
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Phosphorylation of focal adhesion proteins in response to cyclic mechanical strain of vascular 
smooth muscle cells

Permalink
https://escholarship.org/uc/item/2gv2k0sh

Author
Henry, Ginard,

Publication Date
1996
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2gv2k0sh
https://escholarship.org
http://www.cdlib.org/


Phosphorylation of Focal Adhesion Proteins in Response to Cyclic
Mechanical Strain of Vascular Smooth Muscle Cells

by

Ginard Henry

A Thesis

Submitted in partial satisfaction of the requirements for the
M.D. with Thesis Program

of the

University of California, San Francisco

Approved:

Harlan Ives, M.D., Ph.D., Chair

*} \ºv
Edward Goetz, M.D.Taso■ ,

C■ fford Lowell, M.D., Ph.D.

º



TABLE OF CONTENTS

section page

INTRODUCTION ............................................................ 1

METHODS ..................................................................... 9

RESULTS ...................................................................... 14

DISCUSSION ................................................................. 21

REFERENCES ............................................................... 34



iii

LIST OF FIGURES

FIGURE 1
Effects of cyclic strain on tyrosine phosphorylation of total lysate of
vascular muscle cells cultured on collagen.

FIGURE 2,
A. Tyrosine phosphorylation of paxillin from VSM cells exposed to

strain on fibronectin.

B. Paxillin quantity throughout mechanical strain durations.

C. Quantitative analysis of paxillin tyrosine phosphorylation.

FIGURE 3.
A. Tyrosine phosphorylation of paxillin from VSM cells exposed to

strain on collagen.

B. Paxillin quantity throughout strain durations.

C. Quantitative analysis of paxillin tyrosine phosphorylation.

FIGURE 4

A. Tyrosine phosphorylation of paxillin from VSM cells exposed to
strain on laminin.

B. Paxillin quantity throughout strain durations.

C. Quantitative analysis of paxillin tyrosine phosphorylation.

FIGURE 5

A. Inhibition of strain-induced paxillin tyrosine phosphorylation with RGD
peptides from cells cultured on collagen.

B. Quantitative analysis of paxillin tyrosine phosphorylation inhibition.

C. & D. Reproduction of data in A & B showing increase in paxillin
phosphotyrosine signal with strain in cells treated with RGE
but not seen with RGD.

FIGURE 6.

A. Strain-induced paxillin phosphorylation is inhibited by tyrosine
kinase inhibitor, H7 from VSM cells cultured on fibronectin.



iv

B. Quantitative analysis of change in paxillin tyrosine phosphorylation
due H7 inhibition.

C. Strain-induced paxillin phosphorylation is inhibited by tyrosine
kinase inhibitor, H7 from VSM cells cultured on collagen.

D. Quantitative analysis of change in paxillin tyrosine phosphorylation
due H7 inhibition.

FIGURE 7.
A. Tyrosine phosphorylation of FAK from VSM cells exposed to strain

on collagen.

B. Quantitative analysis of FAK tyrosine phosphorylation.

FIGURE 8.
A. Inhibition of strain-induced FAK tyrosine phosphorylation with RGD

peptides from cells cultured on collagen.

B. Quantitative analysis of paxillin tyrosine phosphorylation inhibition.

FIGURE 9.

A. Paxillin binding to FAK increases with mechanical strain on cells
cultured on collagen.

B. Quantitative analysis of the changes in paxillin binding to FAK with
mechanical strain.

FIGURE 10.

A. pp60°ºre kinase activity increases with mechanical strain in cells
Cultured on collagen.

B. Quantitative analysis of autoradiograms by densitometry.

FIGURE 11.

A. Tyrosine phosphorylation of p130°as from VSM cells exposed to strain
on collagen.

B. Tyrosine phosphorylation of p130eas from VSM cells exposed to strain
on fibronectin.

FIGURE 12.

A schematic diagram of the relationship of the principal focal adhesion
associated proteins, integrins, and ECM interactions pertinent to this
study.



ABSTRACT

Vascular smooth muscle (VSM) cells proliferate in response to mechanical strain
via autocrine production of PDGF. This response depends importantly on the
extracellular matrix (ECM) to which the cells are adhered. Proliferation is significantly
increased on fibronectin but not on laminin. The early signaling events leading to these

changes are not known. In the present study we examine the to role of tyrosine
phosphorylation of focal adhesion associated proteins as a cellular response to cyclic
mechanical strain. Western blot analysis using anti-phosphotyrosine antibodies was

performed on lysates from VSM cells exposed to cyclic strain (1HZ). Strain increased
tyrosine phosphorylation of proteins in three different molecular weight regions (110-130
kD, 60-70 kD, 30–40 kD). Maximal changes in phosphorylation were seen at 15 min.

Since we suspected that the band of 60-70 kD might be paxillin, tyrosine phosphorylation

of paxillin was measured following immunoprecipitation of this protein. Tyrosine

phosphorylation of paxillin responded to strain with differing patterns, depending on ECM

protein. On fibronectin, paxillin phosphorylation increased 2.5-fold at 2 minutes and

returned to baseline by 30 minutes. On laminin, phosphorylation of paxillin decreased

below baseline at 15 minutes and maintained this level. Another focal adhesion protein,

focal adhesion kinase (FAK) to which paxillin binds, showed tyrosine phosphorylation

changes in response to strain. On collagen (type I) FAK phosphorylation increased 2-fold

at 10 minutes and returned to baseline by 30 minutes. Other focal adhesion proteins

showed differing patterns of phosophorylation response to strain. On collagen matrix,

p130”, a focal adhesion complex-related structural protein, increased in phosphorylation
0<rewhile pp6 , a tyrosine kinase, did not. Disruption of the ECM-integrin interaction

with peptide GRGDTP blocked strain-induced increases in tyrosine phosphorylation of

paxillin and FAK. Further studies were aimed at identifying kinases which might be
O-ºsresponsible for this phosphorylation. Kinase activity of ppó transiently increased in

VSM cells exposed to mechanical strain. Paxillin binding to FAK increases with

mechanical strain. This suggests that focal adhesion restructuring occurs in presence of
strain. These data suggest that phosphorylation of focal adhesion associated proteins may
play an important role in the early signaling events associated with the response to
mechanical strain.



INTRODUCTION

Vascular smooth muscle (VSM) cells in situ are exposed to mechanical

cyclic strain due to the cardiac cycle. Alterations in blood flow and pressure may

to play an important role in the development of the vasculature and adaptation of

adult blood vessels'. Mechanical forces may also contribute to the pathologic

alterations of the vessel wall in hypertension”. Chronically elevated arterial

blood pressure is associated with an increase in thickness of the vascular

media”. This change is the result of smooth muscle hypertrophy and/or

hyperplasia”, as well as increased quantities of extracellular matrix

components”. These structural vascular changes may contribute to the

maintenance of hypertension”. Mechanical forces are recognized as important

factors in regulation of vascular tone, vascular remodeling and the genesis of

"". However, little is known about how individual cellsatherOSclerosis in vivo

respond to mechanical strain or the underlying molecular mechanisms by which

mechanical events are detected and transduced into physiological responses.

Critical to the ability of VSM to respond to strain are extracellular matrix

(ECM) proteins to which they adhere. VSM cells proliferate in response to

mechanical strain via autocrine production of platelet derived growth factor

(PDGF)”. These cells plated on culture dishes coated with either collagen,

Abbreviations used in this paper. VSM, vascular smooth muscle cells, ECM,
extracellular matrix, FAK, focal adhesion kinase; PDGF, platelet derived growth factor,
FAC, focal adhesion complex; RGD, GRGDTP; RGE, GRGESP;



fibronectin, or vitronectin and exposed to cyclic mechanical strain all

demonstrate an increase in DNA synthesis via autocrine production of PDGF.

This increase in DNA synthesis is absent in cells subject to strain on similarly

treated plates without ECM or plates coated with either laminin or elastin”.

Previous research has shown that transmembrane receptors, called

integrins, are required for the adhesion and migration of VSM cells along ECM".

Integrins are the major family of cell surface protein receptors that are

heterodimers of o and B transmembrane subunits. There are 16 o and 8 B

subunits identified that heterodimerize to produce more than 20 different

receptors “”. Both subunits have a large extracellular glycosylated region

responsible for ligand binding, a membrane spanning domain, and a cytoplasmic

domain of which the B subunit is principally responsible for intracellular

interactions". Integrins mediate attachment to ECM and specific classes of

integrins also mediate cell-to-cell interactions *. Integrin-mediated contact of

cells with ECM promotes not only adhesion, spreading, and cytoskeletal

organization, but also regulates a variety of cell functions". Specific integrin

heterodimers have been determined to bind specific ECM proteins. A partial list

of integrins and their ECM ligands is presented in table 1. Adhesion of integrins

to their ligands has been shown to affect activation of platelets and leukocytes,

differentiation and gene expression in may cell types, and growth of anchorage

dependent cells”. Changes in ECM milieu effect cell shape and cytoskeletal

organization". Since integrins are the major receptor class that binds to ECM,



it is suggested that extracellular mechanical events are detected by integrins

and cellular responses are mediated through their intracellular interactions. Ives

et al have taken this concept a step further in the study of ECM-integrin

interaction as it relates to sensing of mechanical strain. They have found that

the soluble integrin binding peptide GRGDTP (RGD) specifically blocks the

mitogenic response to mechanical strain in cells grown on immobilized

collagen”. The RGD peptide sequence figures prominently in the ligand binding

of several ECM proteins by different integrin receptors (see table 1). The role of

integrins has also been suggested by studies showing that RGD interferes with

the production or secretion of PDGF while GRGESP (RGE), an inactive peptide,

does not. These studies indicate that integrin binding to ECM proteins is critical

in initiating a cellular signal stimulated by membrane deformation caused by

mechanical strain. This signal could play a part in the yet undetermined

pathways that lead to the increase in PDGF production and subsequent

mitogenesis.

Other studies have further elucidated the importance of integrin binding to

ECMs. Monoclonal antibodies against specific integrin receptors have been

shown to inhibit adhesion to ECM. Antibodies specific to O231 integrin inhibit cell

adhesion and migration on type IV collagen”. Cellular migration in response to

growth factors, such as insulin-like growth factor I (IGF-I), have also been shown

to be inhibited by antibodies. Antibodies against integrin receptor oy■■ 3 block

smooth muscle cells IGF-I stimulated migration". Since the o,33 integrin is one

of the subtypes that bind fibronectin the dependence of cellular reactions to



integrin binding ECM is more clearly supported. Antibodies against specific

integrin also exhibit the reverse phenomenon--they can activate integrins and

trigger associated responses. Antibodies against oilb■■ 3 when coated on plastic

culture dishes support cell adhesion, spreading and FAK phosphorylation *.

Integrin receptor activation (via ligand binding of ECMs such as

fibronectin, collagen, vitronectin, laminin, and elastin) and clustering leads to

the formation of focal adhesion complexes by which integrins link to intracellular

**'. There is a significantcytoskeletal complexes and bundles of actin filaments

amount of literature characterizing the extracellular interactions between

integrins and their ligands, however very little is known about how integrins

communicate extracellular events into intracellular signals.

To gain further insight into how the VSM cell senses mechanical strain we

investigated phosphorylation of integrin and focal adhesion associated proteins.

Intracellular proteins, focal adhesion kinase (FAK), paxillin, p130”

*', and pp60* are known to be associated with structural complexes that

link the actin cytoskeleton to the cytoplasmic regions of aggregated integrins

that bind ECM". Certain proteins that make up these structures known as focal

adhesion complexes (FAC), are known to be tyrosine phosphorylated in

response to various stimuli. Many mitogens affect phosphorylation of these

proteins". In fibroblasts, (NIH developed, Swiss 3T3 cells) bombesin,

vasopressin, endothelin, and bradykinin all were demonstrated to induce

tyrosine phosphorylation of FAK" and paxillin". Additionally, lysophosphatidic

acid was shown to stimulate p130” tyrosine phosphorylation”. Tyrosine



phosphorylation of paxillin has also been shown to increase in response to

acetylcholine, an agent which causes contraction of smooth muscle strips".

Recently Sumpio et al, using an experimental protocol similar to this study's,

demonstrated that in endothelial cells increase tyrosine phosphorylation of FAK

and paxillin in response to mechanical strain”. These previous research

discoveries support investigation into the phosphorylation responses in FAK,

paxillin, p130° and pp60° in response to mechanical strain induced

membrane deformation.

In order to further investigate the physiologic responses to mechanical

strain this study manipulated integrin-ECM interactions and examined the

associated changes at the FAC. Mechanical strain dynamically alters the

Structure of the extracellular environment of the cell and in turn stimulates

specific responses. Evidence of this is seen from studies showing cyclic strain

to alter synthesis of cytoskeletal proteins and to stimulate its reorganization es.

In arterial and venous endothelial cells prostacylin secretion is suppressed”.

Strain may also effect cell proliferation. Cyclic strain has been found to increase

cell number and DNA synthesis in cultured bone", epithelial cells", and

endothelial cells". Also, the mitogenic potential of angiotensin II and o

thrombin are enhanced by mechanical strain". Additionally, the Ives group

showed that exposure of VSM cells to mechanical strain alters the expression

patterns of smooth muscle and non-muscle myosin”. Cyclic mechanical strain

also augments cellular protein production. Leung et al. found a 2–4 fold increase

in rates of collagen, hyaluronate, and chondrotin 6-sulfate synthesis by arterial



Smooth muscle cells grown on elastin membranes subjected to cyclic strain

compared with controls subjected to agitation or no motion”. Other

investigators have corroborated the results of increased collagen production in

response to mechanical strain as well as shown that cells alter their spatial

orientation”. These studies taken collectively suggest that VSM cells

respond to mechanical strain with complex changes in protein and DNA

synthesis and expression of specific gene products.

However, how cells sense mechanical perturbations is not known. It has

been shown that mechanical forces can activate adenylyl cyclase “,

phospholipase C **, and activate mechanosensitive ion channels”. Ingber

proposed that interaction of ECM proteins with their integrin receptors plays a

central role in transmitting mechanical signals to and from the cytoskeleton “.

Wang et al. showed that magnetic beads coated with RGD peptides are capable

of transferring mechanical stress to the cytoskeleton”. Analogous mechanical

forces such as sheer stress have also been shown to produce cellular responses

as seen in endothelial cells in which sheer stress causes focal adhesions to

reorganize in endothelial cells”.

The integrin bound to ECM can probably detect structural changes

caused by mechanical strain. Given the physical association of the FAC with

integrins, this study postulated that this is one of the sites of early signaling of

strain detection by the VSM cell. The FAC is the site at which the cytoskeleton

is linked to the cell membrane. Actin-binding proteins such as ot-actinin, talin,

vinculin, and tensin co-localize with integrins in focal adhesions *. Actin



filaments may link to integrins via these and other proteins such as tyrosine

kinases and their substrates. FAK is perhaps the major tyrosine kinase of the

FAC with several proteins, some of them substrates of its kinase activity, binding

to it some of which in a phosphorylation dependent manner. Paxillin is a

structural protein of the FAC and is suggested to bind to FAK. Members of the

Src family of tyrosine kinases, which contain an SH2 and SH3 domains, have

also been implicated in FAC assembly and integrin signaling events *. Other

enzymes such as protein kinase C, MAP kinase, and ppó0* have been

demonstrated to associate with the FAC ***'. The assembly of these proteins

structures and enzyme activity are believed to play an important role in

stabilizing cell adhesion and regulating cell shape. They may also serve as a

framework for the association of signaling proteins that regulate signal

transduction pathways leading to integrin-induced changes in cell behavior. It is

important to stress that the FAC is not static but highly dynamic, with its multiple

components shifting, reorganizing, and changing enzymatic activity to generate

the multitude of cellular reactions that take place. However, much more

progress needs to be made in elucidating the physiology of how the FAC

responds to extracellular events.

In an attempt to characterize this process we have determined that

tyrosine phosphorylation of specific proteins of the FAC is altered in response to

mechanical strain. In addition, the pattern of phosphorylation varies depending

on the specific FAC-related protein. Previous studies performed in the Ives lab’’

found that the mitogenic response of VSM cells exposed to mechanical strain is



matrix dependent. In similar fashion, this study has determined that the pattern

of FAC protein phosphorylation changes is also matrix-dependent. The integrin

ECM interaction was determined to be critical to this response as evidenced by

which RGD peptides block these strain-induced FAC phosphorylation changes.

At the center of the process of sensing and mediating cellular response to

mechanical strain is the FAC characterized as a dynamic structure with constant

reorganization and enzyme activity. We found further evidence of this in data

Suggesting restructuring protein spatial interactions and activation of kinase

activity in response to strain. The culmination of this study is our efforts to

characterize the early signaling events and changes of VSM cells in response to

mechanical strain.



METHODS AND MATERIALS

Materials.

All materials were purchased from Sigma Immunochemicals (St. Louis, MO),

unless otherwise specified.

Anti-paxillin and anti-phosphotyrosine antibodies were purchased from

Transduction Labs (Lexington, KY). Anti-focal adhesion kinase and anti-pp60°

antibodies were purchased from Upstate Biotechnology (Lake Placid, NY). An

additional supply of anti-FAK and anti-p130° antibodies was graciously provided by J.

Thomas Parsons (University of Virginia).

Radiolabeledy-ºp-ATP, for kinase activity studies was obtained through UCSF

radioactive supply. GRGDSP (glycine-arginine-glycine-aspartic acid-serine-proline) and

GRGESP (glycine-arginine-glycine-glutamic acid-serine-proline) peptides were

purchased from Life Technologies Gibco Bri Products (Gaithersburg, MD) and obtained

through UCSF cell culture and scientific supply distribution. H7 (Dihydrochloride) [1-(5-

Isoquinolinesulfonyl)-2-methlpiperazine,HCI)], a protein kinase inhibitor was purchased

from Calbiochem Biochemicals, San Diego, CA.

Cell Culture.

Primary cultures of VSM cells from newborn rats were established by Peter

Jones (University of Southern California, Los Angeles, CA). From these primary

cultures the R22 D cell line was established (1) and generously supplied to us by Dr.

Jones at passage 15. The cells were maintained in minimal essential media (MEM)

with 10% fetal bovine serum (FBS), 2% tryptose phosphate broth, penicillin (50 U/ml),

and streptomycin (50 U/ml) in a humidified atmosphere of 5% CO2/95% air at 37° C.

*

(*



10

Culture medium was changed every other day until confluent. Cells were subcultured

with trypsin-versene and 0.2% pancreatin, and cells from passages 19 - 25 were used

in this study.

Application of cyclic strain to cultured cells.

For most experiments, VSM cells were transferred from culture flasks to six-well

ECM-coated silicone elastomer-bottomed culture plates (Flex I; Flexcell Corp.) in

growth media (MEM with 10% FBS, 2% tryptose phosphate broth, penicillin (50 U/ml),

and streptomycin (50 U/ml)). Elastomer dishes used were coated with single

component extra-cellular matrix. Collagen, pronectin (fibronectin), and laminin-coating

of the silicone elastomer dishes was achieved by covalent bonding (Flexcell method

proprietary), resulting in - 2 x 10° sites/cmº. Cells were allowed to grow until confluent

(1-2 days as determined by microscopic visualization) then switched to serum-free

media to limited native ECM production. Serum-free media also established a growth

factor restricted environment to allow for maximal response to stimulation. Cells were

then subjected to mechanical deformation with the Flexercell Stress Unit (Flexcell

Corp.). The stress unit is a modification of the unit initially described by Banes and co

workers (2,3) and consists of a computer-controlled vacuum unit and a base plate to

hold the culture dishes. Vacuum (15 - 20 kPa) is repetitively applied (1 Hz, 0.5s on

time) to the rubber-bottomed dishes via the base plate which is placed in a humidified

incubator with 5% CO2 at 37°C. The computer system controls the frequency of

deformation and the negative pressure applied to the culture plates. Application of the

vacuum results in maximal strain of 25-27% to cells at the periphery of the dishes;

strain declines towards the center (2).
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Immunoprecipitation and immunobloting.

After cells were subjected to mechanical strain they were harvested and lysed

for protein immunoprecipitation. The VSM cells were lysed in non-denaturing modified

radioimmuno-precipitation assay (RIPA) buffer (50 mM Tris-base, pH 7.4, 150 mM

NaCl, NP-40 1%, deoxycholate 0.25%, 1mM EGTA, protease inhibitors (1mM PMSF,

aprotinin, leupeptin, pepstatin at 1 mg/ml each), and phosphotase inhibitors (1mM

Na3VO4, 1mM NaF)). Protein quantification was by Bicinchoninic Acid (BCA) (Pierce;

Rockford, IL). Paxillin, FAK, pp60**, and p130” were immunoprecipitated with their

respective antibodies according to non-denaturing protocol by Transduction Labs”.

Lysate in RIPA buffer was incubated at 4°C with primary antibody with constant

agitation for 2 hours. Agarose beads coated with protein G were added to lysate buffer

to precipitate antibody-antigen complexes and were incubated with constant agitation

for 2 hours. Agarose bead pellet was washed three times by centrifugation with RIPA

buffer. Beads were resuspended in 2X concentrated electrophoresis sample buffer (2X

concentrated 50mM Tris-CI/SDS pH6.8, 10% gylcerol, 100mM DTT, 0.1% bromphenol

blue), boiled for 10 minutes and then loaded onto SDS-PAGE gels.

Proteins from immunoprecipitations were separated on SDS-polyacrylamide

electrophoresis gels (10% acrylamide solution (30% acrylamide/0.8% bisacrylamide)

concentration) and then transferred to nitrocellulose membranes”. Western blotting

analysis was performed on the membranes with primary antibody against the specific

FAC protein investigated. For most experiments, HRP-conjugated anti

phosphotyrosine antibodies were immunoblotted first, then removed with stripping

buffer (100 mM 2-mercaptoethanol, 2% sodium dodecyl sulfate, 62.5 mM Tris-HCl pH

6.7). Membranes were then re-immunoblotted with the original antibody used in the

–

s
-

(".
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immunoprecipitation to determine the quantity of protein throughout the time courses.

Experiments desired to detect co-immunoprecipitation, antibodies of other focal

adhesion proteins were used in immunoblot analysis.

For total cell lysate experiments, immunoprecipitation was not performed and

proteins were separated on SDS-polyacrylamide gels and examined for

phosphotyrosine containing proteins with western blot analysis using an anti

phosphotyrosine antibody PY20 (Transduction Labs cat.:# P11120).

RGD blocking studies.

To determine the role of integrin-ECM interaction in mediating strain-induced

phosphorylation changes integrin binding peptides were introduced to the culture media

to block some of the integrin attachment sites to ECM. Gly-arg-gly-asp-thr-pro

(GRGDTP) and gly-arg-gly-glu-ser-pro (GRGESP) peptides (0.1 mg/ml) were pre

incubated with VSM cultured on the ECM-coated (collagen, fibronectin, or laminin)

elastomer-bottomed plates for 15 minutes before application of mechanical strain.

Kinase activity studies.

pp60* autophosphorylation activity was determined using a protocol based on

a Transduction Labs assay (protocol # 10)”. Application of mechanical strain, cell lysis

and harvest, and immunoprecipitation of proteins were performed as described above.

Samples were washed and added to kinase assay buffer (10 mM Tris pH 7.4, 150 mM

NaCl, 10 mM MgCl2, and 0.5 mM DTT) and then were allowed to undergo

autophosphorylation with buffer containing 25 uM ATP and 2.5 uCi Y-"P-ATP. The

reactions were carried out at 37°C for 15 minutes and terminated by adding

concentrated 5X electrophoresis sample buffer. Samples were electrophoresed on a

S
-*.

º

**

º
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10% polyacrylamide gel, were dried, and autoradiography was performed at -80° C with

x-ray film. ppé0” sample bands were determined by correlation with molecular

weight protein standards.

Signal Quantification.

The nitrocellulose membranes probed with anti-protein or the PY20 anti

phosphotyrosine antibodies were then incubated with secondary horseradish

peroxidase (HRP)-labeled antibodies (membranes probe with RC20 anti

phosphotyrosine antibodies were not incubated with a secondary antibody since the

RC20 antibody was already HRP conjugated) for one hour at room temperature with

constant agitation. After being washed three times for 10 minutes each the

immunoblots were exposed to an ECL chemiluminescence solution (Amersham Life

Science, Buckinghamshire, England) for 10 minutes at room temperature. The

membranes were then exposed to Hyperfilm ECL (Amersham Life Science,

Buckinghamshire, England) for the amount of time determined to yield maximal

resolution and then were developed.

Hyperfilm western blots were then analyzed for changes in band densities by

the Alpha Innotech IS-1000 digital imaging system (San Leandro, CA) and using the

Image Analysis software version 2.01 serial #0 (copyright © 1995 Alpha Innotech

Corporation).
º
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RESULTS

Specific proteins exhibit strain-induced phosphorylation.

To test whether tyrosine phosphorylation of VSM cell proteins is affected

by cyclic strain, whole cell lysates were extracted from cells cultured on

collagen-coated elastomer dishes and exposed to 60 Hz cyclic strain for

increasing intervals of time. Controls were grown in the same dishes but not

exposed to cyclic strain. Western blots were performed using an anti

phosphotyrosine antibody on proteins separated by electrophoresis (10%

acrylamide) from molecular weights (MW) 200 kD to 20 kD (fig. 1). Multiple

bands were found to increase in intensity with mechanical strain. Bands at ~110

- 130 kD, -60-70 kD, and ~30 - 40 kD all increased in anti-phosphotyrosine

labeling after two minutes of strain. The phosphotyrosine signal peaked at 15

minutes. This change appears to be specific to particular proteins since other

protein bands (in particular the -25 and ~45 kD bands) did not show a change in

phosphorylation with strain.

These phosphorylation changes provided a basis for examining specific

proteins that might be phosphorylated in response to mechanical strain. Three

well-described proteins of the focal adhesion complex, FAK, paxillin, and

pp60° have molecular weights within the regions that exhibited

phosphorylation changes in response to strain (125 kD, 68 kD, and 60 kD,

respectively).
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Phosphorylation of paxillin in response to mechanical strain was studied

as a function of time on culture plates coated with single ECM proteins such as

fibronectin (pronectin), laminin, and collagen.

Paxillin phosphorylation with mechanical strain.

To determine the effect of cyclic strain on tyrosine phosphorylation of

specific FAC related proteins, paxillin, from VSM cells exposed to strain on

fibronectin, was investigated for changes in phosphotyrosine signal. Using an

anti-phosphotyrosine antibody, western blots were performed on anti-paxillin

immunopreciptants of lysate from quiescent VSM cells (in media without added

mitogens) exposed to strain for 0-60 minutes (fig. 2A). The phosphotyrosine

signal of paxillin showed a marked increase which peaked at 5 minutes and

returned to baseline level by one hour. To asses the consistency of paxillin

quantity throughout the samples the western blots were stripped of anti

phosphotyrosine antibodies and re-probed with an anti-paxillin antibody. Paxillin

quantity remains uniform throughout the time course (fig. 2B). Thus the paxillin

protein production does not significantly change throughout the strain time

course. Fig. 2C graphically displays the phosphotyrosine signal as a function of

strain duration. The maximal increase in phosphotyrosine content of paxillin

was 2.5X control at 5 min.

In order to determine if the type of ECM protein on which the VSM cells

are cultured effects the pattern of protein tyrosine phosphorylation paxillin was

isolated from cells exposed to strain on a collagen type I matrix. Similar to the

*

(*
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results of VSM strained on fibronectin, paxillin isolated from cells exposed to

strain on collagen showed an increase phosphotyrosine signal which peaked at

15 minutes of cyclic strain. Figs. 3B and 3C display analogous data to that of

fibronectin showing consistency in paxillin quantity and a graphically

represented 1.5X increase in phosphotyrosine signal from baseline.

In contrast to the results derived from cells grown on fibronectin and

collagen, paxillin purified from VSM cells exposed to strain on laminin showed a

marked decrease in phosphotyrosine signal starting at 15 minutes of strain and

continuing through one hour (fig. 4A). Fig. 4B demonstrates the unchanged

paxillin quantity throughout the time course and fig. 4C graphically illustrates the

3X decrease in phosphotyrosine after 15 minutes exposure to strain.

Inhibition of paxillin phosphorylation with RGD peptides.

The changing pattern of paxillin phosphorylation in response to strain in

VSM cells cultured on different ECM proteins suggests that the cell membrane -

matrix interaction is integral to this strain-induced response. To determine the

importance of the integrin-binding RGD moiety in the strain response, an RGD

peptide was introduced into the cell culture media 15 minutes prior to application

of strain. RGE, an non-binding peptide, was used as the control. Cells were

exposed to strain on collagen type I because on collagen both RGD and non

RGD integrin binding sites exist on this protein. Cells incubated with RGE and

exposed to strain showed the previously described increase in phosphotyrosine

signal in response to strain (fig. 5C). However, with RGD there was no change
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in response to mechanical strain. Fig. 5D graphically displays these changes.

Fig. 5A&B shows an extended time course of paxillin phosphorylation affected

by RGD peptide incubation. This change is graphically represented in fig. 5B.

In order to confirm the association between tyrosine phosphorylation and

mechanical strain exposure a tyrosine phosphorylation inhibitor, H7, was

introduced into the quiescent media of cells cultured on fibronectin and collagen.

Cells, which were incubated with H7 (20 HM) for 15 minutes before being

exposed to strain for 5 minutes, showed a significantly reduction in

phosphotyrosine signal on both matrixes as compared to the cells strained for

minutes without H7. Not only did H7 samples show a lack of strain-induced

increase tyrosine phosphorylation but their phosphotyrosine levels were

decreased in comparison to the controls (0 minutes strain, no H7) (figs. A-D.).

This effect occurs equally on both fibronectin and collagen with similar degree of

inhibition of tyrosine phosphorylation.

FAK phosphorylation with mechanical strain

Other FAC-related proteins were examined for the effects of mechanical

strain on their tyrosine phosphorylation. Investigations of FAK isolated from

VSM cells cultured on collagen produced similar results to that of paxillin. FAK

phosphotyrosine also increased in response to mechanical strain. Fig. 7A

shows an increase of the phosphotyrosine signal peaking at 10 minutes. The

1.9 - fold increase is easily seen by the densitometry studies graphically
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represented in Fig. 7B after relative density values were adjusted to display the

maximum difference.

Similar to studies done with paxillin RGD blocks strain-induced tyrosine

phosphorylation in FAK, whereas RGE does not (fig. 8A & B).

It has been suggested that paxillin binds to FAK’”. Since we found that

tyrosine phosphorylation of both FAK and paxillin increased in response to strain

we examined the physical association of paxillin with FAK to determine if it was

affected by cyclic strain. Total cell lysates were immunoprecipitated with an anti

FAK antibody and the immunoprecipitants were analyzed by western blot with an

anti-paxillin antibody (fig. 9). Paxillin content of the immunoprecipitants

increased with mechanical strain by a 1.8X increase at 5 minutes. Other

phosphotyrosine bands at different molecular weights were associated with FAK

but did not change in intensity with strain. This suggests that the increased

binding we observed is specific to the paxillin-FAK interaction. There were other

phosphotyrosine bands seen on western blots of purified FAK (data not shown).

This suggests that proteins other than paxillin are also physically associated with

FAK and are tyrosine phosphorylated.

Kinase activity of ppé0°*.

To further investigate the FAC and to determine other possible responses

to mechanical strain we studied kinases that might be involved in protein

tyrosine phosphorylation. We next examined the autophosphorylation of another

focal adhesion associated protein, pp60*, in cells exposed to strain on

º
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collagen. Fig. 10A shows an autoradiograph of the *P incorporated from

radiolabeledy-ºp-ATP by pp60* in the autophosphorylation reaction.

It shows that mechanical strain transiently stimulated ppó0* kinase activity with

peak activity at 15 minutes (10X increase from baseline) and a return to baseline

by 60 minutes. Sample protein quantity was shown to be consistent throughout

the time courses with electrophoresis gel staining techniques (data not shown).

Phosphorylation of ppG0c-src.

c-SrcThe tyrosine-phosphorylation of pp60” was studied to potentially

correlate the phosphorylation response with strain-induced pp30° kinase

activity changes. Initial studies showed no increase of pp30” tyrosine

phosphorylation from cells exposed to mechanical strain on fibronectin or

laminin (data not shown).

Phosphorylation of p130”.

Initial studies were performed on another focal adhesion complex protein,

p130”, that has been shown to be associated with FAK and become tyrosine

phosphorylated with integrin activation”. Strain-induced phosphorylation

increase peaked at similar times (~10 min.) to that of paxillin and FAK (figs.

11A&B). Sample protein quantity was shown to be consistent throughout the

time courses with electrophoresis gel staining techniques (data not shown).

However, changes in the pattern of phosphorylation seen between cells plated

-*.
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DISCUSSION

Mechanical strain has been shown to cause a wide range of Cellular

responses. These include, but are not limited to, cellular proliferation, cellular

growth, activation of enzymes, and restructuring of the cytoskeleton. In several

systems, including cultured bone”, epithelial cells”, and endothelial cells”,

mechanical strain has been shown to increase cell proliferation. Phenotypic

changes of VSM cells such as hypertrophy and hyperplasia that occur in vitro

also have been directly associated with pathological changes that occur in vivo

in the blood vessels that lead to disease sequelae of hypertension.

ECM is critical to vascular cells in responding to the changes in its

environment that occur when exposed to mechanical strain. The composition of

the ECM in the environment of VSM cells in vivo changes with injury and

exposure to exterior mechanical forces”. This response may play an important

role in developmental and pathological changes in blood vessels. It has been

demonstrated that specific matrix proteins change in relative quantity and new

matrix proteins may appear in response to mechanical stimuli”. Examples of

such stimuli include mechanical trauma and the strain experienced in

circumferential stretch during pulsations of excessive blood pressure. Injury to

blood vessels stimulate collagen type I and change the ratio of type I to type Il

collagens present in the basement membrane”. Other matrix proteins such as

laminin, fibronectin, and elastin also change in relative quantities in response to

vessel damage and throughout development and the healing process”. These

-
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changes in ECM composition in response to mechanical stimuli were postulated

to cause changes within the VSM cells”. To determine the possible effect of

changing ECM composition, VSM responses were investigated on single

component environments. If changing of the composition would cause

phenotypic changes in vivo VSM cells then it was postulated that strain-induced

changes within the VSM may be ECM dependent.

Integrins are physically attached to deforming ECM and the focal

adhesion is physically attached to integrins (fig.12). Integrins link ECM proteins

on the extracellular face of the cell membrane to cytoskeletal proteins and actin

filaments on the cytoplasmic face. Therefore, the proteins of the focal adhesion

complex are postulated to be the sites where some of the earliest changes of the

cell in response to strain will occur.

This study examined one stimulus, --increasing duration of mechanical

strain—one variable, --type of specific ECM VSM were exposed to--, and

measured one outcome, -tyrosine phosphorylation changes in the focal

adhesion complex. This study demonstrated that mechanical strain produces a

phosphorylation response in FAC associated proteins which is affected by the

ECM on which strain is applied. Specifically, paxillin, FAK, and ppó0*

exhibited distinct patterns of phosphorylation changes depending on a number

of environmental variables.

VSM cells from neonatal rat cell lines were exposed to cyclic strain at 60

cycles/min in an attempt to simulate the frequency of mechanical strain in vivo.

Cyclic strain has already been shown to induce tyrosine phosphorylation in cell
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lines other than VSM*. The first step in attempting to study tyrosine

phosphorylation in response to mechanical strain was to determine that this was

a specific effect seen only for certain cellular proteins. This was demonstrated

by analyzing total cell lysate from cells exposed to mechanical strain (fig.1). On

this western blot analysis three bands show changes in phosphorylation signal

with increasing duration of mechanical strain. These bands represent more than

one distinct protein. For example, the -110-130 kD band that changed includes

the proteins FAK (125 kD) and p130” (130 kD). Both were subsequently shown

to increase phosphotyrosine level in response to strain. This suggests that the

other two band areas of change (~60-70 kD and ~30–40 kD) from the total cell

lysate experiment might represent multiple proteins, related to or distant from the

focal adhesion complex, that also participate in the cellular perception of strain.

From the total cell lysate experiments performed on collagen (fig.1), the

tyrosine phosphorylation a of ~60-70 band shows an initial decrease between

the control (no strain exposure) and the first strain time course (2 minutes) and

Subsequent longer exposures to strain showed a pattern of increasing

phosphotyrosine signal. This phenomenon of an initial phosphotyrosine

decrease followed by an increase was seen in other experiments in which cells

had a quiescence period for 72 hours in serum free media prior to exposing

them to strain. Experiments that were changed to a shorter period of quiescence

(48 hours) did not exhibit this initial decrease in phosphotyrosine signal. It is

possible that longer quiescent periods could result in a greater number of

integrin-ECM attachment sites formed. Integrin activation is triggered by ligand

>
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binding and resultant tyrosine phosphorylation of focal adhesion proteins has

been shown in previous studies”. Integrin activation has been suggested to

promote a marked reorganization of the actin cytoskeleton”. These properties

could explain the increased phosphorylation seen with increased quiescent

incubation time. The longer the quiescence, the longer baseline focal adhesion

protein phosphorylation can increase but with strain some of the latent integrin

binding becomes disrupted thereby decreasing the signal then through another

mechanism mediated by integrin activation by strain a transmembrane signal

stimulates increased tyrosine phosphorylation de novo.

Paxillin was the most extensively characterized FAC-related protein in this

study because the high affinity of the commercially available anti-paxillin

antibody allowed for ample immunoprecipitated quantities in all the studies no

matter the Conditions.

On both fibronectin and collagen, paxillin phosphorylation increased,

peaking at ~5-15 minutes, and then returned to baseline within 60 minutes (figs.

2,3). The mechanical strain that stimulates this change is cyclic (reproduced in

vitro to simulate the pulsitile nature of mechanical forces experienced in blood

vessels) and therefore suggests that the strain-induced phosphorylation is due

to the change in the amount of strain exerted on the VSM cell. As intraluminal

pressures increase in blood vessels from systemic blood pressure increases,

strain sensed by VSM cells in the vascular walls could possibly trigger protein

phosphorylation in FAC-related proteins. Each time an increase in pulsitile

pressure is maintained for a critical amount of time (our data suggests at least
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>5-15 minutes), and beyond a critical magnitude, a change in intracellular

tyrosine phosphorylation must occur. In our studies these changes in tyrosine

phosphorylation are transient but transient changes in phosphorylation in

specific focal adhesion complex proteins can also have long term effects beyond

the duration of the increased phosphorylation.

Transient phosphorylation changes can lead to more permanent

alterations in the cell if these changes initiate FAC restructuring. The complex

spatial interaction between the focal adhesion proteins can serve as a

framework for signal transduction. If this complex were to physically reorganize

then new signals could be generated and interpretation of existing cellular

signals could fundamentally change and persist without constant activation. It

has been shown that binding of paxillin to FAK is increased with strain (fig.9).

Adapter proteins that consist of exclusively SH2 or SH3 domains and Crk,

another adapter protein that consists of both SH2 and SH3 domains, bind to

tyrosine phosphorylated paxillin”. Since these proteins are spatially related it is

possible that changes in their interactions and, thereby restructuring of the focal

adhesion complex, can lead to more permanent changes in signaling and

cellular function beyond the initial transient increase in tyrosine phosphorylation.

This process could have significant effects since other FAC proteins such as

vinculin, ppó0c-Src, and SH2-SH3 adapter proteins are reported associated with

paxillin”. The effects of increased paxillin binding to FAK could cause other

proteins to be phosphorylated by the kinase and in turn trigger or alter other

Signal Cascades.
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FAK is one of the central structures of the focal adhesion. Several other

focal adhesion proteins bind to FAK (tyrosine kinases Src, Csk, adapter proteins

Grb2 and Crk, and cytoskeletal protein, paxillin) some of which have been

proposed to bind in a phosphorylation dependent manner. FAK, with its many

associated structural and kinase FAC associated proteins, can be considered a

FAC central supermolecule that links these many proteins to the B1 subunit of

integrins. This tyrosine kinase is integral to FAC interaction with integrins and is

activated by 31, 32,and 33 integrin Crosslinking via its NH2 end association”.

The increase in FAK phosphorylation with strain further suggests that the

FAC is a strain-responsive cellular structure. VSM cells cultured on collagen

responded to mechanical strain with an increase in FAK tyrosine

phosphorylation that had a similar time course to that observed with paxillin.

The peak of the phosphotyrosine signal occurred after 5-15 minutes duration of

strain for both FAK and paxillin. This similarity in time course is intriguing since

it has been demonstrated that paxillin binds to FAK" and that FAK

phosphorylates tyrosine residues of paxillin”. Since the binding of paxillin to

FAK in response to strain was demonstrated in this study by co

immunoprecipitation experiments, these interactions suggest a probable signal

cascade wherein strain-induced integrin activation stimulate FAK activity which

tyrosine phosphorylates paxillin which in turn increases paxillin binding to FAK

and restructuring of the FAC.

Initial studies were performed on another FAC protein, p130”, that has

been shown to directly associate with FAK". p130” function remains unknown

º
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but has structural characteristics of an adapter protein containing multiple

consensus SH2 binding sites and an SH3 domain”. Strain-induced tyrosine

phosphorylation of p130” peaked at similar times (10 min) to that of paxillin and

FAK (figs.11A &B). However in initial studies, changes in the pattern of

phosphorylation between fibronectin and laminin as seen on paxillin were not

seen with p130”. On both ECM types, p130” increased and peaked at similar

times.

In addition to protein tyrosine phosphorylation being altered by

mechanical strain, it was postulated that strain could also induced changes in

activity of FAC kinases. To test this theory, ppó0* kinase activity was

investigated and demonstrated a strain-induced increase in specific kinase

activity (fig.10). This shows that mechanical strain transiently stimulates ppó0°

* kinase activity. Increased kinase activity can lead to tyrosine phosphorylation

changes in other proteins, possibly stimulating other signaling pathways and

lead to further restructuring of the FAC.

These results show that at least three proteins respond to mechanical

strain with phosphorylation changes and one via kinase activity. Each of these

proteins responds in a unique pattern according to the type of ECM on which

they are plated and to their extracellular conditions. They do, however, show

uniformity in that their responses all occur maximally with 5-15 minutes of

mechanical strain. This temporal relationship suggests a possible common

pathway of tyrosine phosphorylation stimulation from integrin activation to

tyrosine kinase triggering.

º

º
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The pattern of phosphorylation response with increasing strain is dictated

by the type of ECM on which the cells were strained. Collagen and fibronectin

show an increase in paxillin phosphotyrosine signal while on laminin VSM cells

exhibit a decrease in signal with increasing duration of strain. This difference in

response according to ECM type demonstrates a selective response to specific

integrin-ECM interactions. Different subtypes of integrins have been shown to

have higher affinities for specific ECM proteins”. Previous data has proven

that ligand binding of integrin receptors produce different cytological

responses”. Specific integrin subtypes therefore must differ in the signal

cascade that their activation triggers. This difference is exhibited by paxillin

tyrosine phosphorylation changes in identical conditions except for the type of

integrin-ligand binding interaction. In this study, distinct paxillin phosphorylation

patterns are associated with VSM cells' integrins binding laminin vs. fibronectin

or collagen. Paxillin phosphorylation decreases on laminin while on collagen

and fibronectin it increases (figs. 2-4). This difference is significant because it

relates phosphorylation changes at the focal adhesion with changes in the

extracellular environment. Changes in the ECM composition are demonstrated

in pathological states of blood vessels, in particular hypertension”.

In hypertension of various etiologies, the synthesis of collagen and elastic

fibers is increased”. These changes contribute importantly to the decreased

distensibility of arteries in individuals with hypertension”. We attempted to

investigate these in vivo changes by using an in vitro system as described

above. By examining how focal adhesion phosphorylation changes on single

º
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ECM type in vitro it can be postulated that as a specific type of ECM increases in

relative composition in blood vessels--as a result of hypertension--So does the

signaling triggered by focal adhesion complex phosphorylation change. For

example, changes in the collagen content of the vessel wall could significantly

alter the phosphorylation of paxillin in response to strain while a change in the

laminin content could also change paxillin phosphorylation but in a differing way.

These changes in focal adhesion complex phosphorylation can lead to changes

in downstream signal cascades which in turn could potentially lead to the

phenotypic changes in VSM cells that characterize hypertension pathology.

The changing pattern of paxillin phosphorylation on different types of

ECM suggests that cell membrane-matrix interaction is integral to this strain

induced response. To determine the importance of integrin receptors binding

ECM, experiments were performed to interfere with this binding. The integrin

binding peptide RGD was introduced into the cell culture milieu before strain

application. RGD binds integrin subtypes oz■■ 1, oilb■■ 3, and os■ i. RGE, an non

integrin binding peptide was used as the control. Collagen was chosen in part

because it has both RGD and non-RGD integrin binding sites. Since elastomer

dishes consist of a single ECM component it was necessary to provide the cells

with means to stay attached to the collagen-only plated dishes while RGD

interfered with specific attachment sites. Therefore as a technical solution

collagen provided a condition for soluble RGD partially to decrease the integrin

ECM binding without completely detaching cells from the ECM surface.
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In comparing the effect of RGE peptide with the non-peptide control

studies, the strain-induced paxillin tyrosine phosphorylation in the presence of

RGE is not as prominent as in the non-peptide control condition. This possibly

suggests that some integrin-ECM interference occurs with the RGE peptide.

The RGD peptide inhibited the strain-induced tyrosine phosphorylation of

both paxillin and FAK. This suggests that the FAC protein phosphorylation

changes are due to integrin activation. Integrins with RGD ligand binding sites

must therefore interact with the ECM during mechanical strain in order for the

cell to respond with FAC changes. These interactions engender the intriguing

possibilities of how integrins are activated during mechanical strain. Integrins

must bind ECM to trigger changes in the FAC but during strain—when the

extracellular environment is being stretched—what happens to the ligand

binding?

One possibility is that integrins bind a specific ECM protein site that

moves away as stretching increases. The integrin is mechanically forced to

release that site and bind to another more proximal site. This series of binding,

stretching, releasing and binding again continues through the cyclic deformation

changes of the ECM. This repeated binding and release increases integrin

activation and in turn may induce FAC stimulation.

Another possibility is that the integrin receptor is mobile through the cell's

phospholipid membrane. The integrin bound to the ECM site—moving because

of strain-induced deformation—is physically moved from its original interaction

with the FAC and allows conformational changes and activation of FAC and

º
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FAC-associated proteins which trigger signals such as the phosphorylation

changes shown in this study. The repeated movement away and return Of the

integrin in spatial relation with the FAC could also contribute to the production Of

the observed phosphorylation changes.

A third possibility is that mechanical strain stimulates integrin clustering

and recruitment of more integrins to associate with pre-formed FACs. The

increase in integrin number at the ECM attachment sites could result in an

increase in new signaling activity as demonstrated by tyrosine phosphorylation

of FAC proteins. These changes at the integrin/FAC junction could cause actin

cytoskeletal responses and trigger additional downstream signaling changes.

Previous work from the Ives lab have shown that mechanical Strain Cause

transient influx of extracellular calcium”. Calcium influx has also been

associated with the phosphorylation of FAC proteins”. In this study,

extracellular calcium restriction did not demonstrate an effect on paxillin

phosphorylation (data not shown). Thus, strain-induced paxillin phosphorylation

could be stimulated through a Ca" independent pathway. Similarly, studies with

LPA (lysophosphatidic acid) and bombesin stimulated tyrosine phosphorylation

of paxillin and FAK have shown no dependency on Caº” mobilization". LPA and

bombesin have similar timing of maximum phosphorylation response suggesting

a possible shared upstream pathway.

A variety of growth factors, including PDGF and angiotensin Il, stimulate

calcium influx, at least partly through voltage operated L-channels in quiescent

VMS cells”. The consequent increase in intracellular calcium is believed to

º
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play a vital role in VSM cell migration and proliferation”. However,

investigations of mechanical strain as primary stimulus shows evidence of strain

induced phenotypic changes independent of calcium influx. Yang et al also

showed that human coronary artery VSM cell proliferation induced by pulsitile

stretch is not inhibited by calcium antagonists”.

There are two experimental design issues that warrant discussion. One

premise of the experiments performed was that cells strained on single type

ECM were only exposed to that specific matrix. However, given the 72 hours

incubation time, VSM cells can produce native matrix which intermixed with the

type plated on the culture dish. This process would decrease the specificity of

the integrin-ECM interaction. However, we observed striking differences in

phosphorylation with different matrix proteins used to coat the elastomer dishes.

Therefore, regardless of the cellular production of matrix protein the plated ECM

appear to predominate so that a distinction in response could be observed.

Another issue is that on a circular culture dish VSM will be exposed to an

unequal amount of strain. Application of the vacuum results in maximal strain of

25–27% to cells at the periphery of the dishes and strain declines in intensity

towards the center”. Given the apparatus used for this study this issue was

unavoidable. However, admixture of the cells during the harvesting provides the

experiment with an average of the response to a given range of strain. Previous

experiments have been performed in our lab that prevented cells from growing in

the center of the culture dish. The results of these experiments did not
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significantly differ from those in which cells covered the entire dish. In sum, we

cannot be precise about the amount of strain applied but we can state that an

increase in mechanical strain with measurable results was attained.

In conclusion, this study shows that cyclic mechanical strain causes

specific cellular responses. The responses observed occur at the focal

adhesion complex where several proteins combine to form an intricate complex

that creates a connection between the ECM-binding integrin receptors, the

cytoskeleton and related signaling pathways. Tyrosine phosphorylation of focal

adhesion proteins FAK, paxillin, ppó0**, and p130” where determined to be

responsive to the duration of strain applied and the specific type of ECM on

which the cells were cultured. Other properties of the focal adhesion complex

were altered by strain, such as kinase activity and spatial restructuring, were

also detected. These strain-induced events bespeak the dynamic nature of the

focal adhesion and integrin complex. It is this complex that possibly triggers the

initial strain-stimulated signals that lead to phenotypic changes in the in vivo

Setting of excessive mechanical strain of hypertension and perhaps initiates the

Cascade of pathways that lead to pathological changes.
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TABLE 1
Integrin Ligands and the Minimal Active Peptide Sequence

INTEGRIN ECM LIGAND PEPTIDE SEQUENCE

oz■ º collagen DGEA
O3:31 fibronectin, laminin, RGD

Collagen
a 431 fibronectin, VCAM RGD, EILDV
ow■ ?" vitronectin, fibronectin RGD
om■ ?2 fibrinogen, C3bi QKRLDGS
ole■■ a fibrinogen, fibronectin, RGD, KQAGDV

vitronectin, thrombospondin
Von Willebrand factor

ov■■ 3 above plus osteopontin RGD
GA}7 fibronectin, VCAM EILDV

This is a partial list of integrins and their ligands, specifically relating to ECM proteins and in
particular the ECM proteins used in this study. (VCAM-vascular cell adhesion molecule)
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FIGURES & FIGURE LEGENDS

FIGURE 1.
Effects of cyclic strain on tyrosine phosphorylation of total lysate of
vascular muscle cells cultured on collagen.
Quiescent cultures of VSM cells, grown on elastomer plates coated with collagen
type I, were subjected to mechanical strain (60 cycles/min) for duration
indicated. Control cells were not exposed to mechanical strain. Cells were
harvested in anti-protease, anti-phosphatase RIPA buffer and were analyzed for
protein content and then were adjusted to establish equal protein concentrations
for each time course sample. 20 pil of each sample was run through a protein
electrophoresis gel (10% acrylamide) and western blot analysis was performed
using a anti-phosphotyrosine antibody (RC20, Transduction Labs).
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FIGURE 2,
A. Tyrosine phosphorylation of paxillin from VSM cells exposed to strain
on fibronectin.
Paxillin was immunoprecipitated from VSM cells exposed to cyclic strain (60
cycles/min) on fibronectin for the duration indicated using an anti-paxillin
antibody (Transduction Labs). Time course samples were electrophoresed and
analyzed by Western blot techniques as described in Methods. Membranes
were probed with anti-tyrosine phosphorylation antibodies and underwent ECL
chemiluminescence (Amersham, Life Science).

B. Paxillin quantity throughout strain durations.
Nitrocellulose membranes treated as described above were stripped of anti
phosphotyrosine antibodies and re-probed with anti-paxillin anti-bodies to
determine paxillin content.

C. Quantitative analysis of paxillin tyrosine phosphorylation.
Quantitative analysis (from densitometry image analysis of ECL
chemiluminescence technique) of paxillin tyrosine phosphorylation which
increased by 2.5X control after 5 minutes of strain and a returned to baseline by
60 minutes.
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FIGURE 3.
A. Tyrosine phosphorylation of paxillin from VSM cells exposed to strain
on collagen.
Paxillin was immunoprecipitated from VSM cells exposed to cyclic strain (60
cycles/min) on collagen for the duration indicated using an anti-paxillin antibody
(Transduction Labs). Time course samples were electrophoresed and analyzed
by Western blot techniques as described in Methods. Membranes were probed
with anti-tyrosine phosphorylation antibodies and underwent ECL
chemiluminescence (Amersham, Life Science).

B. Paxillin quantity throughout strain durations.
Nitrocellulose membranes treated as described above were stripped of anti
phosphotyrosine antibodies and re-probed with anti-paxillin anti-bodies to
determine paxillin content.

C. Quantitative analysis of paxillin tyrosine phosphorylation.
Quantitative analysis (from densitometry image analysis of ECL
chemiluminescence technique) of paxillin tyrosine phosphorylation which
increased by 1.5X control after 10 minutes of strain and a returned to baseline
by 60 minutes.
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FIGURE 4.
A. Tyrosine phosphorylation of paxillin from VSM cells exposed to strain
on laminin.
Paxillin was immunoprecipitated from VSM cells exposed to cyclic strain (60
cycles/min) on laminin for the duration indicated using an anti-paxillin antibody
(Transduction Labs). Time course samples were electrophoresed and analyzed
by Western blot techniques as described in Methods. Membranes were probed
with anti-tyrosine phosphorylation antibodies and underwent ECL
chemiluminescence (Amersham, Life Science).

B. Paxillin quantity throughout strain durations.
Nitrocellulose membranes treated as described above were stripped of anti
phosphotyrosine antibodies and re-probed with anti-paxillin anti-bodies to
determine paxillin content.

C. Quantitative analysis of paxillin tyrosine phosphorylation.
Quantitative analysis (from densitometry image analysis of ECL
chemiluminescence technique) of paxillin tyrosine phosphorylation which
decreased by 3X control after 5 minutes of strain and remained below baseline
by 60 minutes.
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FIGURE 5
A. Inhibition of strain-induced paxillin tyrosine phosphorylation with RGD peptides
from cells cultured on collagen.
VSM cells were incubated with soluble RGD or RGE peptides (0.1 mg/ml) for 15
minutes prior to exposure to cyclic strain (60 cycles/min) for duration indicated.
Immunoprecipitation, electrophoresis, and western blot analysis of paxillin were
performed as in previous experiments. Anti-phosphotyrosine antibodies detect
differences in phosphotyrosine signals between the blocking RGD and the non
blocking RGE (control condition) and between the different durations of cyclic
Strain.

B. Quantitative analysis of paxillin tyrosine phosphorylation inhibition.
Quantitative analysis (from densitometry image analysis of ECL
chemiluminescence technique) of paxillin tyrosine phosphorylation which is
decreased with RGD incubation for every strain duration as compared to cells
incubated with RGE.

C. & D. Reproduction of data in A & B showing increase in paxillin
phosphotyrosine signal with strain in cells treated with RGE but not seen
with RGD.
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FIGURE 6.
A. Strain-induced paxillin phosphorylation is inhibited by tyrosine kinase
inhibitor, H7 from VSM cells cultured on fibronectin.
VSM cells were incubated with tyrosine kinase inhibitor H7 (Dihydrochloride) [1-
(5-Isoquinolinesulfonyl)-2-methlpiperazine,HCl)] at 20 puM for 15 minutes before
exposure of cyclic strain (60 cycles/min) for duration indicated. Cells were
exposed to cyclic strain (5 minutes), immunoprecipitated for paxillin and western
blot analyzed as in previous experiments. Control cells were not exposed to
strain.

B. Quantitative analysis of change in paxillin tyrosine phosphorylation due
H7 inhibition.
Quantitative analysis (from densitometry image analysis of ECL
chemiluminescence technique) of strain-induced (5 minutes) paxillin tyrosine
phosphorylation which is decreased with H7 incubation as compared to strain
Without H7.

C. Strain-induced paxillin phosphorylation is inhibited by tyrosine kinase
inhibitor, H7 from VSM cells cultured on collagen.
VSM cells were incubated with tyrosine kinase inhibitor H7 (Dihydrochloride) [1-
(5-Isoquinolinesulfonyl)-2-methlpiperazine, HCI)) at 20 puM for 15 minutes before
exposure of cyclic strain (60 cycles/min) for duration indicated. Cells were
exposed to cyclic strain (5 minutes), immunoprecipitated for paxillin and western
blot analyzed as in previous experiments. Control cells were not exposed to
Strain.

D. Quantitative analysis of change in paxillin tyrosine phosphorylation due
H7 inhibition.
Quantitative analysis (from densitometry image analysis of ECL
chemiluminescence technique) of strain-induced (5 minutes) paxillin tyrosine
phosphorylation which is decreased with H7 incubation as compared to strain
Without H7.
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FIGURE 7.
A. Tyrosine phosphorylation of FAK from VSM cells exposed to strain on
collagen.
FAK was immunoprecipitated from VSM cells exposed to cyclic strain (60
cycles/min) on collagen for the duration indicated using an anti-FAK antibody
(Transduction Labs). Time course samples were electrophoresed and analyzed
by Western blot techniques as described in Methods. Membranes were probed
with anti-tyrosine phosphorylation antibodies and underwent ECL
chemiluminescence (Amersham, Life Science).

B. Quantitative analysis of FAK tyrosine phosphorylation.
Quantitative analysis (from densitometry image analysis of ECL
chemiluminescence technique) of FAK tyrosine phosphorylation which increased
by 1.9x control after 10 minutes of strain and a returned to baseline by 60
minutes.
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FIGURE 8.
A. Inhibition of strain-induced FAK tyrosine phosphorylation with RGD
peptides from cells cultured on collagen.
VSM cells were incubated with soluble RGD or RGE peptides (0.1 mg/ml) for 15
minutes prior to exposure to cyclic strain (60 cycles/min) for duration indicated.
Immunoprecipitation, electrophoresis, and western blot analysis of FAK were
performed as in previous experiments. Anti-phosphotyrosine antibodies detect
differences in phosphotyrosine signals between the blocking RGD and the non
blocking RGE (control condition) and between the different durations of cyclic
strain.

B. Quantitative analysis of paxillin tyrosine phosphorylation inhibition.
Quantitative analysis (from densitometry image analysis of ECL
chemiluminescence technique) of FAK tyrosine phosphorylation which shows a
1.7X control strain-induced increase in cells incubated with RGE peptides but no
change in phosphorylation with RGD.
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FIGURE 9.
A. Paxillin binding to FAK increases with mechanical strain on cells
cultured on collagen.
VSM cells were exposed to cyclic strain on collagen for duration indicated and
then immunoprecipitated for FAK. Samples were equilibrated, electrophoresed,
and transferred to nitrocellulose membranes as detailed in Methods.
Membranes were incubated with both anti-FAK and anti-paxillin antibodies. ECL
chemilumenesce and densitometry analysis was performed as in previous
experiments. Since FAK was the only protein isolated from VSM lysate the
paxillin present in the immunoprecipitant fraction is implied to be bound to FAK.

B. Quantitative analysis of the changes in paxillin binding to FAK with
mechanical strain.
Quantitative analysis of paxillin quantity as estimated by densitometry of ECL
chemilumenesce enhanced anti-paxillin signal. Anti-paxillin signal increased
1.5X control after 5 minutes of mechanical strain.
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FIGURE 10.
A. ppG0°* kinase activity increases with mechanical strain in cells
cultured on collagen.
VSM cells exposed to cyclic strain on collagen were immunoprecipitated for
pp60°. Immunoprecipitants of pp60° were prepared for stimulation of
autophosphorylation kinase activity as described in Methods. autoradiography
was performed at -80° C with x-ray film for the *P signal from radiolabeled Y
*P-ATP incorporated by pp60* in autophosphorylation.

B. Quantitative analysis of autoradiograms by densitometry.
Densitometry analysis of autoradiosignal of pp30° autophosphorylation
incorporation of *P displays a 10X control increase in kinase activity after 15
minutes duration of strain.
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FIGURE 11.
A. Tyrosine phosphorylation of p130” from VSM cells exposed to strain
on collagen.
p130” was immunoprecipitated from VSM cells exposed to cyclic strain (60
cycles/min) on collagen for the duration indicated using an anti-paxillin antibody
(Transduction Labs). Time course samples were electrophoresed and analyzed
by Western blot techniques as described in Methods. Membranes were probed
with anti-tyrosine phosphorylation antibodies and underwent ECL
chemiluminescence (Amersham, Life Science).

B. Tyrosine phosphorylation of p130” from VSM cells exposed to strain on
fibronectin.
p130” was immunoprecipitated from VSM cells exposed to cyclic strain (60
cycles/min) on fibronectin for the duration indicated using an anti-paxillin
antibody. Time course samples were electrophoresed and analyzed by Western
blot techniques. Membranes were probed with anti-tyrosine phosphorylation
antibodies and underwent ECL chemiluminescence.
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FIGURE 12.
A schematic diagram of the relationship of the principal focal adhesion
associated proteins, integrins, and ECM interactions pertinent to this study.
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