Molecular Mechanism of Cardiac Adaptation to Hypoxic Stresses:
A Role of Vascular Endothelial Growth Factor (VEGF) in
Increased Adhesion of Cardiac Myocytes to the Extracellular Matrix
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Abstract

Vascular endothelial growth factor (VEG F) has been proposed to be one of the most
potential candidate factor

in ischemia-induced collateral vessel formation.

Evidence has

accwnulated that VEGF is expres ed in the heart tissue, and its expression is markedly
increased in re: ponse to hypoxia.

Recenlly we found l11at VEGF activated mitogen-activated

protein kinase (MAPK) cascade in cultured rat cardiac myocytes.

To elucidate how VEGF

affects adhesive interaction of cardiae myocytes with the extracellular matrix (ECM), one of
important cell functions, I investigated molecular mechanism of activation of focal adhesion
related proteins in cultured rat cardiac myocytes.

I also analyzed the effects of VEGF on

tress-inducible MAPKs, stress-activated protein kinase SAPK) (also called Jun N-terminal
kinase [JNK]),

and p38MAPK

cascades.

Furthermore.

I

exanuned the role of

Rho/p160ROCK in these VEGF-induced Signaling cascades, us ing a p l60ROCK-selective
inhibitor Y-27632.
I found that cardiac myocyte.~ not only rapidly released VEGF in re.~ponse to hypoxia but
also expressed the 2 VEGF receptors, KDRJF!k-1 and Flt-1, and that KDR/Flk- 1 was
significantly tyrosine phosphorylated on VEGF stimulation.

VEGF mediated hypoxia-induced

activation of p 125"AK and induced subcellular translocation of p 125 ~'''K from perinuclear sites to
focal adhe.~ions.

Activation of pl25""K was accompanied by its association with adapter

proteins GRB2, She. and non-receptor type tyrosine kina~e p6o•···' "'.
SAPK/JNK and p38MAPK cascades.

VEGF also activated

VEGF-induced activation of SAPK/JNK, p38MAPK

and pi25FAK was almost completely inhibited by pi60ROCK-specific inhibitor Y-27632.
Furthermore,

r confirmed fuat VEGF significanlly su·engthened adhesion of cardiac myocytes

to

ECM, which was abolished by Y-27632 , using an electr.ic cell-substrate impedance sensor.
These results indicate that Rho/pl60ROCK plays a critical role in the VEGF-induced cardiac
responses , especia!Jy in adhesion of cardiac myocytes to ECM, which may facilitate various
self-protective actions.

These data strongly s uggest a pivotal role of VEGF in cardiac

adaptation to hypoxic stress.
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Introduction

Vascu·lar endothelial growth factor (VEGF). also known ru vascular permeability factor,
is an important regulator of endothelial cell proliferation, mig ration. and permeability. and is
secreted from tumor cells and cells expo ed to hypoxia ( 1-4).

VEGF has been proposed to be

one of the most potential candidate factors in ischemia-induced collateral vessel formation
well as tumor neovascularization (5).

a~

VEGF has been reported to be induced by hypoxia in

several cell types in vitro (4), including cardiae myocytes (6. 7).

Levy ei a/ demonstrated that

cardiac myocyte. synthesize and secrete VEGF in response to hypoxia i11 vitro (6).

We

previously reported that serum level of VEGF was markedly elevated in patients with acute
myocardial infarction and it rapidly returned to ba: al level after reperfusion d1erapy (8).

This

indicates that most of the tissue cell , includin g card iac myocytes , are exposed to high levels of
VEGF in conditions s uch as acute myocardial infarction, as well as that VEG F is one of the
most sensitive indicators of hypoxia.

Recently , we found tl1at VEGF activated mitogen-

activated protein kinases (MAPKs), S6 kinase (p90'' 1). and Raf- 1 in cultured rat cardiac
rnyocytes (9).

This indicates that cardiac myocytes themselves are also target cells for VEGF.

Adhesive interactions between cells and the extracellular matrix (ECM) are known to be
mediated by the integrin family (10).

The ceii-ECM interaction plays a fundan1ental role in

regulating cellular behaviors such as migration , proliJeration, and differentiation , especially for
cardiac rnyocytes to perform continuous ly repetitive contractions and to adapt to external
stresses including hypoxia (lO).

Recent stud ies sugges t that intcgrins trru1 duce extracellu lar

signals across the pla~ma membrane (JO, 11).

The identiJication of focal adhesion kinase

(pl25FA<) provided the first evidence for the activation of 1m intracellular ignaling molecule by
integrins ( 12, 13).

pl25 FAK is a non-receptor protein tyrosine kinase that is widely expressed

in different cell types and phosphorylated on tyrosine residues accompanied with formation of
focal adhes ions.

pl25FAK has also been proved to be involved in signal u·ansduction from cell

surface receptors for neuropeptides and growth factors (14-18).

Recently. Abedi and Zachary

(19) have reported that VEGF induces tyrosine phosphorylation of pl25FAK and paxillin,
another focal adhesion protein, in endothelial cells, as well as increases immunofluorescent
staining of them in focal adhesions, which sugge ts that adhesion between endothelial cells and
ECM may be modulated by VEGF stimu lation .

However, it is not known whether VEGF

modulates cell-substrate adhesion of cardiac myocytes.
The MAP kinases ERKl , ERK2, p38MAPK, and stre s-activated protein kinase (SAPK)
(also called J un

-tem:tinal kinase [JNK)) appear as cen1ral elements of 3 homologous

pathways used by mammalian cells to transduce the mcs ages generated by stress agents or
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growth factor (20) (see Fig. I).
sensitive kinases (21-23).

SAPK/JNK and p38 MAPKs are recognized as stress-

These kinases are supposed to play critical roles in genetic

responses of many components of the cardiovascular system to disease pmce ses, including
ischemia, reperfusion injury, atherosclerosis. and heart failure (24).

The activation cascades

fo r SAPK/JNK and p38MAPK are less unders tood than those for ERK are.

1t. is supposed

that the equential stimulation of the Ras- like monomeric GTP-binding protein, Rae or Cds42,

stress
inflammatory cytokines

1
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Stress and mitogen activate MAPK signaling pathways.
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perhaps by

Ra~

itself, leads to the activation of MEKK I, a MAPK KK that then activates the

MAPKK, MEK4, also called SEK, culminating in the activation of SAPK/JNKs (25-27).
Activated SAPK/J Ks phosphorylate c-J un on specific

-terminal serine residues (Ser63 and

Ser73), major phosphorylation sites required for its transcriptional activity (28) .

Activation of

SAPK/JNKs also leads to activation of other u·anscription factor·, Elk-! (29, 30) and ATF-2
(23, 31 , 32).

Recently, MKK3 (33) and MKK6 (34) were cloned, either of which specifically

activates p38MAPK.

Further upstream in the p38MAPK ca~cades are supposed to be Ra and

Cdc42 as are in the SAPK/JNK cascades (35 , 36).

Activated p38MAPK pho phorylates and

activates transcription factors, including CHOP, CREB, ATF-1 and ATF-2, and thereby may
regulate the expression of a number of genes influencing growth and differentiation (37-39).
Regarding that ischemia/reperfusion injury induces SAPK/JNK and p38MAPK in heart (40)
and that the cardiac myocytes are exposed to high level of VEG F in such a condition (8), it is
important to know bow YEGF modulates SAPK/JNK and p38MAPK cascades in cardiac
myocytes.
The Rho-related small GTP-b inding proteins play a key role in regulating the assembly and
organization of the actin cytoskeleton in response to extracellular growth factor

(4 J, 42).

Cardiac myocytes bas been reported to express RhoA (43), which is an essential component of
signaling pathways linking extracellular factors to the formation or stress fibers and focal
adhesions (41 ).

Several lines of evidence suggested that Rho

phosphorylation of pi25""K and paxilli.n (44, 45).

limulated tyrosine

Several direct target~ of RhoA have been

identified recently, including protein kinase N (46, 47), rhophilin (48), rhotekin (49),
p140mDia (48), and a frunily of Rho-associated kinase!, pl60ROCK (ROCK-I) (50) and
ROKa/Rho-kinase/ROCK-!1 (51, 52), although their functions remain almost. unknown.
Among them, Rho-associated kinase isozyme-~. p 160ROCK 1md ROKa/Rho-kinase!ROCK-ll,
are known to mediate RboA-induced formation of focal adhesions imd actin stre: s fibers (5355).

In cardiac myocy te-~ it has been reported that Rho and Rho kinase ru·e required for Gaq

and al-adrenergic receptor-mediated hypertrophic gene expression (56, 57), and supposed that
Rho kinase mediates Rho-induced hypertrophic response (58).

SAPK/JNKs and p38MAPK

are also required for the Gaq and at-adrenergic receptor mediated hypertrophic gene
expression in cardiac myocytes (56, 59).

TI1ese fact~ raises the po sibility that the activity of

p38MAPK or SAPK/JNK might be controlled by Rho or Rho-associated kinases in cardiac
myocytes.

ln this study, I examined whether hypoxia caused cardiac myocytes to release VEGF
rapidly.

To know the roles ofVEGF in hypoxia-induced signaling cascades, I investigated the

effects of VEGF on adhesion between cardiac myocyte.~ and ECM, especially focusing on the
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activation of adhesion related proteins, including pJ2SrA<. comparing with those of hypoxia.
To confirm that VEGF really modulates cell adhesion , T evaluated the state of cell adhesion to
ECM using an electrical impedance sensor.

I also investigated the effects of VEGF on stress-

sensitive kinases, p38MAPK and SAPK/JNK cascades.

To know whether Rho/pi60ROCK

are involved in the VEGF-induced signaling cascade , 1 ;malyzed the effects of pi60ROCKselectiveinhibitor Y-27632 (60) on the VEGF-induced activation ofpi25 1·AK, SAPKJJNK, and
Here I show that cardiac myocytes rapidly release VEGF in response to hypoxia

p38MAPK.

and express the 2 VEGF receptors, KDR/Flk-1 and Flt-1, with KDR/Flk- 1 significantly
tyrosine phosphorylated upon VEGF slinmiation.

VEGF mediated hypoxia-induced activation

of p12SFAK and induced subcellular translocation of pi251'AK Ji·om perinuclear sites to focal
adhesions.

Activation of pi25"AK was accompanied by its association wit11 adapter proteins

GRB2, She, and non-receptor type tyrosine kina~e p60"'".

VEGF also activated SAPK/JNK

and p38MAPK cascades.

Furthermore. VEGF definitely accelerated the adhesion of cardiac

myocytes

p160ROCK-inhibitor

to

ECM.

Y-27632

signific;mtly

reduced

basal

phosphorylation levels of p125r''<, p38MAPK, and SAPK/JNK, and almost completely
abolished ilieir VEGF-ioduced activation.
substrate adhesion of cardiac myocytes.

Flllthermore, Y-27632 markedly impaired cellThese findings s uggest p 160ROCK plays a pivotal

role in VEGF-induced signaling pathway in cardiac myocytes.

5

Materials and Methods

Cell culture

Primary cu ltu re of ventricular cardiac

rats as previous ly described (6 1).

myocyte.~ wa~

prepared from neonatal

Briefly , heart venrricles were aseptically removed from

neonallll Wistar rats, minced in calcium-free phosphate-buffered saline (PBS), and digested
with 0.025 % trypsin-EDTA in PBS.

The isolated cells were washed in Dulbecco 's modified

Eagle' s medium (DMEM; Gibco Laboratories. Grand Island. NY) containing 10% fellll bovine
serum and preplated onto plastic dishes for I hr to selectively remove fibrob lasts.
Nonadberent cells (enriched in cardiac myocytes) were collected lmd replated onto gelatincoated culture dishes.

They were cu ltured for 2 day in DMEM supplemen ted with 10% fetal

bovine serum, 50 U/ml penicillin , and 34 IJ.mOVL streptomycin until they were confluent.
They were starved for 24 hr before stimulation with VEGF or hypoxia.
The percentage of

myocyte.~

was estimated to be around 90%, as judged by

immunoperox.idase staining with a mouse anti-cardiac myosin heavy chain monoclonal antibody
(mAb) derived from the CMA-J 9 clone, followed by counters mining with hematoxylin.
Preparation of mouse anti-cardiac myo in heavy chain rnAb (CMAI 9)
(62).

Contamination by endothelial cells

wa~

wa~

previously described

estimated to be less than I%, as judged by

immunoperox.idase stain in g with mouse anti-factor VlU related antigen mAb (Z002; Zymed
Laborarorie< , San Francisco, Inc. CA, USA) (data not shown).

Therefore, 1 concl uded that

the rest of the contaminating non-muscle cells (about I0% of tollll cells) mostly consisted of
fi broblasts.

Hypoxia

Medium wa~ made hypox.ic by an agent which absorbs 0 2 down to les than

0.1 % and provides 21% CO, (AnaeroPack; Mitsuhishi Gas Chemical Co. , Inc. , Tokyo, Japan)
in an anaerobic jar (AnaeroPack Series: Mitsubishi Gas Chemical Co., lnc.).

Cu ltured cardiac

myocytes were su bjected to hypoxia by replacing their medium with the hypoxic medium.

To

keep hypoxic condition , all the procedures were performed in a glove bag filled with 95% N,
and 5% CO,.

Measurement of VEGF released [rom cardiac myo c vtes

111e concen!Tations of

YEGF in conditioned medium of cardiac myocytes subjected to nonnoxia or hypox.ia, were
me;asured using a quantitative sandwich enzyme immunoassay kit (Qucoaikine,.., M mouse
YEGF lmmunoassay; R & D Systems, Inc., Minneapolis, USA), which also recognized rat
VEGF (according to the manufacturer).

Analyses of phosplzotyrosine content of KDR/F/k-1. pl25 ru, and paxillin
Cardiac myocytes were treated with hypox.ia or 22.8 pmol/L (I . 0 ng/ml) recombinant human
VEGF (rhYEGF; Upstate Biotechnology Incorporated, NY, USA) for various periods as
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indicated.

To investigate the effects of neutralization of VEGF, the cells were preincubated

with anti-human YEGF neutralizing mAb (MAB293; R & D Systems, USA) at lO J.!g/ml for 1
hr before stimulation .

1l1ey were frozen in liquid nitrogen and lysed on ice with NP-40 buffer

(25 mmoi!L Tris!HCI pH 7.6. 25 nuno.I/L NaCI, I mmoi!L Na3 Y04 , 10 mmoi!L sodium
pyrophosphate, 10 nmoi!L okadaic acid, 0.5 mmol!L EGTA, I mmoi!L phenylmethylsulnonyl
The cell lysate.~ were centrifuged , ;md the

numide [PMSF], and 1o/o Nonider P-40).
supernatant.

containing

detergent

immunoprecipitated at 4

oc

soluble proteins

were collected.

Proteins

were

over night with mouse anti-phosphotyrosine mAb (PY20;

Transduction Laboratories. KY, USA) and protein G-Sepharose (Pharmacia LKB).

The

inmmnoprecipitates were subjected to SDS -polyacrylamide gel electrophoresis (PAGE) and
then transferred onto polyvinylidene difluoride (PVDF) transfer membranes (NEN Research
Products , MA, USA).

PVDF membranes were blocked with I % bovine sen1m albumin in

PBS and then incubated overnight at 4

oc

with rabbit polyclonal anti-KDR/Flk-1 antibody

(C20; Santa Cruz Biotechnology. lnc .. CA, USA), rabbit polyclonal an ti-p 125FAK antibody (a
gift from Dr. Hisataka Sabe, Department of Molecular Biology, Osaka BioScience ln. titute,
Osaka. Japan) , or mouse anti-paxillin mAb (349; Transduction Laboratories, KY, USA).
After incubation with alkaliphosphatase-conjugated anti-rabbit or anli-mou e immunoglobulin G
(lgG) antibody (both antibodies from Vector Laboratories , Inc., Burlingame, CA, USA), U1e
blots were developed with a chemiluminescence detection kit (New England Biolabs, fnc. ,
Beverly,

MA,

USA).

Tyrosine phosphorylation

of

pl25 "AK

was

confirmed

by

irnmunoprecipitation using an li-p 125FAK polyclonal antibody followed by Western blotting with
anti-phosphotyros ine mAb (4GJO; Upstate Biotechnology Incorporated, NY, USA) or antip 125FAK polyclonal antibody.

The increase in tyrosine phosphorylation of KDR/Flk- 1 was

quantified by scanning dens itometry.

For analysi of express ion of VEGF receptors, total cell

lysates in Laemmli's sample buffer were also electrophoresed and immunoblotted u ing rabbit
polyclonal anti-KDR/Flk -1 antibody or rabbit polyclonal anti-Fit-! antibody (C-17; Santa Cruz
Biotechnology, Inc.).
Ki11ase as s av of p12S''AK

Cardiac myocytes were treated with rhYEGF (22.8 pmoi!L)

for various periods as indicated, and then they were frozen in liquid nitrogen.

l mmune

complex tyrosine kinase assays of pl25FAKwere performed with a non-Rl solid phase enzymelinked immunosorbent assay (ELf SA) kit using the exogenous substrate, poly(G lu -Tyr) ( 12, 63 ,
64) (Universal Tyrosine Kina~e A%ay Kit. Takara Sbuzo, Co. Ltd., Kyoto, Japm1) according
to the manufacturer's instructions.
supernatanL~

Brietly, the cell lysate.~ were centrifuged and the

were imrnunoprecipitated with rabbit polyclonal an ti-p 125FAK antibody.

The

inmJUooprecipitates were incubated with ATP in the microtiter plate onto which poly(Glu-Tyr)
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had been precoated.

The amount of phosphorylated poly(Giu-Tyr) wa• measured by ELISA

using a horseradish peroxidase-linked anti-phosphotyrosine (PY20) antibody.

Analyses

of

the

effects

pliospliory lotion of pl25FAII

of

tyrosine

kinas e

inhibitors

tvrosine

011

Cells were preincubated for 30 min with or without either

of tbe tyrosine kinase inhibitors, genistein (Gibco BRL . lnc. Grand Island, NY) at 37 !-l1110VL,
or tyrphostin (Gibco BRL) at 50
rhVEGF.

~unoVL,

and then they were stimulated with 22. 8 pmol/L

The cell lysates were immunoprccipitated with mouse anti-phosphotyrosine mAb

(PY20) and subjected to Westem analysis using rabbit polyclonal :mti-pl25 FAK antibody .

The

increase in tyrosine phosphorylation at the 125 k.Da band was quantified by scanning
densitometry.

Analyses of association of pl25FAK with p60N". GRB2 or She
stimulation with 22.8 pmoVL rhVEGF for various periods ru indicated, the ccU

After
lysate.~

\ere

immunoprecipitatcd witb mouse anti-v-Src mAb (LA074: Quality Biotech, Can1den, NJ, USA),
rabbit polyclonal anti-GRB2 antibody (Santa Cruz Biotechnology, Inc.. CA, USA), or mouse
anti-She mAb (PG-797; Santa Cruz Biotechnology, Inc.) along with protein G-Sepharo. e and
subjected to Western anaJy is using rabbit polyclonal anti-pl 25FAK antibody.

Kinase assay ofp38MAPK and SAPKIINK

Card iac myocytes were treated with

rhVEG F (22. 8 pmoVL) for various periods as indicated, then they were frozen in liquid
nitrogen and lysed on ice.

p38 MAP kinase activity was assayed with an assay kit using ATF-

2 fusion protein beads as substrate (p38 MAP Kinase Assay Kit, New England Biolabs, .Inc.),
according to the manufacrurer's instructions.
supernatants

were

immunoprecipitated

Briefly, the ceU lysares were centrifuged and the
with

anti-p38MAPK

amibody.

The

immunoprecipitates were incubated with ATF-2 fu ion protein in the presence of ATP.
Phosphorylation of ATF-2 at Tbr71 , a major phosphorylation site required for its transcriptioual
activity, was measured by Western blotting using an anti-phospho- pecific-ATF-2 (Thr71)
antibody.

SAPK/JNK kinase activity was assayed with an assay kit using N-temlinal c-Jun

(1-89) fusion protein beads which contained a high aftlo.ity binding site for SAPK/JN K as its
substrate (SAPKJJNK Assay Kit. New England Biolabs, [nc.), according to the manufacrurer's
instructions.

Briefly, SAPKIJNK was pulled down using the c-Jun fu. ion protein beads.

Kinase reaction was performed using the same protein as its sub u·ate in tbe presence of ATP.
Phosphorylation of c-Ju n fusion protein at Ser63, a major phosphorylation site required for its
transcriptional activity, was measured by Western blotting with ru1 anti-pho pho-specific-c-Jun
(Ser63) antibody.

Analysis of phosphorylation of p38MAPK and SAPKI/NK
were exposed to rh VEG.F (22. 8 pmol!L) for various periods as indicated.
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Cardiac myocytes
Then they were

frozen in liquid niiTogen and lysed

Oil

ice with NP-40 buffer.

TI1e cell ly ates were

centrifuged and the supernat.a.J1ts were suspended in Laemmll· s sample buffer.

Aliquots of the

samples were s ubjected to Western analysis using a rabbit polyclonal anti-phospho-. pecific
p38MAPK (Tyr182) antibody (New England Biolabs. Inc. ) or a rabbit polyclonal antiphospho-specitic SAPK (Thrl83ffyr 185) antibody (New England Biolabs. Inc.).

To confll111

that almo. t equal amounts of SAPKJJNK protein or p38MAPK protein were electrophoresed in
each reaction, the membnmes were reprobed with phosphorylation- ·tate independem rabbit
polyclonal anti-SAPKJJNK antibody (New England Biolabs. Inc. ) or anti-p38MAPK antibody
(New England Biolabs, Inc.), respectively.

Analvsis of phosphorylation of A TF-2
(22. 8 pmo!IL) for various periods

a~

Cardiac myocytes were exposed to rhVEGF

indicated.

Then they were frozen in liquid nitrogen <md

lysed on ice with NP-40 buffer, and the cell ly ·ares were centrifuged.

·n1e pellets, which

mainly consisted of nuclei, were suspended in Laenunli's smnple buffer.

Aliquots of the

samples were subjected to Western analyses using a rabbit polyclonal anti-pho pho-specific
A1F-2 (Thr71: a major phosphorylation site required for it ITanscriptional activity) antibody or
a rabbit polyclonal phosphorylation-state independent anti-ATF-2 antibody (New Eng land
Biolabs, lnc.), respectively.

Subcellular [raclionation

After ·timulation with 22.8 pmoi/L rhVEGF for various

periods as indicated, cytosolic and membrane fractions we.re prepared from cardiac myocytes
according to modified methods previou ly described (65 , 66).

Briefly, ceiJs were washed

twice with PBS and then harvested in a buffer containing 20 mmoi/L Hepes and 250 mmoi/L
sucrose (pH 7.4) fo llowed by ceniTifuging at I 000 X g for 3 min.

The

~upematant

was

discarded, and the pellet was suspended in hypotonic Tris Buffer containing I0 mmo!IL Tris
(pH 7.5), 1 mmo!IL MgC1 2 , 100 11mo!IL leupeptin, 1 mmo!IL PMSF, and 1 nunoi/L Na. V04 •
The pellet was homogenized by 80 strokes of Dounce homogenizer.

The homogenate was

ceniTifuged at I000 X g for 15 min to remove nuclei and debris.

TI1e supernatant was

centrifuged at 48,000 X g for 30 min , resulting in a pellet, which was resuspended in hypotonic
Tri buffer containing I% Nooidet P-40 and stored as a membrane fraction , and lhe supernatant,
which wa~ receniTifuged at 246,000Xg for 90 min to remove the microsome-rich fraction.
The resulting supernatant was stored as a cytosolic fraction.

oc

All of the above steps were

unless otherwise indicated.

Protein estimation wa~ carried out using the

BCA protein as ay reagent (Pierce, [L, USA).

The fractions were suspended in Laemmll's

carried out at 4

sample buffer and incubated at 37

oc for 30 min, and then their aliquots were subjected to SDS-

PAGE followed by in1munoblotting with polyclonal an li-p 125""< antibody or rabbit polyclonal
anti-rat Na, K-ATPase al fu ion protein (Upstate Biotechnology. Inc.).
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Irn rnutwcv toe hem is trv

To investigate whether subcellular distribution of p l25FAK in

cardiac myocytes and fibrob lasts is altered in response to VEGF. I performed double staining
for p !25"AK and cardiac myosin heavy chain.

rh VEGF-trealed (60 min) or unu·eated cardiac

myocytes were fixed in acetone for 5 min at room temperature.
with rabbit polyclonal an ti-p 125"AK antibody for I hr

at

37

TI1e cells were incubated fir. t

·c. then

incubated seq uentially with

biotinylared anti-rabbit lgG (Vector Laboratories, Inc.) for l hr ai 37 'C and fluorescein
i othiocyanate (FITC)-conjugated avidin D (Vector Laboratories , lnc.) for 30 min at 37 'C.
The cells were then incubated sequentially with mouse anti-cardiac myosin heavy chain mAb
(CMA-19) for l hr at 37

·c and tetramethylrhodamine isothiocyanate (TRLTC)-conjugated anti-

mouselgGI antibody (Chemicon In ternational, Inc.) for 30 min at37 °C.

To investigate the

relationship between the immunofluorescent staining of p 125FAK and focal adhesions in
rhYEGF-treated (60 min) cells, 1 performed double staining for pl25b'K and vinculin.

TI1e

cells were fir t stained with rabbit polyclonal an ti- p l25''AK antibody. ru1d d1en were sequential ly
with biotinylated anti-rabbit lgG and FJTC-conjugated avidin D as described above.

They

were then incubated with mouse anti-vinculin mAb (V-4505; Sigma, USA) for I hl' at 37 °C
and TRJTC-conjugated anti-mouse lgG 1 antibody for 30 min at 37 °C.

TI1e sections were

examined and photographed under a iluorescence microscope (Microphoto-FX. N ikon, Tokyo,
Japan).

A11alyses

of

the

effects

of

pl60ROCK-s eci 'ic

pho sphorvlatior1 o(pl25FAK. p38MAPK a11d SAPKITNK

i11hibitor

Y-27632

011

Cells were preincubated

for 60 min with or without pl60ROCK-specific inhibitor Y-27632 at 10 ).LmoVL, and then they
were stimulated with 22.8 pmoVL rhVEG F.
Pharmaceutical Industries (Sai tama, Japan).

Y-27632 was supplied by Yo hitomi

VEGF-induced phosphorylation of p125 PA<,

p38MAPK or SAPK/JNKs was analyzed as above.

Cell-substrate adhesio11 assay

Cell-substrate adhesion was measured us ing the

electrical cell- ub. trate impedru1ce sensing system {Applied BioPhysics, Inc.. NY, USA)
previou ly reported by Keese and Giaever (67-69) .
2

a small gold electrode (area - I0"' cm

)

fn this system. the cells were cultured on

deposited on the bottom of tissue cu lture vessels.

A

small alternating current signal (!).LA) at a freq uency of 4000 Hz was passed between the small
electrode and a larger coun ter electrode (area -

w·'

em') placed at a distant.

between the smal l and large electrodes was monitored.

The voltage

As cell membranes have vety high

in1pedance, the attach ment of cells to the small electrode blocks the current, forcing it to now
under the cells, causing an increase in the impedance.
myocytes were prepared as above.

Primru·y culture/ of venu·icular cardiac

Cardiac myocytes were seeded on gelatin-precoated

electrodes and cultured for 2 days in DMEM supplemented with 10% fetal bovine serum, SO

10

U/ml penicillin, and 34

~-tmol/L

streptomycin.

stimulated with rhVEGF (34.2 pmol/L).

They were starved for 24 hr, and then

To examine a role of p160ROCK in ceU-substrate

adhesion, cells were preincubated for 60 min with 10 ~-tmoi/L Y-27632 prior ro addition of
rhYEGF.

The resi tance, which reflects the extent of ceU-substrate adhesion. was monitored

as described previously (70).

Statistics

Statistical comparisons of control group with treated groups were carried out

using the unpaired /-test wid1 P values corrected by the Bonferroni method.
0.05 were considered significant.
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Values of P<

Results
Hypoxia causes cardiac myocytes to release VEGF rapidly .

To examine

whether hypoxia stimulates cardiac myocytes to release VEGF rapidly, concentrations of VEGF
in conditioned medium of cardiac myocytes subjected to normoxia or hypoxia for 5 min were
measured.

The concenrration of VEGF was significmllly increa!;ed in hypoxic condition a!;

compared with in normoxic condition, which indicates that cardi ac myocytes rapidly secrete
VEGF molecules into culture medium in response to hypoxia (Fig. 2) .
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0

normoxia

hypoxia

Hypoxia induces increase in VEGF content in the culture medium.

Conditioned media from cells under norm ox ia or hy poxia for 5 min were co llected .
Concentration of VEGF was meru;ured by quantitati ve sandwich enzy me immunoassay.
• P<O.OO I vs. normoxi a (unpaired 1-test). Results shown are mean ± SD.
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Cardiac mvocvtes express KDR/Flk-1 and Flt-1 .

.It has been shown that VEGP

binds to 2 structmally related tyro ine kinase receptors, Fil-l (71. 72) and .KDR/Pik-1 (73, 74).

1 examined whether cardiac myocytes expressed these receptors by Western analysis.

As

shown in Fig. 3, KDR/Pl.k-1 and Fit- ! were expre , ed in the cultured cardiac myocyte .

To

examine tyrosine phosphorylation of these VEGF receptors, the cell ly. ate from rhVEGFtreared and untreated myocytes were immunoprecipitated with anti-phosphotyro ine mAb

(PY20) followed by Western blotting using anti-KDRIF!k-1 or anti-Flt- 1 antibodies.
KDRIF!k-1

was . ignificantly tyrosine

phosphorylated on

rhVEGF

timulation ,

with

phosphorylation reaching a mallimumlevel at 5 to LO min with rbVEGF (Fig. 4A), whereas Fltl

wa~

not (data not shown).

The

increa~e

in tyrosine phosphorylation of KDRIF!k-l was

quantified by scanning densitometry of the autoradiogram and exp ressed as ratio to tl1e initial
phosphorylation before addition of rhVEGF.

As shown in Fig. 48, tyrosine phosphorylation

of KDR/Flk-1 was significantly increased at 5 to I 0 min aft.er rh VEGF treatment. as compared
with the initial value.

:vir

KDR/Fik - 1

Flt- 1~

~

-121

-20-1

-

111

-7X

-7X

Fig. 3.

KDR/Flk-1 and Flt-1 are expressed in cardiac myocytes.

To in vestigate whether cardiac myocytes express VEGF receptors, KDR!Fik-1 and Flt-1, total
cell lysates in Laemmli' s sample buffer were electrophoresed and immunob lotted using antiKDR/Fik-1 antibody or anti-Fit- 1 antibody. Mr indicates molecular weight.
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Fig. 4.

KDR/Flk-1 is tyrosine phosphorylated in response to VEG F.

Cultured rat cardiac myocy tes were exposed to rhYEGF (22 .8 pmoiJL) for the indicated
period s. The cellly sales were centrifuged. and th e upernatants v.ere immun oprecipitated with an
anti-phosphotyrosine mAb (PY20) and th en immunoblotted with anti- KDR/Flk -1 antibody (A).
In addition , the increase in tyrosine phosphorylation of KDRJFik-1 was quantified by scannin g
densitometry of the autoradiograms (B).
The initial phosphorylation of KDR/Fik-1 before
add ition o f rhVEGF at 0 min is defined as J .0. Fold indu ction va lu es represent average of 5
independent experiments. An arrow indicates position of KDR/Fik - 1; Ab, antibody; anti-pTy r
l.P. , anti-phospholyrosine immunoprecipilation . * P< 0.05 and * * P < 0.0 I vs. initial value.
Results shown are mean ± SD.
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VEGF mediates hvpoxia-induced tvrosine phosphorvlation of p125PAK
Jlaxillin.

a~td

To investigate the effect of hypoxia on the adhesion of cardiac myocytes to the

ECM, I examined whether hypoxia induced phosphorylation of a focal adhesion-associated
The cell lysates from untreated or hypoxia-treated cardiac myocyte~

tyrosine kinase, p l25""K.

were immunoprecipitated with ant:i-phosphotyrosine mAb (PY20) , then immunoblotted with
anti-pl 25FAK polyclonal antibody.

p 125 ~'"" wa~ significantly tyrosine-phosphorylated in

response to hypoxia within 5 min , and that hypollia-induced phosphorylation of p l2S"AK at 5
min was markedly suppressed by pretreatment with the neutralizing ami-VEGF mAh (Fig. SA).
Then, I ellamined whether exogenous VEGF could stimulate tyrosine phosphorylation of
pl25FAK.

The

cell

lysates

from

untreated

or

rhVEGF-treated

myocytcs

were

immunoprecipitated with anti-pho photyrosine mAb (PY20) followed by Western blotting with
an ti-p I 25FAK polyclonal antibody.

Conversely,

immunoprecipitates wi.th

anti-pl25FAK

polyclonal antibody were also analyzed by Western blotting with anti-phosphotyro ine mAb
(40 !0) or anti-pl25FAK polyclonal antibody.

As shown in Fig. SB (top pane[) and SC, VEGF

ignificantly increa~ed tyrosine pho phorylation ofpl25""" , which peaked atS to 10 min after
addition of rhVEGF.

I confirmed that almost equal amounts of pl2SPAK protein were

electrophoresed in each reaction (Fig. 5C bottom pcme[).

These res ults suggest that hypoxia-

induced activation of p125 ~'AK is primarily mediated by VEGF.

I also investigated whether or

not VEGF caused tyrosine phosphorylation of paxillin. another focal adhesion-associated
protein that interacted with several proteins , including pl25r·AK• members of src family of
tyrosine

kinases,

transforming

protein

v-crk,

and

cytoskelctal

protein

vinculin.

lmmunoprecipitates with anti-phosphotyrosine mAb (PY20) from the stimulated and nonstimulated cardiac rnyocytes were analyzed by Western blotting with anti-paxillio mAb.

As

shown in Fig. 5B (bottom pe01e[), VEGF also caused a significant increase in tyro ine
pho phorylation of paxillin.

The tyrosine phosphorylation of paxiUin reached a maximum

level at5 to JO min after addition of rhVEGF and decreased ubsequently.

VEGF stimulates protein tyrosine kinase activity of p125"•K.

To examine

whether the catalytic activity of p125"AK is stimulated by VEGF, kinase activity of pl25FAK
immunoprecipitates from untreated or rhVEGF-treated cardiac myocyte was assayed us ing
poly(Glu-Tyr) as substrate.

As shown in Fig. 6, VEGF induced activation of pl25FAK as early

as 2 min, peaking at5 min , which paralleled its tyrosine phosphorylation .

Tyrosine kinase inhibitors partially inhibit VEGF-induced activation o(p125FAK.
Next, to examine whether VEGF-induced tyrosine-phosphorylation of pl25FAK was dependent
on tyrosine

kina~e

activity, the cardiac myocytes were pretreated with or without either of the

tyrosine kinase inhibitors geni tein (37 Jlmol/L) or tyrpho tin (50 !lmoi!L) before addition of
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Fig . 5. VEGF mediates hy po x ia -induced ty ro s in e phos phory lati on o f pl25 'A"
and pa xillin.
A. Cu ltured cardiac myocytcs were exposed to hypoxia for the indicate-d period;; in the absence or presence
of neu tral izing anli-VEGF mAb. In the anti-VEGF mAb-ueated group, the cells were preincubated with antiVEGF mAb for I h before VEGF stimulation. The cell lysatcs were immunoprecipilated with anliphosphotyrosine mAb (PY20), then immunoblotted with anti-pl25"" antibody.
B. Cells were treated for
the indicated periods wi th 22.8 pmoi/L rhVEGF and lysed with NP-40 buffer. The cell lysates were centrifuged,
and the supernatants were immunoprecipitated with an anti-phosphotyrosine mAb (PY20). then immunoblotted
with an ti-pi25FAK antibody (rap pc.,e/), or anti-paxillin mAb (bot/Om pale/). C. Tyrosine phosphorylation of
pl25"" was also analy7.ed by immlmoprecipitation using anti~p 125FAK polyclonal W1tibody foll owed by Western
blotting with anti-pbosphotyrosine mAb t4GIO) (rap pa1el). To ascertain equal loading of p125'"" protein,
immunoprecipitrues with an ti-p 125PA" antibody were analy7.ed by anti-pi25FA" Wes tern blotting (bo lt om pmel).
Results shown are representative of 3 independent experiment .
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rhVEGF.
7.

One of the representative

res ulL~

among 3 independent experiments is show n in Fig.

Both genistein and tyrphostin pru1ially inhibited YEGF-induced increase in tyrosine

phosphory lation of pl25 ""K at 5 min .

VEGF induces as s ociation of p12S'·u with She. GRB2. and 0 60 '~".

To

determine whether c-Src plays a role in VEGF-induced tyrosine phosphorylation of p 125""K,
immunoprecipitates with anti-v-S rc mAb were subjected
immunoblo ning with anti-p125rAK an tibod y.

to SDS -PAGE followed by

As shown in Fig. 8a, VEGF caused a ignificant

increa~e in the association of p60N" with p 125""K. w hich peeked at 5 to I0 min after addition of

rbVEGF.

To determine whether the VEGF-activated pl25""• signaling complexes contained

other known Src homology (S H) 2-containing proteins. such as the SH2/SH3 adapter proteins
GRB2 and She, l examined the VEGF-induced association of pl25'"AK w itl1 these adapter
proteins.

lromunoprecipitates with either anti-GRB2 po lyclonal antibody or anti-She mAb
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VEGF stimulates protein tyrosine kinase activity of pl25FAK.

Protein tyrosine kinase activity of p 125''' • immun oprecip itates from untreated or 22.8 pmo l!L
rhVEGF-treated cardiac myocytes y,ere assayed with a non- radioactive isotope so lid phase
enzy me- liked immun osorbent assay (ELISA) kit. usin g poly (Glu-Tyr) as substrate.
The
immunoprecipitates were in cubated ~A1th ATP in the microliter plate onto IM!ich poly (Glu -Tyr)
had been pre-coated. The amount of phosph ory lated po ly(Glu-Tyr) was measured by ELISA
using a horseradish peroxidase-linked anti-phosphotyrosine (PY20) an tibody. * P< 0.00 I.** P<
0.0 I vs. control. Results shown are mean ± SD.
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from rhVEGF-stimulated cardiac myocytes were subjected to SDS-PAGE foUowed by
A~ shown in Fig. 8b and 8c, VEGF

immunoblotting with anti-pl25FAK po.lyclonal antibody.

caused significaot increase in the association of She and GRB2 with p l25"AK_

TI1e a~sociation

peeked at 5 to 10 min after addition of rh VEGF.

VEGF

activates

p38MAPK

and

SAPK/lNKs

cardiac

in

SAPK/JNKs (21, 26) and p38MAPK (22. 75, 76) are protein erinelthreonine
to ERK 1/2, and are weakly activated by growth factors in general.
a~

activated in response to cellular stresses such

mvocytes.
kina~e.~

related

Instead, they are markedly

inflammatory cytokines. UV irradiation,

ischemia, reperfusion, heat shock, endotoxin , and genotoxic stress.

I

in ve.~tigated

whether

Fig. 9A shows typical temporal change in

VEGF activated SAPK/JNK or p38MAPK .

SAPK/JNK activity represented by phosphorylation of substrate c-Jun fusion protein at Ser63 ,

VEGF

0

2
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4

5

0

5

5 6
0

5

genistein

( ·) (-)

(+) (+)

(· ) (·)

tyrphostin

(-) (-}

(- )

(·)

(+) (+)

(min)

Blot Ab: anti -FAK

1.0 1.2

1.0 2.2

1.0 1.2

anli -pT>r J.P.

Fig. 7.
Effects of tyrosine kinase inhibitors , genistein and tyrpbostin , on
VEGF-induced tyrosine phosphorylation of pl2SrAK.
Serum-starved cardiac myocytes \\ere pretreated for 30 min with or withou t 37 J.UTIOIJL
gen istein or 50 ~rn o l/L tyrphostin and mre then challenged with 22.8 pmoiJL rh VEGF for the
indicated periods.
The cell lysates mre centrifuged, and the supernatants mre
immunoprecipitated with anti-phosphotyrosine antibody (PY20), and furthe r analyzed by antip l 25PAK Western blotting. An a now indicates po iLion of p 125FAK The increase in tyrosine
phosphorylation of p l 25FAK wa quantified by scann in g den sitometry of the au torad iogram (the
corresponding figures underneath the panel). Initial phosphorylation of p 125 r" before addition
of rhVEGF at 0 min is defined as 1.0. Fold indu ctio n va lu es represent average of 3 independent
experim ents.
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which peaked at 5 to 10 min after addi tio n of rhVEGF.

In add ition, marked p hosphorylation

ofp46 SAPK/J K and moderate phosphorylation of p54 SAPK/JNK at 111r183mlyl85 were
induced by rbVEGF stimulation (Fig. 9B top pane[).

Those phosphorylation was led to a

maximum level at 5 to 10 min , con.c omitantly w ith the activation.

I conftrmed that almost

equal amounts of p46 and p54 SAPK/J N K protein were electrophoresed in each reaction by
reprobing with a phosphorylation-state independent anti-SAPK antibody (F ig. 9 8 bortom
pmel ).

Fig. lOA s hows typical temporal change in p38 MAP kinase activity represented by

phosphorylation of substrate ATF-2 fu sion protein at Thr7 J.
maximum level at 5 to 10 min after addition of rhVEGF.

The kinase activ ity was led to a
I also investigated VEGF-induced

phosphorylation of p38MAPK at Tyr 182, which indicated activation of this kinase.

VEGF

caused a significant increase in the phosphorylation o f p38 MAPK at Tyr l 82, w hich peaked at 5
to 10 min after addition of rhVEGF. concomitantly with the activation (Fig. LOB top pane[).
confirmed that almost equal amounts of p3 8MAPK protein were e lecrrophore ed in each
reaction by reprobing with a phosphorylation-state independent anti-p38MAPK antibody (Fig.
lOB bonompanel).

\ EGF

ll' i\b:

b

nn ti -GRH2

C

arHi-Shc

Blot: anti t· AK

Fig. 8.

VEGF induces association of p125FAK with p60''sr', GRB2, or She.

Quiescent cardiac myocy tes were treated with 22.8 pmol/L rhY EGF for the indicated periods.
Celllysates \\ere centrifuged, and th e supernatants v.ere immunoprecipitated with antl -v-Src mAb
(LA074) (panel a) , polyc lonal anti -G RB2 antib ody (panel b), or anti- She mAb (PG-797) (panel
c). lm munoprecipitate were analyzed by Western blotting with an ti-p 125"'" polyclonal antib ody.
Arrows indicate position s of p 125 '...
Re ults shown are rep resen tative of 3 independent
experiments.
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A

B

Fig. 9.

VEGF activates SA PK/J NKs in cardiac myocy tes.

Semm-starved cardiac myocytes were treated with rh VEGF (22.8 pmoi/ L) fo r the indicated period;.
SAPKIJNK kinuse activity was assayed with an a"ay ki t using N-terminal c-Jun (I- 9) fusion protein beads a'
substrate. according to the manufacturer's instmctions (A). In ack:lition, VEGP-ind1ced phosphorylation of
SAPKIJNKs was analyzed The cell lysates were centrifuged and the supematant.:; were subjected to Westem
analysis using an anti -phos pho-s pecific SAPK (Thrl83rfyrl85) (B rap pcml) antibody or a phosphorylationstate independent anti-SAPK antibody (B bouom panel). Arrows indicate pos iti ons of SAPKIJNK.s.
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VEGF activates p38MA PK in cardiac myocy tes .

Serum-starved cardi ac myocytes were treated with rhVEGF (22. pmoi/L) for the indicated period;. p38
MAP kina~e activity wus assayed with an assay kit using ATF-2 fusion protein a• ubstrate according to the
manufacturer's instmcti ons (A). In ack:lition. VEGF-inruced phosphorylation of p38MAPK was analyzed The
cell lysates were centrifuged and the supernatan ts "'ere subjected to Western analyses usi ng an anti-phosphospecific p38MAPK (Tyr l82) antibody (8 rop pa~el) or a phosphorylation- uue inrepenrent anti-p'38MAPK
antibody (B bouom pm1e/). Arrows indicate positi ons of p38MAPK.

20

VEGF activates ATF-2 in cardiac ml•ocvles .

[t

is known that the transcriptional

activity of ATF-2 i stimu.lated by activation of SAPK/JNK, and p38MAPK in re. ponse to a
variety of stresses, including genotoxic agents, cyrok.ines, and U V irradiation (32, 77, 78).
Therefore, l examined whether ATF-2 i phosphorylated by VEGF.

As shown in Fig. JlA,

VEGF significantly phosphorylated l'hr71 of ATF-2, indicating activation of thi transcription
factor.

The phosphorylation was led to a maximum level at 5 to 10 min after rhVEGF

I confirmed that almost equal amounts of ATF-2 protein were electrophoresed in

stimulation.

each reaction by reprobing with a phosphorylation-slate independent anti-ATF-2 antibody (Fig.
liB ).

VEGF induces subcellular translocation of p125FAK in cardiac mvocyles a11d
fibroblasts .

It has been show n that cell adhesion to ECM, such as fibronectin, through

integrins causes increased tyrosine phosphorylation of p125""" as well as accumulation of
pi25FAK in focal adhesions ( II , 79-81).

I examined ll1e effec1s of VEGF on subcellular

localization of pl2S""" in cardiac myocytes and norunuscle cells (w hich mostly consisted of
fibroblastS).

To distinguish cardiac myocytes from non muscle cells, l performed double

A

-

B
Tim.: (min )

Fig. 11.

phospho-ATF-2

-ATF-2

0

2

5

10

30

VEGF phosphorylates ATF-2 (Thr7l) in cardiac myocytes.

Serum-starved cardiac myocytes were exposed to rhVEGF (22.8 pmo!A..) for the ind icated
periods. Cell lysates \\ere cen tri fuged. and the pellets were ubjected to Western analyses using
an anti-phosp ho-speci.fic ATF-2 (Thr71) antibody (A) or a phosphorylation-stale independent
anti-A TF-2 antibody (B).
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VEGF alters the s ubcellular localization of p125 FAK in cardiac
Fig. 12.
myocytes and fibroblasts.
Quiescent card iac myocytes were g iven no treatment (A and B) o r sti mulated with 22.8
pmolll. rhVEGF for 60 min (C, D, E, and F) and fixed in acetone. To distinguish cardiac
myocytes from contamin atin g fibrob last. I perfo rmed do uble-stainin g fo r cardiac myosin heavy
chain (B and D) and p 125F'" (A and C) by imm un ofl uo rescence. For the rh VEGF-treated (60
min) cells, I also performed double-staining for p 125" ' (E) and vinculin (F) by
immunofluo rescence. Arrowheads ind icate localiz.ation of p 125 " K(C and E) and that of vi nculin
(F) in cardiac myocytes. Arrows indicate localization of pl25 FAK (A. C, and EJ and that of
vinculi n (F) in fibrob lasts. Bars= IO j.lm.
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siaining for cardiac myosin heavy chain 1md pi2S''"" by immunofluorescence.

Fig. 12B and

120 show that myofibrils of cardiac myocytes were strongly stained, making it easy to

eli tinguish cardiac myocyte.~ from fibroblasts.

A~ , hown in Fig. 12A, p 12S"A" predominantly

localized in the perinuclear region in noo-stirnu·lated cardiac myocytes .

Only weak fluorescent

dots of p 125FAK were seen in some of non-stimulated fibroblasts (Fig. l2A, a1rmvs).
Fluorescent dots of pl25FAK, which mostly localized in the central regions in a nigher density,
appeared to scatter to the peripheral cytoplasm in cardiac myocytes stimulated with rhVEGF for
60 min (Fig. 12C, arrowheads).

In fibroblasts stimulated with rhVEGF for 60 min ,

fluorescent dots of p125FAK were observed to be concentrated in the patchy arrowhead-like
stmctures at the peripheral cytoplasm reminiscent of focal adhesions (Fig. 12C. arrows).

To

compare the localization of pi25rAK taining to focal adhesions in rhVEGF-treated cells. I
performed

double

immunofluorescence.

staining

for

pl25rAK (Fig.

Fluorescent doL~ of

pl25 1'" "

12E)

and

vinculin

(Fig.

12F)

by

showed localization similar to that of

vinculin in cardiac myocytes (Fig. 12E and 12F, anvwhecllls), which suggests tl1at p L2S"A"
was localized to focal adhesions in response to rbVEGF, although tl1e rest of pi2S"A" remained
in cytoplasm.

In fibroblasts, the patchy anowhead-like shaped fluorescent dots of pl2S"A"

were clearly observed with higher-resolution (Fig.

L2E, anmv).

Incubation of cardiac

myocytes with control non-immune rabbit serum yielded no signiJicant taining (data not
shown).
Next, to confirm that VEGF induces subcellular translocation of pl 2S""K, I analyzed
pl25rAK content in subcellular fractions by Western analysis witb or without rhVEGF
stimulation.

As shown in Fig. 13, the amount of pl25""K in the membrane fraction was

increased in response to rhVEGF (Fig. l3b top panel) , whereas tl1at in tl1e cytosolic fraction
remained almost unchanged (Fig. I3a).

I confirmed that almost equal amounts of the

membrane fraction were electrophoresed in each reaction by Western analysis u ing anti- Na. K
ATPase al subunit antibody (Fig. 13/;, bottom pane{).

VEGF strengthens adhesion of cardiac m yocvtes to the ECM.
effecL~

To asses the

of VEGF on the extent of cell-substrate adhesion, I monitored changes in cell -substrate

re.~istance

after addition of rhVEGF, using an electric cell-substrate impedance

Typical resu lts are shown in Fig. L4A.

ensor.

The extent of cell-substrate adhesion is expres ed as

"normalized" resistance, which was defined as a ratio of the resis tance to tl1e initial value before
addition nf rhVEGF.

VEGF induced a significant increase in normalized resistance, indicating

trengthening of the cell-substTate ad he. ion at 3 hr after addition of rhVEGF (Fig. L4B).

(!. 160ROCK -inhibitor Y -27632 inhibits VEGF-induced activation of oJ2s'"•K_
!!..38MAPK. an d SAPKI INK.

Rho and its direct target pl60ROCK have been

23

reported to stimulate tyrosine phosphory lation of p 125FAK and paxi llin (44, 45, 53-55).
investigated whether pi60ROCK is involved in the VEGF-induced signaling cascades, using
pl60ROCK-specific inhibitor Y-27632 (60).

As s hown Fig. !SA, pretreatment with 10

J.LmOIIL Y-27632 diminis hed the b<e a! pho phorylation of pi25''"K and almost abolished VEGFinduced phos phorylation of p 125FAK

1 also investigated the effecl~ of Y-27632 on VEGFPretreatment with Y-27632 at 10 J.Lmoi!L

induced activation of SAPKIJNKs and p38MAPK .

dimini hed the basal phosphory lation of p38MAPK (Fig. 15B) as weU

as SAPKJJNKs (Fig.

I SC) and markedly diminished VEGF-induced phosphoryla tion of both kina. es.

pJ60ROCK-inhibitor Y-27632 diminis hes adhes ion of cardiac myocvtes to the
ECM.

To determine w hether pi60ROCK really modulates adhesion of cardiac myocytes

to the ECM, I analyzed the effects of pl60ROCK- inhibitor Y-27632 oo their cell-substrate
adhes ion, using an electric cell-s ubstrate impedance sensor.
16.

Typical resu lts are s how n in Fig.

Preincubation with 10 J.Lmol/L Y-27632 ubstantially diminis hed the normalized resis tance,

which reflects the extent of cell-substrate adhes ion.

There w as no s ignificant difference in the

normalized resistance values between rh VEGF-treated and untreated groups.

VECF

o

JO 60

1111 1111

VEGF

0

JO 1,0

1111111)

anti-FAK

b

membrane

anti -rAK

untt ~a K A I P:t~~

Fig. 13.

Effect of VEGF on subcellular distribution of p 12SfAK.

After stimulatio n with 22.8 pmolil. rhVEGF fo r the indicated periods, cytosolic and
membrane fracrion s were prepared fro m card iac myocytes as described in " Materials and
Method s" , and subjected to Western analysis usin g an ti-p 125'" antibody (a and b rop pane[).
To confirm th at alma t eq ual amo unts of membrane fraction s were electrop horesed in each
reaction, the arne amounts of membrane fractions were subjected to Western analy sis using antiNa, K ATPase al subunit (isoform specific) antibody (b bouom pane[).
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Effects of VEGF on adhesion of cardiac myocytes to the ECM.

Cardiac myocytes were cultured on th e surface of ge latin -coated wells manufactured
e peciaJJy fo r measuremen t of resistance. After starvation for 24 hr , th ey were stim ulated with
rhVEGF (3 4. 2 pm oiJL). A. Typical tracing representative of 4 replicate experiments. In all o f
these ex periments, initial resistan ce wJs within the range of 5000 to 7000 ohms. To simplify the
co mpariso n, ordinate rep resents norm alized resistance defin ed as a fracti o n of th e initi al resistance
before addition of rhVEGF. B. Co mp ari son o f percentage in crease in normalized resistance at
3 hr after add ition ofrhVE GF, VEGF(+), with contro l, VEGF(-). Results shown are mean ± SD
from 4 independe nt ex perime nt s.
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15.

Effects

of

pl 60ROCK-specific

inhibitor

Y-27632

on

the

phosphorylation of pl2s"•\ SAPK/JNKs, and p38MAPK.
Serum starved card iac myocytes were preincubated fo r 60 min wi th or witho ut p 160ROCKspecific inhibitor Y-27632 at 10 tJ.ll10I!L, then they were stimu lated with 22.8 pmo l/1... rhV EGF for
the indicated periods.
Tyrosine phosphorylation of p 125 FAK was analyzed by
immunoprecipitation using anti- ph ospho lyrosine mAb (PY20) followed by Western blotting with
an ti-p 125"'" antibody (A). VEGF-induced pho sphorylation of p38MAPK was analyzed u ing an
anti-phospho-specific p38MAPK (Tyrl82) antibody (B rop panel) or a phosp horylation-state
independent anti-p38MAPK an tibody (B botcom panel) . Ph osp ho ry lation of SAPK/JNKs was
analyzed using an anti-p hospho-specific SAPK (Thr l 83!ryrl85) antibody (C top panel) or a
phosphorylation-state independen t an ti-SAPK antibody (C bottom panel).
Arrows indjcate
positions of p 125''"' (A). p38MAPK (B), or SAPK/JNKs (C).
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Fig. 16 .
Effects of p160ROCK-specific inhibitor Y-27632 on adhesion of
cardiac myocytes to the ECM.
Card iac myocy tes were culw red on the surface of gelatin -coated we!J manufactured
espec ially for measurement of resistance. After starvation for 24 hr, they '"""'" preincubaied with
I 0 ~moi/L Y-27632 fo r 60 min , and then st imulated with rhVEGF (34.2 pmo i/L) . Typical
tracing representati ve of 4 replicate experi ments was shown. Ordinate represents normalized
resistance expressed as a fraction of the initial resistance before addition of rhVEGF.
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Discussion
Evidence has accumulated that VEGF is expres. ed in the heart tis ue, and its expression is
markedly increased in response to hypoxia (6, 7. 82).

I demonstrated for the first time that

cardiac myocytes rapidly secreted VEGF in re ponse to hypoxia .
The biological effects of VEGF are mediated by specific cell surface recepwrs.
known to bind with high affinity to 2 structurally related tyrosine
72) and KDRJF!k-1 (73 , 74).

kina~e

VEGF is

receptors, Flt- 1 (71 ,

Studies on signal transduction from Flt-1 and KDR showed that

these 2 receptor tyrosine kinase.~ have different signal transduction propetties (83, 84).

It was

reported that KDR-expressing cells s howed striking changes in cell morphology, actin
reorganization and membrane ruffling, chemotaxis and mitogenicity on VEGF stimulation.
whereas Flt-1-expressing cells lacked such responses in a cultured human umbilical vein
endothelial cell population (83).

l confirmed by Western blot analysis that KDR/Flk-1 as well

as Fit- I was expressed in the cultured cardiac myocyte.> and that KDR/Flk-1 was significantly
tyrosine phosphorylated on VEGF ·timulation, whereas Fit-! was not.

lL has been reported

that KDR is autophosphorylated much more efficiently than Fil-l in respon e to VEGF, on the
basis of a compari. on between Flt-1-tTansfected porcine aortic endothelial cell
transfected one;; (83).

and KDR-

By analogy, it is pos ible that detectable tyrosine pho phorylation was

not induced for Fit-! protein in response to VEGF in cardiac myocytes at least at the
concentration used in this
phosphorylated.

tudy, although KDR/Fik-1 protein was efficiently tyrosine

It might also in part reflect the difference in the sensitivity between the anti-

KDR/Flk-1 antibody and the anti-Flt-1 antibody used in the present

tudy.

These results

suggest that the VEGF-induced signaling pathway may be more dependent on KDR/Flk-1. than
Flt-1 or that it requires formation of heterodin1eric complexe.5 between KDR and Flt-1.

To

clarify which of the 2 receptor tyrosine kinases (or both) mediates VEGF-induced activation in
cardiac myocytes, further investigation is needed.
pl25FAK is a widely expressed nonreceptor protein-tyrosine kinase that localizes to focal
adhesion structures.

pl25PAK is thought to be one of the key elements in the

ignal

transduction pathway underlying change in cell behavior induced by djver e stimuli, including
integrin engagement, oncogenic transformation , several neuropeptides, and growth factors (12,
14-18).

It was s hown that tyrosine-phosphorylated ppl25FAK directly interacts with pp60,."

and pp59'l" as one of their major substrates (64, 85).

Indeed , tyrosine phosphorylation of

p l25FAK by Src-family kinases has been shown to be directly con·eJated with increased protein
tyrosine kinase activity, which is an important step in the formation of an active signaling
complex (12).

Paxillin is a cytoskeletal protein involved in actin-membrane attachment at sites
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of cell adhesion to the ECM, which has also been demonsrrated to be one of the major
substrates of pp60"''" in Rous arcoma viru -u·ansforrned cells as pl2s'•" (86).

lt becomes

tyrosine-phosphorylated concomitantly with p l2S"AK in response to multiple stimuli, including
uJtegrin-roediated cell adhesion, several neuropeptides and growth factors (87-89).
ln the present study, l have shown that hypoxia induce· activation of p J25PAK. which is
inhibited by neutralization of VEGF.

In addition, exogenous VEGF induced activation of

p l25FAK with sunilar time course a~ hypoxia, which suggests that VEGF mediates hypoxiainduced activation of pl25 1'AK.

Altl10ugh the time cour. es of the change in tyrosine

phosphorylation and the activation of the kinase activity in response to VEG F stimulation were
similar, the extent of pl25"AK activation seemed to be s maller than that expected from the
increase in its tyrosine phosphorylation.

TI1e kinase activity assayed with exogenous substrate

poly(Giu-Tyr) reflected only the ability to phosphorylate downstream s ubstrates, including
other k:inases .

On the other hand , tyrosine phosphorylation of p 125""" results not only from

autophospborylation but also from phosphory lation by other up tream protein kinases,
including Src family kinases (64, 85).

TI1e contribution from the latter might be relatively

large compared with that from the fom1er.

This may be the reason for the discrepancy

between the extent of its activation measured with the exogenous su bstrate and tyrosine
pho pborylation.
l also s howed that VEGP timulated tyrosine phosphorylation of paxillin, and that VEGFinduced tyros ine phosphorylation of p l25"''K was inhibited at least partially by tyrosine kinase
inhibitors , genistein and tyrphostin.

Moreover. VEGF caused increased associ<ltion of

p125'"'" with pp60''"' concomitantly with increased tyrosine pho pborylalion of p 125"AJ'.
Recently, Abedi and Zachary (19) have reponed that VEGF induces tyrosine phosphory lation
of pi25"AK and paxillin in endothelial cells, suggestu1g that they are components in a VEGPstimulated s ignaling pathway.

My results indicate that tyrosine phosphorylation of p 125FAK

and paxilli.n is also a prut of the signal rransduction by VEGF in cardiac myocytes as in
endothelial cells, resu lting in organization of the cytoskeleton.

Tyrosine k.inases, especially

p60''"' might take some part in VEGF-induced tyro ine phosphorylation and activation of
p l25r-AK in cardiac myocytes .
Transduction of various mitogenic signal. from the ceU membrane to the nucleus involves
the adapter proteins She and GRB2, which mediate activation of the Ras/MAPK pathway (9092).

She i an immediate sub trate of receptor tyro ine kinase and serves to physically link

activated receptors to downstream signaling

component~

(93 , 94).

GRB2 is a ubiquitously

expressed 24 k:D'a mammalian protein , which directly binds autopbosphorylated tyrosine kinase
receptors as well as phosphorylated She proteins and p 125FAK through its S H2 domain (90, 91,
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95, 96).

VEGF was reported to induce association of KDR with She and GRB2, leading to

activation of Raf-1/MEK/MAPK pathway in porcine aortic endothelial cell

overexpressing

It has also been demonstrated that adhesion of fibroblasts to iibronectin promotes

KDR (97).

SH2-domain-med iated association of GRB2 and p60''"' with p 125"AK in vi1·o, resu lting in
activation of MAPK (95).
was

In cardiac myocytes . the tyrosine kinase-Shc-GRB2-Sos pathway

hown to be involved in s ignal transduction from Gq protein-coupled angiotensin 11

receptor to activation of p21 '"' (98).

ln the present study , l demonstrated VEGF induced

association of p 125FAK with GRB2 and She, occurring concomitantly with increased tyrosine
phosphorylation of pl25FAK_

This strongly

uggests that VEGF induces fom1ation of

signaling complex con ·isted of p125FAK, GRB2, She. p60"'"·, and paxillin in cardiac myocytes,
which links activated VEGF receptors (VEGF-Rs) to downstream . ignaling components (see
Fig. 17).
Furthennore, the immunocytochemical study demonstrated that VEGF stimulation
significanUy altered the subcellular localization of pi25FAK from the perinuclear region to the
peripheral cytoplasm and increased accumulation of p 125M< in U1e patchy arrowhead-like
structures at the peripheral cytoplasm (ie, focal adhesions) in cardiac myocyres as well as in
fibroblasts.

In addition, I confirmed quantitatively by Western analy i. that the amount of

pl25FAK in the membrane-rich fraction significantly increased in response to VEGF.

These

results indicate tl1at pJ 25FAK tran. locates to focal adhesion

Taken

in response to VEG F.

together, VEGF causes activation as well as subceiJular translocation of pi25 "A" to focal
adhesions, where it works .

Activation and accumulation of p 125 1'"" i.n focal adhesions

strongly s uggests tl1at adhesive interaction between cardiac myocytes and ECM may be
strengthened in response to VEGF.

Usi.ng an electric cell-substrate impedance ensor,

confirmed tl1at VEGF really strengthened adhesion between cardiac myocytes and ECM.
Recently , several direct target

molecule~

of Rho were isolated (46-52).

Among them,

pl60ROCK and ROKa.!Rbo-kinase/ROCK-11 bas been suggested to mediate the effecLs of Rho
on the formation of focal adhesions and stress fibers through regulation of actomyosin system
(53-55) .

l demonstrated thar pl60ROCK-specific inhibitor Y-27632 dimin ished the basal

phosphorylation of pl25"AK and almost abolished its phosphorylation i.n response to VEGF.
Consistently, Y-27632 s ubstantially diminished the cell-substrate adhesion and abolished its
increase in response to VEGF.

The extent of Y-27632-i.nduced decrease in cell-substrate

adhesion was much larger than tl1at of VEGF-induced increase.

The reason may be that

almost full attachment to the ECM was already achieved i.n basal condition and tl1ere was left
little room to be strengthened.

These

resull~

sugge r tl1at Rho/p 160ROCK play a critically

important role in VEGF-induced signaling cascades leading to strengthening ceU-sub trate
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adhesion.
p38MAPK and SAPK/JNKs participate in cell ular respo nses to mitogenic stimuli,
environmen tal stresses and apoptotic agent~ (24).

VEGF was reported to induce activation of

both p38MAPK (99) and SAPK/JNK (100, LOl) in endothelial cells.

In a human bone

marrow endothelial cell line. VEGF was shown to phosphorylate and activate RAFTK (related
adhesion focal tyrosine kinase), the second member of the focal adhesion kinase fami ly, and
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SAPKIJNK ( I02).

[t has also been reported that a number of growth factors including VEGF,

basic fibrobla r growth factor, and VEGF-relat.ed protein (VRP), the ligand for the FLT-4
receptor. induce phosphorylation ;md acti ation of RAFTK. leading to activation of SAPK/J NK
in Kaposi's sarcoma cells (103).

ln myocardial cells. p38MAPK has been demonstrated to

play an important role in ul -adrenergic receptor-mediated hypertrophic growth ( 104).
ln this study, 1 demons trated that VEGF activated both SAPK/JNK and p38MAPK in
cultured rat cardiac myocytes, res ulting in activation of ATF-2, the downstream transcription
facto r, while SAPK/JNKs were activated more markedly than p38MAP K.

It was reported

that VEGF-induced activation of p38MAPK in endothelial cells led to activation o r MAP kinase
activated protein kinase-2/3 , fo llowed by phosphorylation of the F-actin polymerization
modu lator, heat shockprotein 27, resulting in formation of stress iibers, recruitment of vincuiin
to focal adhesions, and increased cell migration (99).

VEGF-activated p38MAPK might play

similar role. in actin reorganization in cardiac myocytes as in endothelial cell s.
The activation cascades for SAPK/JNK and p38MAPK are still not defined (40, 102, 103).
It has been known that constitutively activated Rae and Cdc42 but not RIJOA regulate the activity
ofS APK/JNK and p38MAPK in some cell Jines (36. 105).

In a human kidney epithelial cell

line, however, Cdc42 and Rho, bu t not Rae and Ras can induce activation of SAPK/JNKs
(I 06).

In cultured vascular endothelial cells, shear ~ tress was shown to induce tran location

of Cdc42 and Rho from cytosol to membrane, leading to activation of SAP K/JN K, fo.Uowed by
ceU alignment and stress fiber fonnation , which were inhibited by dominant-negative mutants of
Rho and p!60ROCK, but not by the dominant-negative mutant of Cdc42 ( 107).

In endothelial

cells, ICAM-1 cross-lin king caused activation of Rho, followed by activation of SAPK/JNK
and tyrosine phosphorylation of pl25PAK and pax illin ( l 08).

These di crepancies among

different cell species might be attributed to the diversity of target molecules for s mall GTPbinding proteins and their tissue specific disuibution.

In cardiac royocytes, it was reported

tlJatRho and Rho kina~e as well as SAPK/JNK and p38MAPK were required for Guq and uladrenergic receptor-mediated byperu·ophic gene express ion (56-59), suggesting po ible link
among them.

In this study, l demon. trated that p160ROCK -specific inhibitor Y-27632

diminis hed the basal phosphorylation of SAPK/JNK

a~

well as that of p38MAPK and almost

abolis hed VEGF-induced phosphorylation of both kinases.

These results s uggest that

Rbo/pl60ROCK may be ups tream in the VEGF-induced SAPK/JNK and p38MAPK cascades

in cardiac myocytes.
study .

Fig. 17 shows possible signaling cascades which were suggested by this

It was reported that integrin-mediated signal transduction leading to activation of

SAPK/JNK was p125FAK_depedent in endothelial cells (109-11 1).

By analogy, it is poss ible

that VEGF-mediated activation of p l25 FAK in cardiac myocyte.~ may facilitate signal transduction
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to the cytoskeleton as well as to the p38MAPK or SAPK/JNK pathway.

Further

investigations is needed to determine whether signal transduction pathways from pI 60ROCK to
p38MAPK or SAPK/JNK in cardiac myocytes are pl25PAK_dependem or not.
receives signals from VEGF receptors is still not determined.

How RhoA

Ras may lie upstream of RhoA,

or some olher proteins such a phospholipase'{, protein kinase C, or nitric o"ide synthase,
which have been proved to play impon:ant roles in VEG F-induced signaling

cascade-~

in

endothelial cells, may mediate signal transduction downsu·eam to RhoA.
Tt has been noted that there is a reciprocal relationship between intercellular and cell-matrix
adhesion.

For instance, focal contacts are quite abundant in sparsely plated cells, while cell-

cell adherens junctions are predominant in den e cu ltures.

lt was also reported that integrity

and pho photyrosine content of cell-cell adherens junctions were reciprocally related to the
number and size of focal contact- in an epithelial cell line (J 12).

Regarding that cardiac

myocytes have close intercellular contacts in vivo, the in vivo ro.Jes of molecular components of
celi-ECM adhesion may be different from those in vitro, although cell-ECM adhesion is al ' o
integral in vivo for the connective tissue to provide for mechanical coupling of myocytes and
function in force distribution.

Indeed, immunofluorescent study revealed that pI 25FAK was

predominantly localized in intercalated disks in vivo heart and there were no distinct focal
adhesions as seen in cultured cells (data not shown).

In add ition, its s taining was not

igoificantly different between in nonnoKic and hypoxic hearts (data not shown).

To

investigate (urther the i11 vivo roles of pl25FAK in myocardial ischemia further snrdy u~ing adult
cardiac myocytes in long-term culture, which have been known to eKpress intercalated disks, or
pl25FAK_overexpressing or knockout mice, is needed.
In concl usion, cardiac myocytes rapidly secrete VEGF in respon. e to hypoxia and they
themselves are ooe of the target cells for VEGF.

VEGF

activate-~

several signaling

ca~cades,

including focal adhesion related kinases as well as stress-sensitive kinases, and strengthened the
adhesion of cardiac myocytes to ECM.
responses to VEGF.

The e data strongly

p 160ROCK plays a critical role in these cardiac
sugge-~t

to hypoxic stress.
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a pivotal role of VEGF in cardiac adaptation
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