 in response to flow may explain why its colocalization with 

VE-cadherin was increased in response to flow in a rate dependent manner. K3 

changes from its primary and uniform cytosolic distribution to coalesce into discrete 

punctate patterns. The K3 punctate patterns were assessed for colocalization with 

clathrin coated vesicles and microtubules, which was significantly increased and 

decreased, respectively, under low flow. Shear stress induced kindlin-3 punctae 

formation corresponds to cleavage likely due to shear stress induced calpain activation. 

Inhibition of calpain prevents the effects of shear stress induced changes in K3 

distribution. On ECs adherent to another matrix protein, laminin, kindlin-3 was observed 

to redistribute into focal adhesions in response to high flow, which is not fully 

understood. 

This report confirms that kindlin-2 and kindlin-3 respond differently to shear 

stress in ECs and that the shear stress induced protein redistribution is dependent on 

the magnitude and duration of flow. It also demonstrates how the intensity of flow and 

extracellular matrix substratum of the EC may be important regulators of the fate of 

intracellular proteins involved in mechanotransduction. Consequently, this study 

provides insight into spatiotemporal effects of flow on endothelial cells and suggests 

that kindlins participate in the adaptation of ECs to mechanical cues. 
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CHAPTER I 

 

 

GENERAL INTRODUCTION 

 

 

A. SHEAR STRESS. 

 

1. HEMODYNAMIC PROPERTIES OF SHEAR STRESS-THEORETICAL CONSIDERATIONS. 

Blood flows down a pressure gradient because of its internal fluid dynamics. As a 

result, its movement is not self-perpetuating and pressure is required for blood to 

maintain its momentum (1). In the cardiovascular system, the pumping of the heart 

provides the primary source of this pressure. However, the mechanical properties of the 

vasculature also influence the efficiency of circulation by affecting blood pressure and 

volume (1). These properties include the equilibrium between hydrostatic and osmotic 

pressure, tunica intima vascular permeability, thrombogenicity and inflammatory state, 

tunica media smooth muscle cell tone, tunica adventia elastin and collagen fibrosity, 

and venous valve functionality (2). In addition, internal resistance from blood (i.e. 

hematocrit or viscosity) and external resistance from the vessel wall (i.e. vasodilation or 

vasoconstriction) also play a role in blood flow perfusion characteristics (3-5). In the 

latter case, changes in blood vessel diameter and quantity within the tissue are 
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influential (2, 5). When arterial blood is routed from larger to branch vessels, the flowing 

blood is distributed into numerous vessels with smaller diameters (6). As a result, the 

volume becomes divided over a larger cross sectional area (4). Furthermore, the 

decreased ratio of volume per area causes blood pressure to decrease and results in a 

decrease in flow rate (7). Therefore, the rate of blood flow is proportional to the vessel 

diameter and, consequently, inversely proportional to cross sectional area, but 

ultimately depends on the blood pressure in the context of the region of the vascular 

tree in which the vessel is located (4, 6, 7). 

The balance between blood pressure and vessel configuration determines the 

hemodynamic properties within a vascular area (8). Normally, the cardiac output 

manifests a stroke volume, which increases pressure circumferentially in the aorta (8). 

The systolic increase in blood pressure stretches the vessel wall, where kinetic energy 

is stored as potential energy in what is called an arterial reservoir (9). The ability for the 

vessel to expand and to store volume is termed elasticity and compliance, respectively. 

(10) The vessel wall and the blood apply pressure against each other, and with the 

development of a pressure gradient within a given length of the vessel, which causes 

fluid to move, tension, a frictional force, is imparted tangentially across the vessel wall 

from the fluid flow (11). This hemodynamic property is wall shear stress (12). 

The equation for wall shear stress (τs) is derived from Newton’s Law of Viscosity 

and Poiseuille’s Law of Parabolic Velocity Profile and displayed in Figure 1A (7).  From 

the equation, μ is the dynamic viscosity, Q is the volumetric flow rate (more accurately 

termed “discharge”), and R is the blood vessel lumen radius (7,13). Shear stress is 

expressed in SI unit Newtons/m2; which equates to 1 Pascal or 10 dynes/cm2. The use 
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of dynes – which 1 dyne equals 10 μN, the amount of force required to accelerate one 

gram of a substance one centimeter in a second – in the description of shear stress is 

convenient way to express the frictional force generated from the movement of fluid 

tangentially across the endothelium lining of the vessel wall as surface tension 

propagated across the area (in square centimeters) of the vessel wall (4,7, 14). 

Wall shear stress differs from fluid shear stress in that the former occurs at the 

fluid boundary layer and the latter at the central fluid layer (7). The major difference is 

that the fluid boundary layer involves application of a force along the surface of a 

definite shape; thereby influencing the symmetry of the central fluid layer according to 

the shape of the vessel (7). In fact, to the degree the vessel geometry maintains equal 

pressure on all sides of the fluid, to that degree the boundary fluid layer is preserved, 

and to that degree the steadiness of the boundary and, consequently, the central fluid 

layer is maintained (7). To the degree that the tension, and consequently the shear 

stress, decreases at the blood-vessel wall interface, the compensatory biological 

responses determine the degree to which the vasculature region becomes remodeled 

(2).  

 

2. ROLE OF SHEAR STRESS IN VASCULAR PATHOBIOLOGY. 

In my studies, shear stresses of 10 dynes/cm2 to 3 dynes/cm2 are used to 

recapitulate the arterial levels under physiological and pathological conditions, 

respectively (7). Normal venous and arterial shear stresses exist within ` stress protects 

the vasculature from the development of vasculopathologies by conferring endothelial 

cell genotypic resistance to apoptotic stimuli, suppression of reactive oxidative stress 
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species, prevention of cytokine expression, regulation of vascular permeability, and 

preservation of basement membrane composition (2). In arterial vessels, altered blood 

flow patterns are generated at sites where changes in vessel geometry, from straight to 

curved, cause an increase in collision between the traveling blood and the inner vessel 

wall (15). In addition, bifurcation sites engender separations between the flowing blood 

and the outer vessel wall, which causes the fluid boundary layer to become diminished 

due to a lack of pressure from the vessel wall. This makes the central fluid layer 

asymmetrical and results in turtuosity in the flow regime that has a linear relationship 

with the angle and asymmetry of the bifurcation (16). Such interaction generates 

turbulent flow, as depicted in Figure 1C, between the area of the flow separation and 

reattachment (16). Turbulent flow generates reverse currents which add resistance to 

forward flow; thereby decreasing flow and causing shear stress to fall below 4 

dynes/cm2 (4,7).  

Altered blood flow promotes EC injury that primes the vascular region for 

atherogenesis (17). When this is the case, endothelial cells lining the vessel wall 

become arrested in a pro-inflammatory state that promotes EC dysfunction (14). 

Endothelial cell dysfunction can result in altered maintenance of barrier function, 

anticoagulant, antithrombotic, and fibrinolytic regulation, changes which are reversible 

(14). However, under chronic inflammation, endothelial cell dysfunction leads to cell 

activation, which involves changes in gene expression and protein synthesis (4,18). 

Interestingly, although the factors which contribute to the development of 

atherosclerosis are widely distributed within the blood, the localization of plaques 
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predominate regions of the vasculature where flow regimes are altered, especially 

bifurcations (12, 16). 

Much evidence suggests that endothelial cell injury resulting from pathological 

shear stress is one of the earliest events contributing to atherogenesis (19). As a 

consequence, atherosclerosis is characterized by EC activation and subendothelial 

accumulations of lipids and cholesterol–engorged macrophages, called foam cells (4). 

At later stages, the clinically silent pathological condition evolves into an overt narrowing 

of large and medium-sized arteries as a result of plaque formation and calcification (4, 

14). It is very important to indicate here that atherosclerosis is the major underlying 

cause of heart disease, and furthermore, to emphasize that the development of 

atherosclerosis contributes to many clinical manifestations which depend on the lipid 

content of the plaque, the fibrotic cap composition, and the plaque location in the 

vasculature (14). The very formation of plaques creates curvatures in the vessel wall 

which perpetuate the perturbations of flow characteristics that further injure downstream 

endothelium and maintain this devastating cycle (20). 

Alternatively, if the flow characteristics are high enough in regions of plaque 

formations, exceeding 70 dynes/cm2, then the shear stress may erode the plaque. This 

causes plaque rupture that may result in either a localized thrombus or a mobilized 

embolism. In both cases, the occurrence is sufficient to contribute to tissue death due to 

vasooclussion; ultimately causing a stroke, heart attack, or other aberrant vascular 

functionality (20, 21). 
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3.   SHEAR STRESS REGULATES ENDOTHELIAL CELL MECHANICS  

The ability of endothelial cells to sense shear stress and convert the 

mechanical stimuli into biochemical responses is mechanotransduction; a three step 

process involving mechanotransmission, mechanosensing, and mechanoresponses 

(22). Although forces may be mechanotransduced between cells, this study focuses 

on intracellular communications (23). Some mechanotransducers discovered for their 

roles in EC responses to flow include the cell membrane, ion channels, G-protein 

coupled receptors, VE-cadherin, cytoskeletal proteins, and integrins (17,24).  These 

coordinate the sensation of flow from the luminal to the basolateral EC surfaces, 

where adhesive structures mediate responses to flow that may involve changes in cell 

shape, protein distribution, cell adhesion, metabolic processes, surface protein 

expression, and gene expression (18, 25). The sensation of force originating at the 

cell membrane manipulates changes in the membrane microviscosity that alters 

membrane polarization, membrane fluidity, and cell permeability (26). These changes 

are associated with changes in membrane lipid composition, intracellular ion 

concentration, stretch-ion channel activation, and GPCR activation (27). Cytoskeletal 

networks connect the cell membrane to different regions of the cell and experience 

rearrangements relative to the force vector applied to the cell surfaces (28). Force-

dependent cytoskeletal reorganization provides redistribution of proteins and forces to 

cell-cell junctions and cell-extracellular matrix junctions, where VE-cadherin and 

integrins reciprocally regulate the cytoskeletal organization to balance the tension 

between the cell and the external environment (27). Flow patterns determine the 

organization of the cytoskeleton, cell-cell junctions, and ECM composition via integrin  
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Figure 1. Illustration of Hemodynamic Shear Stress. 

 

A.  Shear stress occurs at the interface of the fluid and vessel wall. The fluid travels will greater resistance at the wall. 

B.  Ranges of normal and abnormal wall shear stress magnitudes for veins and arteries. 

C. Representation of the changes in fluid profile which occur within the vascular lumen. The velocity vectors of blood 

entering the vessel is initially laminar with a parabolic front which experiences narrowing at the region of vaso-

occlusion in plaque containing vessels. Consequently, alterations in the vessel geometry impose changes in the fluid 

velocity vectors which become convoluted downstream of plaque obstructions. Although the fluid recovers its laminar 

velocity vector configuration as it progresses within the straight vessel away from the plaque, the region nearest the 

plaque experience turbulent and low fluid dynamics. Since flow is proportional to shear stress, these areas subjected 

to low flow experience low shear stress and contribute to the progression of plaque growth and the dissemination of 

atherosclerosis within the vessel wall. (Figure adopted from Reference # 7) 

A. B. C. 
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mediated functions (27). Since traction forces generated at the EC substratum in 

response to shear may promote luminal cell surface expression of adhesion 

molecules such as ICAM and PECAM, integrins may be viewed as the regulators of 

bi-directional mechanotransduction (29). 

 

B. INTEGRINS. 

 

1. BACKGROUND. 

Integrins are heterodimeric transmembrane adhesion receptors present on 

virtually all cells including ECs (30). There are 24 different integrins which are formed by 

different combinations of one of 17 alpha subunits with one of eight β subunits (31). 

Structurally, each integrin subunit possesses a large (80~150 kDa) extracellular domain, 

a single transmembrane helix of ~20 amino acids, and a cytoplasmic domain of 20~70 

amino acids, shown in Figure 2 (30, 31). 

Integrins connect the cytoskeleton within the cell through their cytoplasmic tails 

and to proteins of the ECM via their ligand binding sites in their extracellular domain 

(31). By virtue of these interactions, integrins mediate bidirectional signaling across the 

cell membrane (32-35). As currently envisioned, integrin activation involves a change 

from resting, low affinity state (a bent conformation), to an intermediate affinity 

(extended with a closed head piece), and ultimately to a high affinity state (extended 

with an open head piece) (36). In addition, important in controlling integrin function is 

their clustering, which allows integrins to engage multivalent ligands, such as 

extracellular matrix proteins, with high avidity without necessarily changing their affinity  
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Figure 2.  Structural Model of Integrin Heterodimer. 

 

A. Structural model of the domains on the alpha and beta subunits of the 

heterodimeric integrin receptor. 

B. Mechanistic depiction of the conformational change involved in integrin activation. 

The process includes an unclasping of the membrane proximal tails which 

instigates extension of the extracellular domain from a bent to an elongated 

orientation, whereby opening of the headpiece culminates in ligation. Talin-H and 

kindlin are shown as intracellular proteins involved in the synergistic activation of 

the integrin via protein-protein interactions with the beta subunit cytoplasmic tail. 
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state (37). Transmission of tension along the cytoskeleton towards the cytoplasmic tail 

of integrins culminates in full integrin activation when the extracellular domain of integrin 

heterodimers becomes fully extended allowing it to recognize its cognate extracellular 

matrix protein ligand (38).According to the “tensegrity” hypothesis, integrins stabilize the 

cytoskeletal architecture in a tension-dependent manner (27). Integrins sense 

distortions in the force balance between the ECM and cytoskeleton and signal events to 

restore the balance through regulation of the size, composition, and orientation of focal 

adhesions (39, 40). 

Focal adhesions (FAs) are nucleation sites for protein-protein interactions and, 

as dynamic hubs of signaling, depend on integrin bidirectional signaling to cue the 

mobilization of proteins to the attachment sites. FAs are not static structures and their 

composition depends on the on/off rates of proteins for other FA components, including 

the cytoskeleton, integrin and other FA proteins. FAs are formed under the tensional 

force generated by the force of myosin on actin and must be bridged by integrins to the 

force bearing counterparts in the ECM to render the appropriate cell traction to the 

underlying matrix (41-43). The appropriate cell traction is influenced by the tensional 

state of the ECM and, through focal adhesion mediated cytoskeletal organization, 

determines the cell mechanical state (44-48). The mechanical state of the cell 

determines the cell pre-stress condition, which predetermines the cells’ responsivity to 

mechanical stimuli, such as shear stress. Ultimately, the cell mechanical state, under 

pre- and post- stimulated conditions, is regulated by focal adhesions dynamics. 

Because integrins are adhesion receptors, and integrin activation state is modulated by 

receptor-ligand interactions, mechanical cues which regulate the affinity between 
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integrins and their ligands regulate cell mechanics determined by the strength of focal 

adhesions and integrin mediated cell functions, such as cell migration, cell survival, and 

changes in cell morphology, and therefore, the cell adaptability to mechanical stimuli, 

such as resistance to deformation; thus, implicating the importance of integrin function 

in EC resistance to injury under stress (49, 50). The force balance, therefore, becomes 

a balance of inside-out and outside-in signaling.  

 

2. SHEAR STRESS RESPONSE BY INTEGRIN SIGNALING. 

Integrin activation state is not static, but consists of a motion-equilibrium which 

shifts between bent and extended conformations (51). Since shear stress promotes 

changes in cytoskeletal organization parallel to the flow direction, cytoskeletal 

rearrangements mediate force transduction which may regulate integrin activation. The 

forces transmitted from shear stress, which arrive at focal adhesions by way of 

cytoskeletal filaments, cause conformational changes in integrins that modulate cell 

adhesion in an integrin-ligand specific manner (42, 51-55). Whether the integrin-ligand 

adhesion bond is strengthened (catch bonds) or weakened/broken (slip bonds) in 

response to flow depends on the effects of ECM rigidity on integrin-cytoskeletal 

associations and the rate of force transmission. The strength enhancement of catch 

bonds is due to the prolonged bond lifetimes attributable to the molecular stiffness 

associated with extended integrin conformations that stabilize the high affinity state in 

response to high force transmission rates (56). In contrast, slip bonds occur due to low 

force transmission rates where broken integrin-cytoskeletal linkages stabilize low 

integrin affinity in areas of low ECM tension that make bond lifetimes small (56). Catch 
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bonds create synergy between ECM and integrin bond strength attributable to force 

activation of the head piece (57).  

Since the integrin conformation reflects it activation state, and integrin activation 

promotes regulation of FA strength and composition, the effects of shear stress on 

integrin conformation also affect on/off rates of protein-protein interactions in FAs. This 

may explain why the adhesion strength of ECs measured under flow and has been 

shown to be greatest on fibronectin, followed by vitronectin, laminin, and is weakest on 

collagen (58). In response to flow, it has been shown that endothelial cells on fibronectin 

activate αvβ3 and α5β1, but inhibit α2β1 in a PKC related manner compared to cells on 

collagen; which display activation of α2β1, but suppression of αvβ3 in a PKA related 

manner (44, 59-61). The difference in adhesion strength under flow may be explained 

by the difference in internal focal adhesion dynamics such that forces are transmitted to 

integrins differently based on the regulation of protein-protein interactions stemming 

form the cytoskeletal linkages to integrins (62). For example, β1 integrins are observed 

to be diffuse, more abundant in nascent adhesions, and experience rearward motion in 

FAs response to traction forces generated from high myosin activity compared to β3 

integrins which are observed to be concentrated in mature FAs which are immobilized 

where prominent actin stress fibers are tethered (62). In addition, β3 integrins have been 

shown to exhibit physiologically relevant binding to fibronectin in the bent confirmation, 

which may allow adhesion characteristics in otherwise sterically inhibited FA 

compositions (63). Although the mechanisms require more investigation, it is clear that 

forces which enable lateral diffusion of integrins to either reinforce conformation or to 

relocate integrins into clusters generate cross talk, which promote the recruitment of 
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integrin binding partners to FAs and enable regulation of unbound integrins by those 

ligand occupied (64).  

Since laminar flow promotes changes in cell alignment to flow, the matrix effects 

that determine integrin responses in effect determine the appropriate adhesitivity of FAs 

necessary to allow the cell to move into the flow direction. Thus, aligning force bearing 

structures in the shear flow force vector that balance the force along the cell surface, 

relax distinct regions of the cell, reduce asymmetrical surfaces where shear forces are 

higher, and consequently reduce the stimulatory effects of flow, as in desensitization 

(65).  Ultimately, just as shear stress promotes increased fluidity in the cell membrane, 

the effects of shear stress which promote depolymerization or dissociation of 

cytoskeletal structures from FAs increases cytoskeletal fluidization, and the effects of 

shear stress which promote lateral diffusion of integrins increases FA fluidity (or 

decreases rigidity) and changes the cells mechanical state to allow changes in shape 

(65). The degree to which the cell reforms its rigidity depends on the availability of 

integrin-ligand associations by which integrin anchorage enables equivalent friction in 

FAs to resist deformation to flow (49). This feature is characterized as the cell 

viscoelasticity (66). In the larger context, it is important to recognize that in as much as 

the flow rate imparts distinct bearable force transmission orientations by distinct integrin 

localities and cytoskeletal associative properties, that in pathological flow settings, 

where flow is oscillatory, having different directionalities and intensities, it is conceivable 

that uncontrolled flow characteristics will disorganize the endothelium by disorganizing 

the cytoskeletal organization, protein distribution, and FA strength (43). 
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With this emphasis in place, the importance to study the effects of shear stress 

on the redistribution of integrin binding partners to assess whether they are involved in 

FA strengthening or weakening on a particular ligand, which come to balance the 

inside-out and outside-in integrin signaling events responsible for stabilizing the cell 

mechanical state, those state dependent functions, and effects on vascular biology 

relevant to the development of atherosclerosis is readily apparent (17). 

 

C. KINDLINS. 

 

1. STRUCTURE AND FUNCTION OF KINDLIN. 

 Kindlins are a three member family of cytoskeletal proteins recognized for their 

ability to interact with integrins, (68-70). Kindlins share between 50-60% sequence 

homology (71). The kindlins exhibit differential tissue expression, which may be 

explained by the ubiquity of the SP-1 promoter binding site for kindlin-2 and not for the 

other kindlin paralogs (72). There are structural models available that describe kindlin-1 

proteins, as shown in FIGURE 3 (78). The N-terminal F0 subdomain precedes the F1 

(73, 74), kindlin-2 (75-77), and kindlin-3 (78). Kindlins are FERM domain containing 

adjacent to the F2 subdomain, which is bisected by a PH domain. The F3 subdomain is 

located at the C-terminal and is involved in binding the β integrin subunit cytoplasmic tail 

(79). The integrin binding properties of kindlins have been intensively studied for 

elucidation of regulatory properties relevant to β integrin subunit cytoplasmic including 

how integrin tail phosphorylation regulates kindlin binding (80). The integrin binding 

motifs for talin and kindlins are proximal and distal NXXY sequences on the β integrin  
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Figure 3.  Kindlins Mediate Linkage Between Integrins and the Cytoskeleton. 

 

Kindlin-2 has been observed to be important for cell morphology. Reduced levels of 
kindlin-2 impair changes in cell shape in ECs (67). Kindlin-2 is displayed exhibiting 
multivalent binding properties with migfilin at the N-terminal region and the cytoplasmic 
tail of the integrin β subunit via its C-terminal region. The association with migfilin 
enables cross-linking with the actin cytoskeleton via filamin-migfilin interactions. 
Ultimately, changes in f-actin cytoskeletal organization are coupled with changes in 
focal adhesion dynamics via complex protein-protein interactions of this variety. 
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subunit, respectively (69). The FERM domain of talin is located on its N-terminus and 

lacks the unique PH domain present in kindlins (69).  

 Most often, studies of talin and kindlin have emphasized their roles as integrin 

co-activators and as linker of integrins to the actin cytoskeletal network, but recent work 

has provided insight into other associations between kindlin and β-catenin, sorting nexin 

17, as well as to the plasma membrane, an interaction which also has proven to be 

important for its regulation of integrin function (81). 

 

2. INVOLVEMENT OF KINDLINS IN INTEGRIN ACTIVATION 

 Kindlins have not been shown to possess enzymatic activity, but rather mediate 

signal amplification via their binding to and their recruitment of other proteins to integrins 

(71,82). As a result, kindlins enhance integrin recognition of ligands present in the 

extracellular environment (71,82). In general, a defect or deficiency in kindlins impairs 

integrin mediated cell functions required for normal human health. Kindlins are encoded 

by three different genes: KIND-1, KIND-2, and KIND-3 (83,84). Kindlin gene pathologies 

relevant to human health give rise to Kindler syndrome, a skin and intestinal disease 

caused by KIND-1 deficiency, and leukocyte adhesion deficiency-III, a syndrome 

associated with bleeding, susceptibility to infections and bone abnormalities caused by 

KIND-3 deficiency (69,82,85). The clinical significance of KIND-2 deficiency has not 

been discovered in humans; however, in mice, KIND-2 deficiency is embryonically lethal 

(71). 

Kindlins cooperate with talin in promoting integrin activation and both are 

required for productive integrin activation; i.e., kindlins and talin are integrin co-
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activators. NMR spectroscopy of kindlin demonstrated their PH domains are essential 

for mediating their interaction with phosphoinositdes, which mediate their recruitment to 

the cell membrane and facilitates their co-activator function (75). The functional data 

showed the presence of positively charged IP4, of PIP3, binding pocket in kindlin-2 PH-

domain is responsible for anchorage to inner cell membrane and enhanced function (75, 

76). The crystal structure of kindlin-2 PH domain (76) demonstrated consistency with 

the NMR solution structure and revealed a conformational transition in the PH domain 

occurs upon IP4 binding. This change involves moving Phe382 and Lys393 of β1 and 

β2 loops, respectively, toward the center of the binding pocket upon interaction with IP4 

(76). In addition to this property, the solution structure of kindlin-2 F0 subdomain, 

located on the molecule’s N-terminus, also displayed binding properties to PIP2 with 

preference for PIP3 (77). It is noteworthy that the role of PI3K activation in integrin 

activation involves conversion of PIP2 to PIP3 which also enhances kindlin-2 membrane 

association (75).  The high sequence homology of the PH and N-terminal domain in 

kindlins suggests this is a mechanism for membrane association is shared by all 

kindlins (75).  

Interestingly, talin lacks a classical PH domain, but also depends on 

phosphoinositide binding via its F2 subdomain within its FERM domain for integrin 

activation; refer to Figure 4 (75). Thus, the molecular details of association of kindlins 

and talin with internal membranes differ and their associations are important in the role 

of stabilizing the integrin in an activated state (75). In addition, the integrin binding 

partners’ membrane associations may also destabilize the association of the 
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cytoplasmic tail of the integrin with the membrane, which would also enhance integrin 

activation (75).  

 Furthermore, the integrin activation state is differentially regulated by kindlin-3 

and talin whereby talin is sufficient to induce integrin extension, but requires kindlin-3 to 

promote activation of the integrin head piece (36). Since the activation of the head piece 

increases the molecular stiffness of integrins, the role of kindlin-3 in activating the head 

piece suggests the recruitment of kindlins to the cytoplasmic tails provides 

reinforcement to the force bearing capacity of integrin containing structures (36). A 

study of the conformational changes in kindlin-3 upon integrin binding demonstrated 

talin is has a more compact structure than kindlins due to the absence of a PH domain 

(78). The authors suggested the elongation of both kindlin and talin are important for 

forming a ternary complex, which depends on the β integrin subunit cytoplasmic tail, 

maintaining integrins in the activation state (78). Therefore, transmission of forces from 

shear stress is likely to mediate conformational changes in kindlins that enhance 

integrin activation, thus raising interest in kindlin/integrin/membrane mechanochemistry 

(90). This finding is supported by numerous studies defining the role of kindlins in 

integrin mediated functions, such as cell migration, which require force generation (91-

94). 

 

3.  ROLES OF KINDLIN IN ENDOTHELIAL CELLS. 

 There has been an extensive interest in kindlins as evidenced by recent reviews 

in high impact journals including Nature, Science, EMBO, Blood (33,41,93). The focus 

of this work is the role of kindlins in endothelial cells. There is ample evidence that 
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Figure 4. Domain Structure and Sequence Alignment of Talin and Kindlin.  

The F3 region of FERM (four-point-one, ezrin, radixin, moesin) domain contains phosphotyrosine-like binding fold 

resembling that of talin and is involved in binding to the cytoplasmic tails of integrin  subunits (86). Kindlins initially 
gained interest among researchers of integrin function because they resemble talin, an essential regulator of integrin 
function (87). Interactions between talin and kindlins with the short cytoplasmic tail of the beta subunit of integrins occur 
at two distinct non-overlapping NXXY motifs and the simultaneous interaction of talin and kindlins act in a synergistic 
manner to optimally promote integrin activation (88). The consequence of kindlin enhancement of integrin activation, a 
shift from a low to a high affinity state for binding their matrix ligands, leads ultimately to increased connectivity 
between the cytoskeleton and the extracellular environment (89). 

 



20 

 

kindlin-2 is present and plays an important role in EC responses (82,93). Our lab has 

recently demonstrated that kindlin-3, previously thought to only to be expressed in 

hematopoietic cells, is present in EC as well and that K2 and K3 may have different 

functions in EC (67). 

Kindlins have a role in integrin activation. In human umbilical vein endothelial 

cells (HUVECs), individual knockdown of kindlin-2 and kindlin-3 blunted cell functions 

dependent on αvβ3 and α5β1 integrin activity, respectively (67). EC which have reduced 

kindlin-2 levels do not spread, migrate or form vessel-like tube structures on β3 integrin 

ligands as efficiently as EC with normal levels of kindlin-2 (33,67). This is not surprising 

since these functions require changes in cell shape. This emphasizes the importance of 

kindlins for integrin activation and that kindlins are indispensable for critical cellular 

functions. Until now, there are no data considering the effects of shear stress on the 

protein levels or organization of kindlin-2 or kindlin-3 in HUVECs. These issues are 

considered in this study. 

 

D. CALPAIN 

 

1.  CALPAIN CLEAVES KINDLIN-3, AND CLEAVAGE IS IMPORTANT FOR INTERACTION WITH 

INTEGRIN 

Calpain 1 (µ-calpain) cleaves kindlin-3 at Y373 in platelets, leukocytes, and 

endothelial cells by. Kindlin-3 cleavage in HUVECs can be stimulated by PMA (protein 

kinase C activator), calcium ionophore A23187 (inducer of calpain activity), ionomycin, 

and thapsigargin (a mobilizer of intracellular calcium). Kindlin-3 cleavage may also 
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occur in unstimulated cells (95). K3 cleavage weakens cell adhesion, but enhances cell 

migration. K3 becomes resistant to cleavage by calpain with Y373N mutation (95). The 

interaction between K3 and the integrin β subunit usually occurs transiently in an 

integrin activation-dependent manner (95).  However, the Y373N mutant enables K3 to 

associate with β subunit in an integrin activation-independent manner (95,96). Inhibition 

of calpain I via calpeptin prevents cleavage of kindlin-3 and promotes the same effects 

on integrin adhesion and migration as the K3 Y373N mutation, that is enhances cell 

adhesion, but reduces cell migration. Inhibition of calpain cleavage of kindlin-3 may 

delay dissociation of kindlin-3 from β subunit integrin CTs (95). Calpain cleaves various 

integrin associating molecules such as talin, FAK, paxilin, and even the β3 integrin 

subunit itself (95). Calpain cleavage of kindlin-3, talin, and FAK destabilize focal 

adhesions, which enhances migration; the opposite occurs upon calpain cleavage of 

paxilin (95). 

 

2.  SHEAR STRESS ACTIVATES CALPAIN PROTEOLYTIC ACTIVITY IN EC. 

Shear stress promotes calpain proteolytic activity in a shear rate dependent 

manner (97). This process can occur downstream of PI3K function with dependence on 

PIP2 (98). Shear stress promotes calpain cleavage of talin. Talin cleavage by calpain is 

considered to be the rate limiting step, prerequisite to zyxin-mediated mechanosensor 

responses (99). Since calpain cleaves kindlin-3, and kindlin-3 cleavage is associated 

with integrin activation, and it is understood that integrin activation is enhanced in a 

shear stress rate-dependent manner, our studies will investigate whether shear stress 

induced calpain activation promotes cleavage of kindlin-3. 
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E.    RATIONALE OF THE WORK 

 

This work is based on ongoing work at the Lerner Research Institute at the 

Cleveland Clinic dedicated to identifying the molecular events that lead to vascular 

pathologies, including atherosclerosis. This research project is of importance because it 

provides information regarding cellular signal transduction mechanisms in response to 

shear that are generally poorly understood. Scientifically, this work seeks to develop a 

fundamental understanding of how kindlins help to mediate the response of ECs to 

shear. Clinically, this report addresses the molecular events that may contribute to 

several cardiac diseases in which EC respond to changes in shear such as during 

atherosclerosis, thrombosis and restenosis; which encompass the leading cause of 

death in the US.  

 Several different shear flow assays have been used to investigate integrin 

involvement in endothelial cell response to flow (100-102). Although it is known that 

kindlins are involved in linkage between the cytoskeleton and integrins and disruption of 

the linkage inhibit ECs responsiveness to flow (32-34,70); as yet no papers have 

considered the importance of kindlins and their localization in response to shear flow. 

Therefore, the relationships between shear responses of ECs, integrins and kindlins 

warrant investigation.  

Since deficiencies in kindlins results in pathologies linked to integrin adhesion 

defects in mice and humans (69,71), completion of this aim will provide insights into the 

importance of kindlins for endothelial cell function under flow conditions. We anticipate 

that under the relatively short term conditions of our flow experiments, that changes in 
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kindlins will be reflected in changes of distribution and not changes in expression levels. 

We have seen that kindlin-3 does undergo time dependent changes in distribution and 

degradation in response to shear and we intend to explore this further. Since kindlins 

are important for integrin function, the effects of shear stress on the distribution of 

individual kindlins in HUVECs may be investigated further by modulating the substratum 

to which particular integrin binding may be controlled (37). 

In summary, we now know that kindlins are important regulators of integrin 

function and that integrins are central mediators of mechanotransduction. However, the 

relationship between the kindlins and flow is not known. Thus, the research in this study 

addresses a significant gap in our knowledge and will seek to determine if the kindlins 

participate in the response of ECs to shear. Therefore, completion of this goal will allow 

us to characterize the physiological significance of the effects of shear stress on the 

distribution of individual kindlins in endothelial cell function.   
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CHAPTER II 

 

 

MATERIALS AND METHODS 

 

1.  CELL CULTURE. 

Research on vascular biology events that occur in humans involving coagulation, 

thrombosis, inflammation, and atherosclerosis has been accomplished by retrieval of 

various cell types from relevant human tissue.  Isolation of endothelial cells cultured 

from the vein of human umbilical cords was first described by Jaffe et al. in 1973 and 

second by Gimbrone et al. in 1974 (103, 104). Genotypic and phenotypic variations 

exist for ECs derived from large vessels relative to those harvested from microvascular 

EC layers (105). HUVECs are genotypically similar to ECs in large vessels (105). Since 

atherosclerosis occurs in large and medium sized vessels, HUVECs are used as a cell 

model for studying the effects of shear stress on the distribution of proteins in ECs that 

may be involved in atherogenesis in this study. HUVECs acquired from the DiCorleto 

Lab of the Lerner Research Institute (LRI) were cultured to 80% confluency on glass 

slides prior to experiments and were incorporated in the shear stress assay within 12 

hours. Slides were cleaned with 70% ethanol, rinsed, and coated with either 10 µg/mL 

solution of fibronectin or laminin, 20 µg/mL fibrinogen or collagen, or 2.5 µg/mL 

vitronectin overnight at 4◦C. These matrix proteins will be used to evaluate the 

distribution of kindlin-2 and –3 under static conditions. 
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2.  SHEAR STRESS ASSAY. 

To simulate the effects of blood flow, the Steamer® parallel plate laminar flow 

device manufactured by FlexCell Int.® of North Carolina, USA was used to perfuse 

MCB131 media with 1000IU penicillin/streptomycin and 0.5% BSA over HUVECs plated 

on glass slides with a cell growth area of 1.875 cm2 (106). The device setup and  

components are described in Figure 5 (106). Two shears, 3 and 10 dynes, 

corresponding to low shear in atherosclerotic vessels and high shear rates in arteries 

will be applied for times of 0, 1.5, 3, and 6, and 12 hours. Under these conditions, the 

distribution of kindlin-2 and kindlin-3 in under flow will be assessed and compared to 

static conditions. 

 
3.  IMMUNOFLUORESCENCE AND REAGENTS. 

Static or post-sheared endothelial were fixed with 4% paraformaldehyde, 

permeabilized with 0.2% Triton-X 100, blocked with 4% horse serum and labeled with 

primary antibody from either Millipore: mouse anti-kindlin-2 (#MAB2617), Invitrogen: 

mouse anti-zyxin (#39-6000), Molecular Probes: mouse anti-alpha-tubulin (#A1126), 

Abcam: Anti-VE-cadherin FITC (#ab33321), BD Transduction Laboratories: mouse anti-

clathrin heavy chain (#610499) and mouse anti-CD61 (#340715), or our lab: a rabbit 

antibody raised against kindlin-3 a unique peptide sequence (67). Alexa Flour species 

specific secondary antibodies conjugated to fluorescent dyes were used to label the 

primary antibodies. 

http://www.bdbiosciences.com/ptProduct.jsp?prodId=22583&key=FITC+CD61&param=search&mterms=true&from=dTable
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Figure 5. Shear Stress Device Setup 

The components of the system are: 1) peristaltic pump and silicon tubing, 2) pulse 
dampeners that trap air bubbles and absorb the pulsatility of the fluid exiting the pump, 
3) 6-chambered Streamer® device, 4) fluid reservoir, and 5) Hepa filter for diffusion of 
carbon dioxide. The shear rates available with this device range from 0.00 to 185.99 
dynes/cm2. The pump is programmed using software from National Instruments that 
offers automated flow regimes such as shear stress gradients or bidirectional flow. The 
entire setup fits into an incubator, which allows us to maintain physiological conditions 
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(37°C and 5% CO2). When separated from the pump, the apparatus can be autoclaved 
for sterility.  (Adopted from Reference #106) 

4.  CONFOCAL MICROSCOPY. 

 Images were collected using the Leica TCS-SP Spectral Laser Scanning 

Confocal Microscope equipped with four lasers for excitation and three photomultiplier 

tube detectors. This setup permitted visualization of multi-labeled cellular components 

simultaneously for comparison of the three-dimensional relationships between them.  

 

5.  IMAGE ANALYSIS. 

With the image captured, we then upload the pictures into an image processing 

program, typically NIH ImageJ, to compare the quantity and localization of proteins of 

interest relative to other labeled cellular components. Quantification was achieved by 

automated calculation of the Pearson Correlation Coefficient (PCC) of the image pixels 

(107). Briefly, the PCC (rp) represents the quality of the linear relationship between the 

pixels in an image compiled from images of two separate channels (107). The linearity 

is evaluated from a scatter plot which displays the distribution of the pixels. The intensity 

of pixels from the green and red channel is used as the x-coordinate and y-coordinate, 

respectively. This approach is based on the measurement of the intensity (0-255) of 

pixels adjacent to a reference pixel (5). Pixels are considered to be part of the same 

structure when above the threshold intensity of the reference pixel (5). Therefore, the 

structures in an image with pixel intensities above a selected threshold are evaluated for 

their nearness to the linear regression and scored within a range of -1 to 1 (1= 

colocalize completely, 0 = no colocalization , or -1 = negative correlation) based on the 

sum of the intensities at a particular coordinate. (107)  
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6.  WESTERN BLOT ANALYSIS OF KINDLINS. 
 

SDS-PAGE separation and western blot detection and densitometric scanning 

are used to examine the levels of the individual kindlins and their degradation in 

response to stress using antibodies listed above. GAPDH is used as a loading control 

for the gels. Shear stress can influence the turn over of proteins via activation of specific 

proteolytic enzymes that cleave expressed proteins (47). Consequently, the extent to 

which proteolysis affected kindlin protein expression in HUVECs was quantified. 
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CHAPTER III 

 

 

RESULTS 

 

 

1.  VALIDATION OF ENDOTHELIAL CELL ALIGNMENT WITH FLOW. 

We first analyzed the effects of shear stress on cell morphology and actin 

organization of our cultured HUVECs to validate that the cells are responding 

appropriately to flow. HUVECs in confluent monolayers were exposed to a shear stress 

of 3 dynes/cm2 (108). We found that the cells responded to shear stress by increasing 

the alignment of their actin filaments, visualized by staining with phalloidin, an F-actin 

specific reagent (14), in a temporal manner. For example, compared to cells under 

static conditions, cells exposed to flow for 6 hours displayed a significant 9.2% 

(p<0.005) increase in endothelial cell alignment within ± 10° of the flow direction 

(FIGURE 6) (108). Cell alignment was calculated from the ratio of the angle of the long 

axis of the cell and the horizontal, as described (109). These results indicate we have 

valid methods for inducing expected changes in ECs in response to flow and will be 

able investigate changes in kindlin distribution in the context of EC response to flow. 

When shear stress imparts tension onto ECs, the cytoskeleton and focal adhesions 

change in size and composition to manage the altered force distribution (101,110).  
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For comparison, we examined zyxin, a cytoskeletal associated molecule known 

to reorganize with shear, and integrin β subunits (111). In our system, we next 

determined that 3 dynes/cm2 could be employed to induce changes in zyxin localization 

from focal adhesions to actin filaments at 6 hours (FIGURE 7A2-F2). Integrins have 

been probed for mechanosensitivity at higher shear rates, but not at 3 dynes/cm2 (100). 

Indeed, we found, unlike zyxin, neither β3 integrin nor β1 integrin (not shown) were 

displaced from focal adhesion sites (FIGURE 7A1-F1). Thus, our findings provide 

molecular validation that our system and approach are capable of replicating reported 

responses of endothelial cell behavior under flow conditions. 

 

2.  KINDLIN-2 AND KINDLIN-3 HAVE DIFFERENT STATIC DISTRIBUTIONS ON VARIOUS ECM. 

In agreement with previous reports (33), kindlin-2 has been observed to localize 

in focal adhesions unlike kindlin-3, which is broadly distributed throughout the cytoplasm 

and along the cell periphery. The previous report demonstrated the distribution of 

kindlins in HUVECs allowed to spread on vitronectin, fibronectin, collagen and 

fibrinogen. In this report, we report an additional examination of the distribution of 

kindlin-2 and kindlin-3 on laminin. On this β1 integrin ligand, we observe kindlin-2 to be 

localized within focal adhesions and kindlin-3 to remain unrestricted in its cytoplasmic 

distribution (FIGURE 8).  In endothelial cells, β1 and β3 integrins have distinct 

localization within FAs, which enable their association with distinct actin networks, and 

since kindlin-2 localizes in FAs it therefore demonstrates association with similar actin   
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FIGURE 6.  Cytoskeletal Reorganization Induced by 3 dynes/cm2 Shear Stress.  

Confocal micrographs showing F-actin labeled with phalloidin in endothelial cells 
exposed to a shear stress of 3 dynes/cm2. (A) Static cells and (B–D) cells stimulated 
with shear stress for 1.5, 3, and 6 hours, respectively. The flow direction is from left to 
right. (E) Quantitation of endothelial cells aligned within ± 10° of the direction of flow 
represented as the average and (error being standard deviation) of three independent 
experiments. [**p<0.005: relative to non-sheared control].  
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FIGURE 7.  Focal Adhesions are Sites of Mechanosensation. 

HUVECs spread on FN were stained for β3 integrin subunit, zyxin, and F-actin. Cells were imaged under static and post 

flow conditions. The flow direction is from left to right.  β3 integrin subunit stained focal adhesions (A-C1) remain 

present in these adhesion structures (D-F1) unlike zyxin (A-C2), which redistributes to the actin cytoskeletal filaments 

in response to flow (D-F2). The yellow intensities shown in merged images depict regions where colocalization 

between actin filaments and focal adhesion proteins where filaments terminate (     ) or along the filaments (     ). These 

experiments provide evidence that at 3 dynes/cm2, 6 hours is sufficient to promote cellular responses which involve 

mechanotransduction to FA sites.  
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FIGURE 8.  The Distribution of Kindlin-2 is Different than Kindlin-3 in HUVECs under Static Conditions. 

HUVECs spread on different integrin ligands demonstrate that the distribution of kindlin-2 and kindlin-3 is different and 

that this difference is not changed by the selection of the β3 or β1 ECM ligands under static conditions. Kindlin-2 is 

localized mostly to focal adhesions and kindlin-3 has a broad cytoplasmic perinuclear distribution with concetrated 

localization at the cell periphery. Although both kindlins are known to associate with the primary adhesion receptors for 

each of the presented integrin ligands in other cells, ECs coexpression of kindlin-2 and -3 suggests they possess 

functional heterogeneity such that kindlin-3 association with integrins in focal adhesions may require cellular 

adaptations to modulate the prevailing determinants of its distribution otherwise. 
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networks as these integrins; however, not kindlin-3: which does associate with β3 

integrins in platelets. These results indicate integrin-ligand complexes in static EC do 

not allow kindlin-3 to associate with FAs and may require conformational changes in the 

integrin cytoplasmic tails in response to flow. 

 

3. KINDLIN-2 REDISTRIBUTION UNDER FLOW.  

The staining of sheared and non-sheared cells with an antibody revealed that 

kindlin-2 behaves similarly to β3 integrin and vinculin, a well-accepted marker of focal 

adhesions (111), in that it remains distributed in adhesion structures in response to flow. 

Quantitation of the effects of flow on the morphology of K2 FAs is summarized in 

TABLE 1.  Briefly, significant decreases in the average length of K2 FAs in response to 

shear stress conditions of 3 dynes/cm2 at 12 hours, and 10 dynes/cm2 at 6 and 12 hours 

occurred compared to static controls and cells treated with 6 hours of 3 dynes/cm2 shear 

stress (FIGURE 9A). No significant differences in K2 FA length were observed between 

3 dynes/cm2 at 12 hours, 10 dynes/cm2 at 6, or 12 hours. These results suggest that 

shear stress promotes a decrease in K2 FAs length that occurs sooner at higher shear 

stress rates than at low shear stress.  

The average area of K2 FAs also showed decreases in response to flow in the 

same pattern as the K2 FAs length (FIGURE 9B). The values are also listed in TABLE 

1. Significant decreases (p < 0.005) in the average area of K2 FAs in response to shear 

stress conditions of 3 dynes/cm2 at 12 hours, and 10 dynes/cm2 at 6 and 12 hours 

occurred compared to static controls and cells treated with 6 hours of 3 dynes/cm2 shear 

stress (FIGURE 9B). There were no significant differences in the area of K2 FA staining 
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between 3 dynes/cm2 at 12 hours or 10 dynes/cm2 at 6 or 12 hours. These results 

suggest that shear stress promotes a decrease in K2 FAs area, which takes longer at 

lower shear stress rates than at high shear stress. 

The quantity of K2 FAs/cell displayed a rate dependent change in response 

shear stress. Exposure to 3 dynes/cm2 for 6 hours promoted a significant increased 

(p<0.05) in the number of K2 FAs/cell compared to static control levels, but returned to 

control levels after 12 hours at 3 (FIGURES 9C). Interestingly, after 6 hours of 10 

dynes/cm2 shear stress, the number of K2 FAs/cell very significantly decreased 

(p<0.005) compared to static controls, yet slightly increased after 12 hours. 

Representative images of the changes in K2 focal adhesion length, area, and count/cell 

area are provided in FIGURE 9D1-3. This study demonstrates for the first time that 

kindlin-2 exhibits a tunable mechanical response that is shear rate intensity dependent. 

The K2 FAs under 10 dynes/cm2 after 12 hours display more organization in the flow 

direction than FAs from static and 3 dynes/cm2 sheared FAs.  

Since the mechanosensation of shear stress requires continuity of force 

transmission from the cell surface to the cell-ECM site through the cytoskeleton, it is not 

clear whether the transient changes in the number of K2 FAs/cell arise from changes in 

F-actin polymerization or FA dynamics. Furthermore, flow induced changes in K2 FA 

quantity may implicate conformational changes in the confirmation of kindlin-2 binding 

partners or kindlin-2 itself. Therefore, the mechanism of the changes in K2 FAs in 

response to flow is not clear. However, the change in K2 FAs after 6 hours suggests the 

transmission of shear forces to FAs transiently increases the recruitment of kindlin-2 to  
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FIGURE 9.  Shear Stress Affects the Morphology and Distribution of Kindlin-2 in Focal Adhesions. 

The (A) average length, (B) average area, and (C) ratio of FAs per cell area were quantified analyzing the confocal 
micrographs using ImageJ software from NIH and are summarized TABLE 1. Representative images of HUVECS non-
sheared or sheared for 12 hours at 3 or 10 dynes/cm2, respectively, are shown with the direction of flow from left to right 
(D1-3). [*p<0.05, **p<0.005, ***p<0.0005: relative to non-sheared control]. 
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FAs under low flow, but transiently decreases the recruitment of K2 to FAs under high 

flow.  

I also investigated involvement of kindlin-2 in cell-cell junctions and whether this 

relationship might be affected by shear stress on fibronectin. To investigate this 

property, the cell junction marker VE-cadherin was stained in HUVECs to map its 

colocalization with kindlin-2. FIGURE 10 shows that VE-cadherin significantly colocalize 

with kindlin-2 in static HUVECs and increases after 6 hours of shear stress of 10 

dynes/cm2, but not 3 dynes/cm2. Using Pearson’s Correlation Coefficient (PCC) to 

quantify the colocalization of kindlin-2 in VE-cadherin positive cell junctions, a very 

significant (p<0.0005) increase in PCC was measured between static (0.624 ± 0.0479) 

and 10 dynes/cm2 sheared (0.737 ± 0.0543) ECs; an approximately 16.5% increase. 

The ratio between the mean fluorescent intensity of kindlin-2 in the junctions versus 

total kindlin-2 was calculated for these experiments to validate the increase in 

colocalization occurs because of the redistribution of kindlin-2 from FAs. Although 

colocalization did not increase after 6 hours of 3 dyne/cm2 shear stress, under these 

conditions, there was a significant (p< 0.05) 3% increase in the staining of kindlin-2 at 

cell-cell junctions compared to static conditions. The mean fluorescent intensity of 

kindlin-2 staining in VE-cadherin positive cell junctions increased very significantly 

(p<0.0005) after 6 hours of 10 dynes/cm2 stimulation by 11.25% compared to static 

conditions. Cell-cell junctions also experience force-dependent adhesion strengthening 

by mechanisms physically similar to FAs. The redistribution of kindlin-2 to cell-cell 

contacts may implicate kindlin-2 as a cell-cell  
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junction reinforcement protein. Kindlin-2 localization to junctions may be important for 

EC barrier function required for to prevent vascular permeability. 

 

4.  KINDLIN-3 REDISTRIBUTION UNDER FLOW 

In non-sheared cells, kindlin-3 is present in a predominately cytoplasmic 

distribution where its staining is concentrated proximal to the nucleus and in membrane 

extensions. In response to shear, the distribution of kindlin-3 changes dramatically such 

that it is detected in the cytoplasm in discrete punctate patterns (FIGURE 11A1-2). The 

mean fluorescent intensity was measured and showed cells exposed to flow resulted in 

a 62.7% decrease in mean fluorescence intensity of kindlin-3 staining after 6 hours of 3 

dynes/cm2 shear stress. The mean fluorescence intensity of kindlin-3 in cells before and 

after flow changed from 3.73*107 to 1.49*107 in arbitrary units (FIGURE 11B). The 

percentage of HUVECs with kindlin-3 punctate pattern increased after 3 hours of 3 

dynes/cm2 shear stress to 25% and to 72% after 6 hours (FIGURE 11C).  

In addition, shear stress was found to induce degradation of kindlin-3. A novel, 

lower molecular weight form of kindlin-3 band was detected as early as 3 hours by 

western blot (FIGURE 11D). Gels were scanned, loading variations were noted, and 

corrections were made based on the amount of GAPDH quantified. Accordingly, there 

was about 50% increase of the kindlin-3 band, lane 3 of Figure 11D. However, 

scanning intensity of the degradation product was increased 17.8 fold compared with 

non-sheared conditions. Thus, shear induced degradation of kindlin-3. This was still 

prominent at 6 hours in that the expression of the degradation kindlin-3 band was half 

as much as at 3 hours. The molecular weight of the degradation band was ~37 kDa; 
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which was consistent with literature reports of the effects of calpain cleavage on K3 

(95). 

Since it is reported in the literature that calpain is activated by shear stress, we 

examined if shear stress induced changes in kindlin-3 was associated with calpain 

activity (97).  Our study indicates for the first time that the K3 cleavage in response to 

shear stress was prevented by pre-treating HUVECs with 1µM calpain inhibitor. The 

prevention of kindlin-3 cleavage was monitored by western blot (FIGURE 12A-B) and 

immunofluorescence (FIGURE 12C). The western blot shows that with the presence of 

calpain inhibition, the shear stress-induced kindlin-3 degradation product was reduced 

by 14% compared to cells sheared without calpain inhibition. Since calpain inhibition 

may nonspecifically affect actin organization and FA formation, kindlin-2 and actin were 

stained to ensure these cells functioned normally (112). 

The punctae of kindlin-3 were evaluated for potential association with vesicle 

marker proteins via immunofluorescent based colocalization experiments, which 

involved shearing HUVEC monolayers and staining for clathrin. Kindlin-3 displayed 

some colocalization (PCC = 0.576) with clathrin prior to shear stress application and this 

relationship was modestly increased (~11%, p = 0.04) after shear stress (PCC = 0.638) 

induced conversion of kindlin-3 into its post shear form (FIGURE 13).  In comparison, 

the kindlin-3 and microtubules do not colocalize, static (PCC = 0.317), and this was not 

changed by shear, post shear (PCC = 0.297). Clathrin and microtubules participate in 

the focal adhesion disassembly (113). It may be speculated that the changes in 

colocalization of kindlin-3 involves its re-compartmentalization from the cytoskeletal to  
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FIGURE 11.  Low Shear Stress Promotes Redistribution and Degradation of Kindlin-3 in HUVECs on FN. 

The effects of 3 dynes/cm2 were monitored at 1.5, 3, and 6 hours and were compared with static conditions. (A) 

Representative images showing the distribution of kindlin-3 in (A1) static and (A2) sheared HUVECs on FN. (B) The 

mean fluorescent intensity of kindlin-3 staining was compared in static and sheared HUVECS from three independent 

experiments. (C) The percentage of HUVECs which displayed the kindlin-3 punctate pattern in response to flow was 

quantified for the different time points of shear exposure. (D)  Western blot of lysates from static and sheared HUVECs 

shows kindlin-3 becomes cleaved in response to shear stress. [**p<0.005, ****p<0.0001 relative to non-sheared control]. 
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FIGURE 12.  Calpain Inhibition Reduces Cleavage of Kindlin-3 in Response to Prolonged Low Shear Stress in 

HUVECs on Fibronectin 

(A) Western blot showing shear induced cleavage kindlin-3 cleavage fragment is prevented in cells pretreated with 

calpain inhibitor before shear stress. (B) Quantitation of the amount of kindlin-3 fragment produced relative to the total 

kindlin-3 normalized to GAPDH levels. (C) Immunofluorescent staining of kindln-3, kindlin-2, and actin from the same 

ECs. Cells were either static or sheared, with or without calpain inhibitor. 
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the cytoplasmic subcellular fraction, which may contribute to the 

microtubule/clathrin/integrin FA disassembly in a yet recognized manner (113). 

 

5. EFFECT OF ATHEROPROTECTIVE FLOW REGIME ON KINDLIN-3 DISTRIBUTION IN ECS. 

 Our experiment revealed HUVECs plated on laminin display migratory 

phenotypes under non flow conditions. They present leading edges where more β3 

integrin subunits cluster. FIGURE 14 shows under static conditions, kindlin-3 and β3 

integrin subunit do not colocalize on laminin or fibronectin. On laminin kindlin-3 is 

localized in the perinuclear distribution as noted in ECs on fibronectin; however, the 

peripheral membrane staining is less noticeable. In static cells, the β3 integrin subunit is 

localized in the focal adhesion at the leading edge of the cells. In response to flow, 

kindlin-3 sustains predominate perinuclear staining on fibronectin, but is observed for 

the first time to localize in focal adhesions. Merges are provided to show that the kindlin-

3 focal adhesions are not restricted only to β3 integrin containing focal adhesions, but 

does colocalize in some of them. The rare occurrence of kindlin-3 in FA was observed 

at 1 hour in response to 10 and 12 dynes/cm2. More time or greater shear rates may 

further enhance this effect. It is not clear whether the localization of kindlin-3 to FAs is 

due to changes in the conformational state of K3, from biosignaling from integrin-ligand 

complex mediated FA compositional changes, or other phenomena. However, the force 

induced recruitment of K3 to FA in ECs under high flow on laminin suggests K3 is a 

strong FA protein. More work is needed to determine the physiological significance of 

K3 FA localization in EC function relevant to atherogenesis. 
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FIGURE 14.  Shear Stress Promotes the Redistribution of Kindlin-3 into Focal Adhesions in HUVECS on 

Laminin, but not Fibronectin. 

Confocal micrographs showing static and sheared HUVECs immunofluorescently labeled for detection of the 

distribution of kindlin-3 and β3 integrin subunit on fibronectin (A-B) and laminin (C-D), respectively. The images were 

merged to demonstrate the localization of these of kindlin-3 in FAs at the cell periphery from which β3 integrin positive 

FAs arise centripetally. 
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CHAPTER IV 

 

 

DISCUSSION AND CONCLUSIONS 

 

 

 Due to the complex nature of the vascular system, the effects of flow on the 

vessel wall vary depending on the vessel composition and distance from the heart (4). 

To simulate specific vascular endothelial cell microenvironments, a number of specific 

parameters may be varied. These parameters include the shear applied, flow 

directionality (i.e. unidirectional, reversed flow; laminar or oscillatory), flow magnitudes 

(i.e. above or below physiological), exposure times, fluid composition (i.e. serum free or 

media content; +/- growth factors), extracellular matrix substrates and its pliability, and 

endothelial cell confluence (7,100,101). Since shear stress is a physical stimulus, many 

studies rely on observations of spatial changes in cell morphology as a determinate of 

temporal EC responsiveness to flow (102). Depending on the selected flow conditions 

and cellular environment, cells may not display gross morphological transformations 

after completely realigning in the direction of flow; however, biochemical events may still 

occur over time and be probed to assess endothelial cell responses to shear stress 

(107-109,111,114).  
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In vascular biology, the change in extracellular matrix proteins beneath the 

endothelial cell monolayer influences the development of atherosclerosis (115,116). 

Normally, the endothelium is underlined primarily with collagen and laminin, where α2β1 

integrin is the primary mediator of interaction with the former ligand and α6β1, the latter 

(48). However, in atherosclerotic plaques the subendothelial ECM becomes 

reconstituted with increased deposition of fibronectin and fibrin(ogen) α5β1
 and αvβ3 

integrins play more dominant roles in substrate adhesion (100). The molecular 

consequences of the subendothelial matrix transition include increased expression of 

cytokines, reactive oxidative species, which activate NFkB, ICAM-1, VCAM-1, and 

further modification of the matrix composition by proteolysis mediated by matrix 

metalloproteinases (44,117-119). Therefore, the atherogenic state of the endothelium is 

influenced by shear stress, which is in turn regulated by ECM composition, integrin 

engagement, and ECM tensional state (54,55).  

Our study used low flow, 3 dynes/cm2, on fibronectin to create an atherogenic 

environment to examine endothelial cell function. Physiological flow, 10 dynes/cm2, and 

normal basement membrane protein, laminin, were used in some experiments to 

examine rate and matrix dependent EC responses, respectively.  We verified that the 

selection of 3 dynes/cm2 was sufficient to promote responses in known markers of 

mechanosensitive proteins, zyxin and filamentous actin. In response to shear stress, 

zyxin redistributed from focal adhesions to actin filaments and actin reorganized in 

parallel to the flow direction, which was used to quantify cell alignment to flow (111). In 

this system, β3 integrin and β1 integrin remained present in focal adhesions in response 

to shear stress, unlike zyxin. These observations indicated that our apparatus and 
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parameters were capable of stimulating cellular responses that confirm force 

transmission was occurring. Knowing that kindlin-2 was present in focal adhesions 

under static conditions and that kindlin-3 might change its position to focal adhesions 

under flow, we felt that our system had the sensitivity and potential to identify and detect 

changes in the distribution of the kindlins.  

The contributions this study has made to the body of knowledge regarding the 

effects of shear stress on endothelial cell function include determinations that: 1) shear 

stress affects kindlin-2 FA length, area, and number per cell, 2) shear stress increases 

the colocalization of kindlin-2 with VE-cadherin by redistribution of kindlin-2 into cell-cell 

junctions, 3) kindlin-3 is redistributed in response to shear stress into a punctate pattern, 

4) shear stress induced kindlin-3 punctate pattern exhibits increased colocalization with 

clathrin, but does not increase colocalization with microtubules, 5) shear stress induced 

punctate formation and cleavage of kindin-3 is mediated by calpain and both are 

prevented by calpain inhibition, and 6) kindlin-3 localizes to FAs in ECs sheared under 

high flow on laminin.   

Mechanosensation is followed by mechanotransmission of forces to cell 

structures including FAs where mechanoresponses regulate the cell mechanical state. 

The balance between intracellular and extracellular tension is regulated by adhesion 

sites at the cell-cell junction and cell-ECM interface. The transmission of forces along 

actin filaments induces conformational changes that permit compositional changes in 

adhesion sites to become modulated to provide the cell with the most appropriate 

strength characteristics to adapt to the mechanical environment. In response to shear 

stress, the cytoskeletal reorganization involves the realignment of actin filaments and 
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FAs in the direction of flow as well as enlargement of cell-cell junctions. When shear 

stress is low, a higher frictional drag is imparted on the EC surface than under high 

shear stress and consequently generates different cellular responses. Our observations 

implicate kindlin-2 as a weak focal adhesion protein because it is displaced from FAs in 

response to low force; characteristic of a slip bond. This is based on a reduction in 

kindlin-2 FA length, area, and quantity in response to flow. Coincidentally, the observed 

increase in localization of kindlin-2 in cell-cell junctions positively stained for VE-

cadherin implicates kindlin-2 in cell-cell junction reinforcement, although we have not 

shown this relationship biochemically, we have shown an increase in colocalization 

between kindlin-2 and VE-cadherin by immunofluorescence. Changes in actin 

organization occur upstream of changes in kindlin-2 distribution and suggests the 

decrease in kindlin-2 FA number at 6 hours at low flow and the increase in kindlin-2 FA 

number at 6 hours at high flow are induced by force induced changes in organization. 

However, the amount of kindlin-2 FAs at high and low flow after 12 hours were similar to 

static levels which suggest feedback signals from changes in integrin activation states 

regulate the recruitment of kindlin-2 to FAs for FA stability when the cell mechanical 

state has adapted to the mechanical environment. 

The mechanosensititvity of kindlin-2 in FAs can be characterized as inversely 

proportional to flow rate, whereby a decrease in flow promotes an increase FA size on 

fibronectin. The data suggests a transient role in FA reinforcement under acute low flow 

stimulation, where FA size is unchanged, followed by a reduction in kindlin-2 FA 

involvement. The transient increase in kindlin-2 FAs per cell may involve the 

mobilization of kindlin-2 into focal adhesions for integrin activation that would allow the 
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cell to generate traction forces necessary to resist the deformation of the cell 

morphology. Since flow applies more friction to the cell surface at lower flow rates, due 

to an increase in surface tension, the increase in kindlin-2 FAs may signify the 

importance of kindlin-2 in mediating force transmission to integrins from cytoskeletal 

rearrangements. This is speculated to occur by capacity for kindlin-2 to bridge to 

cytoskeletal linkage between filamentous actin and integrins. By this association, 

propagation of force through kindlin-2 may promote specific activation of integrin high 

affinity conformation that increases the number integrin-ligand bonds. Consequently, 

since integrin-ligand bonds are required for tuning the cell adhesion strength to 

appropriate levels of traction forces, the increase in kindlin-2 FAs in response to the 

mobilization of the surface tension along the cell surface may enable the cell to apply 

equal surface tension at the substratum (14, 44, 46). This is partially supported by the 

observation that high flow promoted a significant transient reduction in kindlin-2 FAs 

which may be because of a frictional slip that may occur in response to the reduction in 

surface tension at the flow onset (119). This is because static fluid imparts a higher 

surface tension, and therefore pressure, than flowing fluid on the cell surface. Thus, the 

higher the onset flow rate, the higher the resulting pressure drop across the cell surface, 

and ultimately the cell is transiently destabilized in a manner that enables polarization of 

the cell shape into the flow direction (64).  

Many studies describe cell polarization as an event in cell migration, an integrin 

mediate process, which is attributable to the redistribution of actin, PIP2, talin, and 

integrins to the leading edge (120). Rac1 also is recruited in a polarized manner at the 

leading edge of migrating cells and this protein has been shown to be important in 
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kindlin function and may require exploration in the context of kindlin responses to shear 

stress (121-127). 

Exogenous factors may also cue this polarization including VEGF (128, 129). 

Shear stress has been cited as VEGF mimetic and may involve stimulation of similar 

pathways involved in cell alignment to flow that occur during cell migration (130, 131). 

The effects of shear have been mapped and shown to vary with the degree of 

confluency since the presence of cell-cell adhesions provide cells with force 

redistribution patterns different from cells with subconfluent monolayers (132). When 

subconfluent, actin stress fibers and focal adhesion components were observed to be 

centripetally redistributed until reaching an orientation parallel to the flow direction in 

response to shear stress (132). In another example, it has been shown that β3 integrins 

are involved in mechanotransduction responses that promote localization of β3 integrins 

to the cell periphery and this is opposed to the role of β1 integrins which accommodate a 

centralized cellular localization.  

Furthermore, β3 integrin activation stimulates VEGFR2 function, a well known 

participant in endothelial cell mechanosensory complex with VE-cadherin and PECAM-

1. Since our study shows that K2 FAs are reduced in size in response to flow and that 

K2 staining is increased in junctions, thus increasing colocalization with VE-cadherin, it 

is conceivable that shear stress causes redistribution of kindlin-2 from FAs to cell-cell 

junctions through mechanisms that trigger cytoskeletal reorganization from the initiation 

of β3 integrin activation. One such overlapping signaling event that may confirm the 

systematic relationship between junctions and integrin signaling is the activity of PI3K. 

As mentioned above, PI3K activity enriches the membrane with PIP3, which enhances 
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membrane recruitment of kindlin-2, and enhances integrin activation. Interestingly, 

shear stress activation of PI3K occurs downstream of VEGFR2 transactivation that 

depends on VE-cadherin mediated association with PECAM. β3 integrin has been 

shown to interact with PECAM and VEGFR2 (48). Kindlin-2 likely toggles through 

conformations along the cell membrane at the regions of the cell where the localization 

of forces regulate its affinity for its binding partners, and thereby its distribution may be 

determined in response to force that are integrated by FA and cell junction dynamics. 

Since forces applied to cell-cell junctions was demonstrated to promote growth of VE-

cadherin positive junctions in a manner involving Rac1, specific tugging experiments 

may be used to assess the changes in kindlin-2 distribution (133).  

Until 2010, kindlin-3 was not known to be present in ECs. Since then, kindlin-3 

binding partners in HUVECs have been unnoticeable until now. The transition of kindlin-

3 into a punctate pattern in response to flow occurred at 3 hours and was significantly 

increased after 6 hours under low flow. In addition, cleavage of kindin-3 occurred in 

response to flow that trended with the occurrence of the punctate pattern. We show that 

this flow induced redistribution and cleavage of kindlin-3 was associated by calpain 

proteolytic activity. By blocking calpain activation, the production of the kindlin-3 

punctate pattern and cleavage was prevented. Shear stress induced calpain cleavage 

of kindlin-3 is integrin activation-dependent (90). Shear stress activates integrin 

activation and our experiments implicate kindlin-3 cleavage as a biomolecular reporter 

of shear stress induced integrin activation in ECs.  

It addition, kindlin-3 punctate pattern formation was shown to increase 

colocalization with clathrin. In this way kindin-3 presents functional homology with 
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kindlin-2. On laminin, kindlin-3 also exhibited functional homology with kindlin-2 in that 

kindlin-3 was observed to localize in FAs in response to high flow, which did not occur 

on fibronectin. The difference in kindlin-3 distribution in a matrix dependent manner 

implicates receptor-ligand dependent regulation of kindlin-3 distribution in a flow 

induced manner. The increase of kindlin-3 FA localization in response to increase 

mechanical force application is characteristic of catch-bond properties; where by the 

recruitment of kindlin-3 to FAs may represent a role in FA reinforcement. The 

mechanism of kindlin-3 FA formation is a not well understood. Since this is the first time 

it has been shown that kindlin-3 exists as a FA protein in ECs, future work will be 

needed to elucidate specific approaches to induce more kindlin-3 FA formation and to 

determine the physiological significance of the shear stress induced changes which may 

be important for understanding the role of EC function in the development of vascular 

pathologies involving altered blood flow. 

Thus, my work has shown that kindlin-2 and kindlin-3 function differently in 

response to mechanical stimuli and demonstrates they belong to different categories of 

the mechanotransductome of shear stress responsive proteins in ECs. Based on their 

different responses to flow that changes their distributions within focal adhesions, 

kindlin-2 may be involved in slip bonds, whereas kindlin-3 may function in catch bonds. 

The function of these stress induced characteristics is not fully known. Since kindlins 

may interact with several force responsive cell structures, including the cell membrane, 

actin cytoskeleton, and integrin short cytoplasmic tails, it is anticipated that this work will 

provide insight into how to investigate the mechanobiology of the endothelium using 

kindlin as mechanosensors of the flow response. Endothelial cells provide the primary 
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protection against atherogenesis and are the initial site of injury targeted for 

atherosclerosis (134). Cells behave differently under stress. We now know kindlins do 

also. Kindlins may serve as therapeutic targets for regulation of integrin-mediated 

functions that contribute to improved vascular health via targeting desired endothelial 

cell mechanics in vascular regions where flow regimes demand modifications. 

Furthermore, future work should emphasize determining how specific protein 

expression levels of kindlin and kindlin mutants provide tunable regulation of cell 

mechanics that depend on interactions between kindlins and force bearing structures in 

the cell. The accomplishment of this goal would likely provide mechanisms of 

engineering flow-resistant endothelium-coated stents that graft artificial sustainability in 

regions with natural vulnerability to plaque formation and rupture. 

  



55 

 

 

REFERENCES 

 

 

1. Ando, J.; Yamamoto, K. Vascular mechanobiology: endothelial cell responses to 

fluid shear stress. Circ. J. 2009, 73, 1983-1992. 

2. Chatzizisis, Y. S.; Coskun, A. U.; Jonas, M.; Edelman, E. R.; Feldman, C. L.; 

Stone, P. H. Role of endothelial shear stress in the natural history of coronary 

atherosclerosis and vascular remodeling: molecular, cellular, and vascular 

behavior. J. Am. Coll. Cardiol. 2007, 49, 2379-2393. 

3. Rosenson, R. S.; McCormick, A.; Uretz, E. F. Distribution of blood viscosity values 

and biochemical correlates in healthy adults. Clin. Chem. 1996, 42, 1189-1195. 

4. Hahn, C.; Schwartz, M. A. The role of cellular adaptation to mechanical forces in 

atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 2101-2107. 

5. Wu, Y.; Eghbali, M.; Ou, J.; Lu, R.; Toro, L.; Stefani, E. Quantitative determination 

of spatial protein-protein correlations in fluorescence confocal microscopy. 

Biophys. J. 2010, 98, 493-504. 

6. Barstad, R. M.; Roald, H. E.; Cui, Y.; Turitto, V. T.; Sakariassen, K. S. A perfusion 

chamber developed to investigate thrombus formation and shear profiles in flowing 

native human blood at the apex of well-defined stenoses. Arterioscler. Thromb. 

1994, 14, 1984-1991. 

7. Malek, A. M.; Alper, S. L.; Izumo, S. Hemodynamic shear stress and its role in 

atherosclerosis. JAMA 1999, 282, 2035-2042. 



56 

 

8. Y.C. Fung, Biomechanics, Circulation. Springer Verlag, 1997. 

9. A. C. Burton, Physiology and Biophysics of the Circulation. Year Book, Chicago, 

1965 

10. John K-J Li, Dynamics of the vascular system. World Scientific. 2004. 

11. Davies, P. F. Hemodynamic shear stress and the endothelium in cardiovascular 

pathophysiology. Nat. Clin. Pract. Cardiovasc. Med. 2009, 6, 16-26. 

12. Zarins, C. K.; Giddens, D. P.; Bharadvaj, B. K.; Sottiurai, V. S.; Mabon, R. F.; 

Glagov, S. Carotid bifurcation atherosclerosis. Quantitative correlation of plaque 

localization with flow velocity profiles and wall shear stress. Circ. Res. 1983, 53, 

502-514.13 

13. Lusis, A. J. Atherosclerosis. Nature 2000, 407, 233-241. 

14. Silver, A. E.; Vita, J. A. Shear-stress-mediated arterial remodeling in 

atherosclerosis: too much of a good thing? Circulation 2006, 113, 2787-2789.16 

15. Forconi, S.; Gori, T. Endothelium and hemorheology. Clin. Hemorheol. Microcirc. 

2013, 53, 3-10. 

16. Papadaki, M.; Eskin, S. G. Effects of fluid shear stress on gene regulation of 

vascular cells. Biotechnol. Prog. 1997, 13, 209-221. 

17. Chatzizisis, Y. S.; Giannoglou, G. D. Shear stress and inflammation: are we getting 

closer to the prediction of vulnerable plaque? Expert Rev. Cardiovasc. Ther. 2010, 

8, 1351-1353. 

18. Sadat, U.; Teng, Z.; Gillard, J. H. Biomechanical structural stresses of 

atherosclerotic plaques. Expert Rev. Cardiovasc. Ther. 2010, 8, 1469-1481. 



57 

 

19. Go, A. S.; Mozaffarian, D.; Roger, V. L.; Benjamin, E. J.; Berry, J. D.; Borden, W. 

B.; Bravata, D. M.; Dai, S.; Ford, E. S.; Fox, C. S.; Franco, S.; Fullerton, H. J.; 

Gillespie, C.; Hailpern, S. M.; Heit, J. A.; Howard, V. J.; Huffman, M. D.; Kissela, B. 

M.; Kittner, S. J.; Lackland, D. T.; Lichtman, J. H.; Lisabeth, L. D.; Magid, D.; 

Marcus, G. M.; Marelli, A.; Matchar, D. B.; McGuire, D. K.; Mohler, E. R.; Moy, C. 

S.; Mussolino, M. E.; Nichol, G.; Paynter, N. P.; Schreiner, P. J.; Sorlie, P. D.; 

Stein, J.; Turan, T. N.; Virani, S. S.; Wong, N. D.; Woo, D.; Turner, M. B.; American 

Heart Association Statistics Committee and Stroke Statistics Subcommittee Heart 

disease and stroke statistics--2013 update: a report from the American Heart 

Association. Circulation 2013, 127, e6-e245. 

20. Hoffman, B. D.; Grashoff, C.; Schwartz, M. A. Dynamic molecular processes 

mediate cellular mechanotransduction. Nature 2011, 475, 316-323. 

21. Johnson, B. D.; Mather, K. J.; Wallace, J. P. Mechanotransduction of shear in the 

endothelium: basic studies and clinical implications. Vasc. Med. 2011, 16, 365-377. 

22. Hahn, C.; Schwartz, M. A. Mechanotransduction in vascular physiology and 

atherogenesis. Nat. Rev. Mol. Cell Biol. 2009, 10, 53-62. 

23. Lehoux, S.; Castier, Y.; Tedgui, A. Molecular mechanisms of the vascular 

responses to haemodynamic forces. J. Intern. Med. 2006, 259, 381-392. 

24. White, C. R.; Frangos, J. A. The shear stress of it all: the cell membrane and 

mechanochemical transduction. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2007, 

362, 1459-1467. 

25. Alenghat, F. J.; Ingber, D. E. Mechanotransduction: all signals point to 

cytoskeleton, matrix, and integrins. Sci. STKE 2002, 2002, pe6. 



58 

 

26. Schwartz, M. A.; DeSimone, D. W. Cell adhesion receptors in 

mechanotransduction. Curr. Opin. Cell Biol. 2008, 20, 551-556. 

27. Silver, F. H.; Siperko, L. M. Mechanosensing and mechanochemical transduction: 

how is mechanical energy sensed and converted into chemical energy in an 

extracellular matrix? Crit. Rev. Biomed. Eng. 2003, 31, 255-331. 

28. Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell 2002, 110, 

673-687. 

29. Qin, J.; Vinogradova, O.; Plow, E. F. Integrin bidirectional signaling: a molecular 

view. PLoS Biol. 2004, 2, e169. 

30. Shi, X.; Ma, Y. Q.; Tu, Y.; Chen, K.; Wu, S.; Fukuda, K.; Qin, J.; Plow, E. F.; Wu, 

C. The MIG-2/integrin interaction strengthens cell-matrix adhesion and modulates 

cell motility. J. Biol. Chem. 2007, 282, 20455-20466. 

31. Tu, Y.; Wu, S.; Shi, X.; Chen, K.; Wu, C. Migfilin and Mig-2 link focal adhesions to 

filamin and the actin cytoskeleton and function in cell shape modulation. Cell 2003, 

113, 37-47. 

32. Ussar, S.; Wang, H. V.; Linder, S.; Fassler, R.; Moser, M. The Kindlins: subcellular 

localization and expression during murine development. Exp. Cell Res. 2006, 312, 

3142-3151. 

33. Giannone, G.; Jiang, G.; Sutton, D. H.; Critchley, D. R.; Sheetz, M. P. Talin1 is 

critical for force-dependent reinforcement of initial integrin-cytoskeleton bonds but 

not tyrosine kinase activation. J. Cell Biol. 2003, 163, 409-419. 



59 

 

34. Lefort, C. T.; Rossaint, J.; Moser, M.; Petrich, B. G.; Zarbock, A.; Monkley, S. J.; 

Critchley, D. R.; Ginsberg, M. H.; Fassler, R.; Ley, K. Distinct roles for talin-1 and 

kindlin-3 in LFA-1 extension and affinity regulation. Blood 2012, 119, 4275-4282. 

35. Plow, E. F.; Haas, T. A.; Zhang, L.; Loftus, J.; Smith, J. W. Ligand binding to 

integrins. J. Biol. Chem. 2000, 275, 21785-21788. 

36. Lemmon, C. A.; Chen, C. S.; Romer, L. H. Cell traction forces direct fibronectin 

matrix assembly. Biophys. J. 2009, 96, 729-738. 

37. Lauffenburger, D. A.; Horwitz, A. F. Cell migration: a physically integrated 

molecular process. Cell 1996, 84, 359-369. 

38. Holly, S. P.; Larson, M. K.; Parise, L. V. Multiple roles of integrins in cell motility. 

Exp. Cell Res. 2000, 261, 69-74. 

39. Geiger, B.; Spatz, J. P.; Bershadsky, A. D. Environmental sensing through focal 

adhesions. Nat. Rev. Mol. Cell Biol. 2009, 10, 21-33. 

40. Humphries, M. J. Integrin structure. Biochem. Soc. Trans. 2000, 28, 311-339.  

41. Katsumi, A.; Orr, A. W.; Tzima, E.; Schwartz, M. A. Integrins in 

mechanotransduction. J. Biol. Chem. 2004, 279, 12001-12004. 

42. Orr, A. W.; Ginsberg, M. H.; Shattil, S. J.; Deckmyn, H.; Schwartz, M. A. Matrix-

specific suppression of integrin activation in shear stress signaling. Mol. Biol. Cell 

2006, 17, 4686-4697. 

43. Feng, C.; Li, Y. F.; Yau, Y. H.; Lee, H. S.; Tang, X. Y.; Xue, Z. H.; Zhou, Y. C.; Lim, 

W. M.; Cornvik, T. C.; Ruedl, C.; Shochat, S. G.; Tan, S. M. Kindlin-3 mediates 

integrin alphaLbeta2 outside-in signaling, and it interacts with scaffold protein 



60 

 

receptor for activated-C kinase 1 (RACK1). J. Biol. Chem. 2012, 287, 10714-

10726. 

44. Scolaro, B.; Gozzini, L.; Rocchi, R.; Di Bello, C. Solid-phase synthesis of bombesin 

by continuous flow procedure using Fmoc-amino acids. Int. J. Pept. Protein Res. 

1989, 34, 423-429. 

45. Xue, Z. H.; Feng, C.; Liu, W. L.; Tan, S. M. A role of kindlin-3 in integrin 

alphaMbeta2 outside-in signaling and the Syk-Vav1-Rac1/Cdc42 signaling axis. 

PLoS One 2013, 8, e56911. 

46. Jean, C.; Gravelle, P.; Fournie, J. J.; Laurent, G. Influence of stress on 

extracellular matrix and integrin biology. Oncogene 2011, 30, 2697-2706. 

47. Bader, D. L.; Knight, M. M. Biomechanical analysis of structural deformation in 

living cells. Med. Biol. Eng. Comput. 2008, 46, 951-963. 

48. Garcia, A. J.; Huber, F.; Boettiger, D. Force required to break alpha5beta1 integrin-

fibronectin bonds in intact adherent cells is sensitive to integrin activation state. J. 

Biol. Chem. 1998, 273, 10988-10993. 

49. Bowditch, R. D.; Hariharan, M.; Tominna, E. F.; Smith, J. W.; Yamada, K. M.; 

Getzoff, E. D.; Ginsberg, M. H. Identification of a novel integrin binding site in 

fibronectin. Differential utilization by beta 3 integrins. J. Biol. Chem. 1994, 269, 

10856-10863. 

50. Orlando, R. A.; Cheresh, D. A. Arginine-glycine-aspartic acid binding leading to 

molecular stabilization between integrin alpha v beta 3 and its ligand. J. Biol. 

Chem. 1991, 266, 19543-19550.  



61 

 

51. Hughes, P. E.; Diaz-Gonzalez, F.; Leong, L.; Wu, C.; McDonald, J. A.; Shattil, S. 

J.; Ginsberg, M. H. Breaking the integrin hinge. A defined structural constraint 

regulates integrin signaling. J. Biol. Chem. 1996, 271, 6571-6574. 

52. Puklin-Faucher, E.; Sheetz, M. P. The mechanical integrin cycle. J. Cell. Sci. 2009, 

122, 179-186.  

53. Klotzsch, E.; Smith, M. L.; Kubow, K. E.; Muntwyler, S.; Little, W. C.; Beyeler, F.; 

Gourdon, D.; Nelson, B. J.; Vogel, V. Fibronectin forms the most extensible 

biological fibers displaying switchable force-exposed cryptic binding sites. Proc. 

Natl. Acad. Sci. U. S. A. 2009, 106, 18267-18272. 

54. Kong, F.; Garcia, A. J.; Mould, A. P.; Humphries, M. J.; Zhu, C. Demonstration of 

catch bonds between an integrin and its ligand. J. Cell Biol. 2009, 185, 1275-1284. 

55. Regent, M.; Planus, E.; Bouin, A. P.; Bouvard, D.; Brunner, M.; Faurobert, E.; 

Millon-Fremillon, A.; Block, M. R.; Albiges-Rizo, C. Specificities of beta1 integrin 

signaling in the control of cell adhesion and adhesive strength. Eur. J. Cell Biol. 

2011, 90, 261-269. 

56. Consigny, P. M.; Vitali, N. J. Resistance of freshly adherent endothelial cells to 

detachment by shear stress is matrix and time dependent. J. Vasc. Interv. Radiol. 

1998, 9, 479-485. 

57. Gonzalez, A. M.; Claiborne, J.; Jones, J. C. Integrin cross-talk in endothelial cells is 

regulated by protein kinase A and protein phosphatase 1. J. Biol. Chem. 2008, 

283, 31849-31860.  

58. Woods, A.; Couchman, J. R. Protein kinase C involvement in focal adhesion 

formation. J. Cell. Sci. 1992, 101 ( Pt 2), 277-290. 



62 

 

59. Lewis, J. M.; Cheresh, D. A.; Schwartz, M. A. Protein kinase C regulates alpha v 

beta 5-dependent cytoskeletal associations and focal adhesion kinase 

phosphorylation. J. Cell Biol. 1996, 134, 1323-1332. 

60. Ciobanasu, C.; Faivre, B.; Le Clainche, C. Integrating actin dynamics, 

mechanotransduction and integrin activation: the multiple functions of actin binding 

proteins in focal adhesions. Eur. J. Cell Biol. 2013, 92, 339-348. 

61. Adair, B. D.; Xiong, J. P.; Maddock, C.; Goodman, S. L.; Arnaout, M. A.; Yeager, 

M. Three-dimensional EM structure of the ectodomain of integrin {alpha}V{beta}3 

in a complex with fibronectin. J. Cell Biol. 2005, 168, 1109-1118. 

62. Urbich, C.; Walter, D. H.; Zeiher, A. M.; Dimmeler, S. Laminar shear stress 

upregulates integrin expression: role in endothelial cell adhesion and apoptosis. 

Circ. Res. 2000, 87, 683-689. 

63. Ciobanasu, C.; Faivre, B.; Le Clainche, C. Actin dynamics associated with focal 

adhesions. Int. J. Cell. Biol. 2012, 2012, 941292. 

64. Kasza, K. E.; Rowat, A. C.; Liu, J.; Angelini, T. E.; Brangwynne, C. P.; Koenderink, 

G. H.; Weitz, D. A. The cell as a material. Curr. Opin. Cell Biol. 2007, 19, 101-107. 

65. Ye, F.; Petrich, B. G. Kindlin: helper, co-activator, or booster of talin in integrin 

activation? Curr. Opin. Hematol. 2011, 18, 356-360. 

66. Malinin, N. L.; Plow, E. F.; Byzova, T. V. Kindlins in FERM adhesion. Blood 2010, 

115, 4011-4017. 

67. Bialkowska, K.; Ma, Y. Q.; Bledzka, K.; Sossey-Alaoui, K.; Izem, L.; Zhang, X.; 

Malinin, N.; Qin, J.; Byzova, T.; Plow, E. F. The integrin co-activator Kindlin-3 is 



63 

 

expressed and functional in a non-hematopoietic cell, the endothelial cell. J. Biol. 

Chem. 2010, 285, 18640-18649. 

68. Meves, A.; Stremmel, C.; Gottschalk, K.; Fassler, R. The Kindlin protein family: 

new members to the club of focal adhesion proteins. Trends Cell Biol. 2009, 19, 

504-513. 

69. Plow, E. F.; Qin, J.; Byzova, T. Kindling the flame of integrin activation and function 

with kindlins. Curr. Opin. Hematol. 2009, 16, 323-328. 

70. Khan, A. A.; Shimokawa, T.; Stromblad, S.; Zhang, H. Functional characterization 

of human Kindlin-2 core promoter identifies a key role of SP1 in Kindlin-2 

transcriptional regulation. Cell. Mol. Biol. Lett. 2011, 16, 638-651. 

71. Goult, B. T.; Bouaouina, M.; Harburger, D. S.; Bate, N.; Patel, B.; Anthis, N. J.; 

Campbell, I. D.; Calderwood, D. A.; Barsukov, I. L.; Roberts, G. C.; Critchley, D. R. 

The structure of the N-terminus of kindlin-1: a domain important for alphaiibbeta3 

integrin activation. J. Mol. Biol. 2009, 394, 944-956. 

72. Yates, L. A.; Fuzery, A. K.; Bonet, R.; Campbell, I. D.; Gilbert, R. J. Biophysical 

analysis of Kindlin-3 reveals an elongated conformation and maps integrin binding 

to the membrane-distal beta-subunit NPXY motif. J. Biol. Chem. 2012, 287, 37715-

37731. 

73. Liu, J.; Fukuda, K.; Xu, Z.; Ma, Y. Q.; Hirbawi, J.; Mao, X.; Wu, C.; Plow, E. F.; Qin, 

J. Structural basis of phosphoinositide binding to kindlin-2 protein pleckstrin 

homology domain in regulating integrin activation. J. Biol. Chem. 2011, 286, 

43334-43342. 



64 

 

74. Liu, Y.; Zhu, Y.; Ye, S.; Zhang, R. Crystal structure of kindlin-2 PH domain reveals 

a conformational transition for its membrane anchoring and regulation of integrin 

activation. Protein Cell. 2012, 3, 434-440. 

75. Perera, H. D.; Ma, Y. Q.; Yang, J.; Hirbawi, J.; Plow, E. F.; Qin, J. Membrane 

binding of the N-terminal ubiquitin-like domain of kindlin-2 is crucial for its 

regulation of integrin activation. Structure 2011, 19, 1664-1671. 

76. Bledzka, K.; Liu, J.; Xu, Z.; Perera, H. D.; Yadav, S. P.; Bialkowska, K.; Qin, J.; Ma, 

Y. Q.; Plow, E. F. Spatial coordination of kindlin-2 with talin head domain in 

interaction with integrin beta cytoplasmic tails. J. Biol. Chem. 2012, 287, 24585-

24594. 

77. Schaffner-Reckinger, E.; Gouon, V.; Melchior, C.; Plancon, S.; Kieffer, N. Distinct 

involvement of beta3 integrin cytoplasmic domain tyrosine residues 747 and 759 in 

integrin-mediated cytoskeletal assembly and phosphotyrosine signaling. J. Biol. 

Chem. 1998, 273, 12623-12632. 

78. Yu, Y.; Wu, J.; Wang, Y.; Zhao, T.; Ma, B.; Liu, Y.; Fang, W.; Zhu, W. G.; Zhang, 

H. Kindlin 2 forms a transcriptional complex with beta-catenin and TCF4 to 

enhance Wnt signalling. EMBO Rep. 2012, 13, 750-758. 

79. Das, M.; Ithychanda, S. S.; Qin, J.; Plow, E. F. Migfilin and filamin as regulators of 

integrin activation in endothelial cells and neutrophils. PLoS One 2011, 6, e26355. 

80. Siegel, D. H.; Ashton, G. H.; Penagos, H. G.; Lee, J. V.; Feiler, H. S.; Wilhelmsen, 

K. C.; South, A. P.; Smith, F. J.; Prescott, A. R.; Wessagowit, V.; Oyama, N.; 

Akiyama, M.; Al Aboud, D.; Al Aboud, K.; Al Githami, A.; Al Hawsawi, K.; Al 

Ismaily, A.; Al-Suwaid, R.; Atherton, D. J.; Caputo, R.; Fine, J. D.; Frieden, I. J.; 



65 

 

Fuchs, E.; Haber, R. M.; Harada, T.; Kitajima, Y.; Mallory, S. B.; Ogawa, H.; Sahin, 

S.; Shimizu, H.; Suga, Y.; Tadini, G.; Tsuchiya, K.; Wiebe, C. B.; Wojnarowska, F.; 

Zaghloul, A. B.; Hamada, T.; Mallipeddi, R.; Eady, R. A.; McLean, W. H.; McGrath, 

J. A.; Epstein, E. H. Loss of kindlin-1, a human homolog of the Caenorhabditis 

elegans actin-extracellular-matrix linker protein UNC-112, causes Kindler 

syndrome. Am. J. Hum. Genet. 2003, 73, 174-187. 

81. Rogalski, T. M.; Mullen, G. P.; Gilbert, M. M.; Williams, B. D.; Moerman, D. G. The 

UNC-112 gene in Caenorhabditis elegans encodes a novel component of cell-

matrix adhesion structures required for integrin localization in the muscle cell 

membrane. J. Cell Biol. 2000, 150, 253-264. 

82. Kiritsi, D.; He, Y.; Pasmooij, A. M.; Onder, M.; Happle, R.; Jonkman, M. F.; 

Bruckner-Tuderman, L.; Has, C. Revertant mosaicism in a human skin fragility 

disorder results from slipped mispairing and mitotic recombination. J. Clin. Invest. 

2012, 122, 1742-1746. 

83. Kloeker, S.; Major, M. B.; Calderwood, D. A.; Ginsberg, M. H.; Jones, D. A.; 

Beckerle, M. C. The Kindler syndrome protein is regulated by transforming growth 

factor-beta and involved in integrin-mediated adhesion. J. Biol. Chem. 2004, 279, 

6824-6833. 

84. Ma, Y. Q.; Qin, J.; Wu, C.; Plow, E. F. Kindlin-2 (Mig-2): a co-activator of beta3 

integrins. J. Cell Biol. 2008, 181, 439-446. 

85. Moser, M.; Legate, K. R.; Zent, R.; Fassler, R. The tail of integrins, talin, and 

kindlins. Science 2009, 324, 895-899. 



66 

 

86. Kloeker, S.; Major, M. B.; Calderwood, D. A.; Ginsberg, M. H.; Jones, D. A.; 

Beckerle, M. C. The Kindler syndrome protein is regulated by transforming growth 

factor-beta and involved in integrin-mediated adhesion. J. Biol. Chem. 2004, 279, 

6824-6833. 

87. Tu, Y.; Wu, S.; Shi, X.; Chen, K.; Wu, C. Migfilin and Mig-2 link focal adhesions to 

filamin and the actin cytoskeleton and function in cell shape modulation. Cell 2003, 

113, 37-47. 

88. Ma, Y. Q.; Qin, J.; Wu, C.; Plow, E. F. Kindlin-2 (Mig-2): a co-activator of beta3 

integrins. J. Cell Biol. 2008, 181, 439-446. 

89. Moser, M.; Legate, K. R.; Zent, R.; Fassler, R. The tail of integrins, talin, and 

kindlins. Science 2009, 324, 895-899. 

90. Zhu, J.; Luo, B. H.; Xiao, T.; Zhang, C.; Nishida, N.; Springer, T. A. Structure of a 

complete integrin ectodomain in a physiologic resting state and activation and 

deactivation by applied forces. Mol. Cell 2008, 32, 849-861. 

91. Hyduk, S. J.; Rullo, J.; Cano, A. P.; Xiao, H.; Chen, M.; Moser, M.; Cybulsky, M. I. 

Talin-1 and kindlin-3 regulate alpha4beta1 integrin-mediated adhesion 

stabilization, but not G protein-coupled receptor-induced affinity upregulation. J. 

Immunol. 2011, 187, 4360-4368. 

92. Robert, P.; Canault, M.; Farnarier, C.; Nurden, A.; Grosdidier, C.; Barlogis, V.; 

Bongrand, P.; Pierres, A.; Chambost, H.; Alessi, M. C. A novel leukocyte adhesion 

deficiency III variant: kindlin-3 deficiency results in integrin- and nonintegrin-related 

defects in different steps of leukocyte adhesion. J. Immunol. 2011, 186, 5273-

5283. 



67 

 

93. Pluskota, E.; Dowling, J. J.; Gordon, N.; Golden, J. A.; Szpak, D.; West, X. Z.; 

Nestor, C.; Ma, Y. Q.; Bialkowska, K.; Byzova, T.; Plow, E. F. The integrin 

coactivator kindlin-2 plays a critical role in angiogenesis in mice and zebrafish. 

Blood 2011, 117, 4978-4987. 

94. Ye, F.; Snider, A. K.; Ginsberg, M. H. Talin and kindlin: the one-two punch in 

integrin activation. Front. Med. 2014, 8, 6-16. 

95. Zhao, Y.; Malinin, N. L.; Meller, J.; Ma, Y.; West, X. Z.; Bledzka, K.; Qin, J.; 

Podrez, E. A.; Byzova, T. V. Regulation of cell adhesion and migration by Kindlin-3 

cleavage by calpain. J. Biol. Chem. 2012, 287, 40012-40020. 

96. Moser, M.; Bauer, M.; Schmid, S.; Ruppert, R.; Schmidt, S.; Sixt, M.; Wang, H. V.; 

Sperandio, M.; Fassler, R. Kindlin-3 is required for beta2 integrin-mediated 

leukocyte adhesion to endothelial cells. Nat. Med. 2009, 15, 300-305. 

97. Morita, T.; Kurihara, H.; Maemura, K.; Yoshizumi, M.; Nagai, R.; Yazaki, Y. Role of 

Ca2+ and protein kinase C in shear stress-induced actin depolymerization and 

endothelin 1 gene expression. Circ. Res. 1994, 75, 630-636. 

98. Miyazaki, T.; Honda, K.; Ohata, H. Requirement of Ca2+ influx- and 

phosphatidylinositol 3-kinase-mediated m-calpain activity for shear stress-induced 

endothelial cell polarity. Am. J. Physiol. Cell. Physiol. 2007, 293, C1216-25. 

99. Franco, S. J.; Rodgers, M. A.; Perrin, B. J.; Han, J.; Bennin, D. A.; Critchley, D. R.; 

Huttenlocher, A. Calpain-mediated proteolysis of talin regulates adhesion 

dynamics. Nat. Cell Biol. 2004, 6, 977-983. 



68 

 

100. Tzima, E.; del Pozo, M. A.; Shattil, S. J.; Chien, S.; Schwartz, M. A. Activation of 

integrins in endothelial cells by fluid shear stress mediates Rho-dependent 

cytoskeletal alignment. EMBO J. 2001, 20, 4639-4647. 

101. Davies, P. F.; Tripathi, S. C. Mechanical stress mechanisms and the cell. An 

endothelial paradigm. Circ. Res. 1993, 72, 239-245. 

102. Hastings, N. E.; Simmers, M. B.; McDonald, O. G.; Wamhoff, B. R.; Blackman, B. 

R. Atherosclerosis-prone hemodynamics differentially regulates endothelial and 

smooth muscle cell phenotypes and promotes pro-inflammatory priming. Am. J. 

Physiol. Cell. Physiol. 2007, 293, C1824-33. 

103. Gimbrone, M. A.,Jr; Cotran, R. S.; Folkman, J. Human vascular endothelial cells in 

culture. Growth and DNA synthesis. J. Cell Biol. 1974, 60, 673-684. 

104. Cheung, A. L. Isolation and culture of human umbilical vein endothelial cells 

(HUVEC). Curr. Protoc. Microbiol. 2007, Appendix 4, Appendix 4B. 

105. Chi, J. T.; Chang, H. Y.; Haraldsen, G.; Jahnsen, F. L.; Troyanskaya, O. G.; 

Chang, D. S.; Wang, Z.; Rockson, S. G.; van de Rijn, M.; Botstein, D.; Brown, P. 

O. Endothelial cell diversity revealed by global expression profiling. Proc. Natl. 

Acad. Sci. U. S. A. 2003, 100, 10623-10628. 

106. Wang, X. L.; Fu, A.; Spiro, C.; Lee, H. C. Proteomic Analysis of Vascular 

Endothelial Cells-Effects of Laminar Shear Stress and High Glucose. J. Proteomics 

Bioinform 2009, 2, 445. 

107. Bolte, S.; Cordelieres, F. P. A guided tour into subcellular colocalization analysis in 

light microscopy. J. Microsc. 2006, 224, 213-232. 



69 

 

108. Wojciak-Stothard, B.; Ridley, A. J. Shear stress-induced endothelial cell 

polarization is mediated by Rho and Rac but not Cdc42 or PI 3-kinases. J. Cell 

Biol. 2003, 161, 429-439. 

109. Karlon, W. J.; Hsu, P. P.; Li, S.; Chien, S.; McCulloch, A. D.; Omens, J. H. 

Measurement of orientation and distribution of cellular alignment and cytoskeletal 

organization. Ann. Biomed. Eng. 1999, 27, 712-720. 

110. Ingber, D. E. Cellular tensegrity: defining new rules of biological design that govern 

the cytoskeleton. J. Cell. Sci. 1993, 104 ( Pt 3), 613-627. 

111. Yoshigi, M.; Hoffman, L. M.; Jensen, C. C.; Yost, H. J.; Beckerle, M. C. Mechanical 

force mobilizes zyxin from focal adhesions to actin filaments and regulates 

cytoskeletal reinforcement. J. Cell Biol. 2005, 171, 209-215. 

112. Kulkarni, S.; Saido, T. C.; Suzuki, K.; Fox, J. E. Calpain mediates integrin-induced 

signaling at a point upstream of Rho family members. J. Biol. Chem. 1999, 274, 

21265-21275. 

113. Ezratty, E. J.; Bertaux, C.; Marcantonio, E. E.; Gundersen, G. G. Clathrin mediates 

integrin endocytosis for focal adhesion disassembly in migrating cells. J. Cell Biol. 

2009, 187, 733-747. 

114. Gardel, M. L.; Schneider, I. C.; Aratyn-Schaus, Y.; Waterman, C. M. Mechanical 

integration of actin and adhesion dynamics in cell migration. Annu. Rev. Cell Dev. 

Biol. 2010, 26, 315-333. 

115. Hynes, R. O. Cell-matrix adhesion in vascular development. J. Thromb. Haemost. 

2007, 5 Suppl 1, 32-40. 



70 

 

116. Feaver, R. E.; Gelfand, B. D.; Wang, C.; Schwartz, M. A.; Blackman, B. R. 

Atheroprone hemodynamics regulate fibronectin deposition to create positive 

feedback that sustains endothelial inflammation. Circ. Res. 2010, 106, 1703-1711. 

117. Feng, S.; Lu, X.; Resendiz, J. C.; Kroll, M. H. Pathological shear stress directly 

regulates platelet alphaIIbbeta3 signaling. Am. J. Physiol. Cell. Physiol. 2006, 291, 

C1346-54 

118. Vinogradova, O.; Velyvis, A.; Velyviene, A.; Hu, B.; Haas, T.; Plow, E.; Qin, J. A 

structural mechanism of integrin alpha(IIb)beta(3) "inside-out" activation as 

regulated by its cytoplasmic face. Cell 2002, 110, 587-597. 

119. Tzima, E.; Irani-Tehrani, M.; Kiosses, W. B.; Dejana, E.; Schultz, D. A.; Engelhardt, 

B.; Cao, G.; DeLisser, H.; Schwartz, M. A. A mechanosensory complex that 

mediates the endothelial cell response to fluid shear stress. Nature 2005, 437, 

426-431. 

120. PETHICA, B. A. The physical chemistry of cell adhesion. Exp. Cell Res. 1961, 

Suppl 8, 123-140. 

121. Thapa, N.; Anderson, R. A. PIP2 signaling, an integrator of cell polarity and vesicle 

trafficking in directionally migrating cells. Cell. Adh Migr. 2012, 6, 409-412. 

122. Makino, A.; Shin, H. Y.; Komai, Y.; Fukuda, S.; Coughlin, M.; Sugihara-Seki, M.; 

Schmid-Schonbein, G. W. Mechanotransduction in leukocyte activation: a review. 

Biorheology 2007, 44, 221-249. 

123. Wan, Q.; Cho, E.; Yokota, H.; Na, S. Rac1 and Cdc42 GTPases regulate shear 

stress-driven beta-catenin signaling in osteoblasts. Biochem. Biophys. Res. 

Commun. 2013, 433, 502-507. 



71 

 

124. Tzima, E.; Del Pozo, M. A.; Kiosses, W. B.; Mohamed, S. A.; Li, S.; Chien, S.; 

Schwartz, M. A. Activation of Rac1 by shear stress in endothelial cells mediates 

both cytoskeletal reorganization and effects on gene expression. EMBO J. 2002, 

21, 6791-6800. 

125. Lim, J.; Hotchin, N. A. Signalling mechanisms of the leukocyte integrin 

alphaMbeta2: current and future perspectives. Biol. Cell. 2012, 104, 631-640. 

126. Jung, G. Y.; Park, Y. J.; Han, J. S. Mediation of Rac1 activation by kindlin-2: an 

essential function in osteoblast adhesion, spreading, and proliferation. J. Cell. 

Biochem. 2011, 112, 2541-2548. 

127. Petzold, T.; Ruppert, R.; Pandey, D.; Barocke, V.; Meyer, H.; Lorenz, M.; Zhang, 

L.; Siess, W.; Massberg, S.; Moser, M. Beta1 Integrin-Mediated Signals are 

Required for Platelet Granule Secretion and Hemostasis in Mouse. Blood 2013, 

122, 2723-2731. 

128. Herbert, S. P.; Stainier, D. Y. Molecular control of endothelial cell behaviour during 

blood vessel morphogenesis. Nat. Rev. Mol. Cell Biol. 2011, 12, 551-564. 

129. Bryan, B. A.; D'Amore, P. A. What tangled webs they weave: Rho-GTPase control 

of angiogenesis. Cell Mol. Life Sci. 2007, 64, 2053-2065. 

130. Chen, K. D.; Li, Y. S.; Kim, M.; Li, S.; Yuan, S.; Chien, S.; Shyy, J. Y. 

Mechanotransduction in response to shear stress. Roles of receptor tyrosine 

kinases, integrins, and Shc. J. Biol. Chem. 1999, 274, 18393-18400. 

131. dela Paz, N. G.; Walshe, T. E.; Leach, L. L.; Saint-Geniez, M.; D'Amore, P. A. Role 

of shear-stress-induced VEGF expression in endothelial cell survival. J. Cell. Sci. 

2012, 125, 831-843. 



72 

 

132. Mott, R. E.; Helmke, B. P. Mapping the dynamics of shear stress-induced structural 

changes in endothelial cells. Am. J. Physiol. Cell. Physiol. 2007, 293, C1616-26. 

133. Liu, Z.; Tan, J. L.; Cohen, D. M.; Yang, M. T.; Sniadecki, N. J.; Ruiz, S. A.; Nelson, 

C. M.; Chen, C. S. Mechanical tugging force regulates the size of cell-cell 

junctions. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 9944-9949. 

134. Simionescu, M.; Sima, A.; Popov, D., Eds.; In Cellular Dysfunction in 

Atherosclerosis and Diabetes Reports from Bench to Bedside; Romanian Academy 

Publishing House: Bucuresti, Romania, 2004; pp 73.  

 


	Effects of Shear Stress on the Distribution of Kindlins in Endothelial Cells
	Recommended Citation

	EFFECTS OF SHEAR STRESS ON THE DISTRIBUTION

