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RESUMO



O estresse mecédnico € o principal fator responsavel pelos ajustes funcionais e
estruturais do miocardio em resposta a sobrecarga de trabalho. Tal estimulo determina a
ativacdo de uma intricada rede de vias de sinalizagio celulares que, por fim, culminam com
o crescimento hipertrofico de cada cardiomideito. A quinase de adesdo focal (FAK) tem
sido implicada como a principal molécula sinalizadora envolvida na resposta dos
cardiomiocitos ao estresse mecinico. No entanto, os mecanismos da ativagio da FAK pelo

estimuilo mecanico ainda ndo sio conhecidos.

No presente estudo investigamos a ativagio e distribuicio subcelular da FAK em
cardiomiocitos submetidos & sobrecarga pressora aguda, visando assim contribuir para o
melhor entendimento dos mecanismos de ativagio da FAK pelo estimulo mecénico. A
sobrecarga pressora por periodos de 3 a 60 minutos levou a fosforilacio da FAK nos seus
residuos de tirosina Tyr-397, -576/7, -861 e 925, conforme detectado pelos anticorpos
fosfoespecificos. Tal ativagdo foi paralela ao aumento da associagio FAK/Src e simultineo
aumento da atividade da Src, constatada pela fosforilagio da Tyr-418. A ativacio do
complexo FAK/Src fot ainda acompanhada pela ativagio de efetores downstream, ERK e
JNK (MAPKs), possivelmente reguladores de processos celulares vinculados a resposta

hipertrofica.

A analise por imunomicroscopia eletrdnica com anticorpos contra a FAK
demonstrou que em cardiomiocitos de ratos controle a FAK se encontrava
preferencialmente localizada junto aos costdmeros, linhas Z, discos intercalares e
filamentos do sarcdmero. Além disso, a sobrecarga pressora por periodos de 3 a 60 minutos
induziu a formac¢do de agregados da FAK juntos a estes mesmo sitios subcelulares e,
posteriormente, levou a translocag¢io da FAK para o compartimento nuclear, dado este
confirmado por fracionamento celular. Paralelamente, estudo desenvolvido em nosso
laboratério, com o emprege da metodologia de duplo hibrido em uma biblioteca de cDNA
de rato adulto na busca de novas proteinas que interagissem com a FAK, revelou que esta
guinase interage com a cauda da miosina de cadeia pesada (MHC). Este dado foi
confirmado no presente estudo em ensaios de ligagio com GST-miosina, que detectou a
interagdo FAK/MHC em extratos ventriculares de ratos controle e sobrecarregados. A
interaglo entre a FAK e a MHC se encontrava aumentada em ventriculos esquerdos obtidos

de ratos submetidos a sobrecarga hemodindmica por 10 minutos se comparada aquela dos
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ventriculos controle, mas sofreu reduco significativa em ventriculos esquerdos obtidos de
ratos submetidos a sobrecarga pressora por 60 minutos. Dados similares foram obtidos para
a FAK fosforilada em sua tirosina 397, conforme detectado com anticorpos

fosfoespecificos.

N”dé&)s resultados sugerem que a ativagio da FAK pelo estimulo mecinico pode
ocorrer junto a multiplos sitios subcelulares (costimeros, linhas Z, discos intercalares e
filamentos de miosina), os quais atuariam como verdadeiros mecanosensores em
cardiomiocitos, desempenhando importante papel na mecanotransducio de sinais
decorrente do estresse mecinico. No mais, nossos dados sugerem ainda que a FAK pode
desempenhar fun¢Ses no compartimento nuclear relacionadas & resposta hipertrofica em

cardiomiocitos submetidos ao estresse mecinico.
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ABSTRACT



Mechanical stress is the major element responsible for functional and structural
adjustments of the heart to overload. Such a stimulus activates an intricate net of cetlular
signaling pathways which, eventually, culminate with the hypertrophic growth of cardiac
myocytes. FAK has been implicated as a signaling molecule involved in the early response
of cardiac myocytes to mechanical stress. However, the mechanism of FAK activation by

mechanical stimuli is still not known,

In the present study we investigated FAK activation and subcellular distribution in
cardiac myocytes subjected to acute pressure overload in order to gain a better
understanding of the mechanisms of FAK activation by a mechanical stimulus. Pressure
overload lasting from 3 to 60 min was shown to induce FAK phosphorylation at Tyr-397, -
576/7, -861 and -925 as detected by phosphospecific antibodies. This phosphorylation was
paralleled by increased FAK/Src association and Src activity, as demonstrated by Tyr-418
phosphorylation. FAK/Src complex activation was accompanied by ERK and JUNK
activation (MAPKs), which may regulate cellular processes related to the hypertrophic

response.

Immunogold analysis with antibodies against FAK showed that in cardiac myocytes
from sham-operated rats Fak was closely associated with costameres, Z lines, intercalated
discs and sarcomeric filaments. Furthermore, pressure overioad lasting from 3 to 60 min
induced FAK to cluster at the same subcellular sites and at last translocate into the nuclei of
cardiac myocytes. The translocation to nuclei was confirmed by tissue fractioning

experiments.

A parallel study in our laboratory employed the yeast two-hybrid screening of an
adult rat c-DNA library and revealed an interaction between FAK and the C-terminal
coiled-coil region of the alpha myosin heavy chain (MHC). This finding was confirmed in
the present study by performing GST-myosin binding assays, which detected the
FAK/MHC interaction in both sham-operated and pressure overloaded left ventricles. The
FAK/MHC interaction was shown to be increased in 10 min-overioaded left ventricles as
compared to sham operated ventricles. However, a marked reduction of FAK/MHC
interaction was observed in 60 min-overloaded ventricles. Similar findings were obtained

for FAK397Y, as detected by phosphospecific antibody.

Abstract



Our data suggest that FAK activation by mechanical stimulus can occur in
association with multiple subcellular sites in cardiac myocytes {costameres, Z lines,
intercalated discs, and myosin filaments). Thus, these sites may truly act as
mechanosensors, exerting an important role in signal mechanotransduction trigged by
mechanical stress. In addition, our data suggest that FAK may have functions in the nuclear
compartment, which might be related to the hypertrophic response in cardiac myocytes

subjected to mechanical stress.
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1. INTRODUCAO



O stress mecdnico € o principal fator responsavel pelos ajustes funcionais e
estruturais do miocardio em resposta a sobrecarga de trabalho. Tal estimulo determina a
ativacdo de uma intricada rede de vias de sinalizagio celulares que, por fim, culminam com
o desencadeamento da resposta hipertrofica. O problema central na pesquisa desta 4rea esta
em decifrar os mecanismos moleculares que acoplam o estimulo mecéanico a resposta

hipertrofica.

1.1. Sobrecarga Hemodinimica e Hipertrofia Cardiaca

Sobrecargas hemodindmicas determinam respostas autorreguladoras que permitem
aoc coracio modificar seu desempenho preservando estrategicamente a homeostase
circulatéria (COOPER, 1987; OPEIE, 1997). Em resposta a aumentos agudos da carga
hemodindmica, o coragio faz uso do mecanismo de Frank-Starling para otimizar a
contragdo cardiaca (revisado por LORELL et al, 2000), enquanto outros mecanismos
celulares, especialmente neurchumorais, sdo capazes de aumentar a disponibilidade de Ca’”
para o complexo protéico responsavel pela geracio de forga, resultando no aumento da
forca de contracdio (OPEIE, 1997; LORELL et al., 2000).

A adaptac@o a aumentos fixos e prolongados da carga hemodimédmica se faz através
do crescimento hipertrofico de cada cardiomidcito, uma vez que a precoce diferenciagdo
destas células durante ¢ desenvolvimente do coragdo culmina com a perda da capacidade
de divisgo celular (CHIEN et al, 1993; revisado por LORELL et al, 2000),
impossibilitando a hiperplasia. Aparentemente, a resposta hipertrofica do cardiomibcito €
desencadeada por uma combinagdo de estimulos mecinicos e neurohumorais, incluindo a
endotelina-1 (ET) e a angiotensina-Il {Angil) (BOGOYEVITCH et al, 1994;
BOGOYYEVITCH, et al., 1996; EBLE et al, 2000; TAYLOR et al., 2000). No entanto,
independentemente do estimulo desencadeador, a resposta fenotipica do cardiomitcito €
homogénea, sendo representada pelo crescimento hipertrofico, ¢ que sugere que um
mecanismo comum e estereotipado pode ser o responsavel pelo desenvolvimento da

hipertrofia cardiaca (CHIEN, 1999; revisado por WAGNER et al., 1999).
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A resposta inicial do cardiomidcito ac aumento da carga hemodindmica inclui
alteragBes qualitativas na expressio de genes especificos e aumento quantitativo da
expressdo de proteinas estruturais ¢ envolvidas no metabolismo celular (COOPER, 1987:
VAN BILSEN & CHIEN, 1993). O primeiro grupo de genes ativados em decorréncia da
sobrecarga hemodindmica sdo os genes de resposta imediata, incluindo c-fos, c-jur, c-myc
e ergr-1, seguido da indugdo de genes fetais, incluindo a B-miosina de cadeia pesada (B~
MHC), o fator natriurético atrial (ANF) e a ot-actina esquelética e, finalmente, de genes de
expressdo constitutiva, incluindo a miosina de cadeia leve (MLC) e a actina cardiaca
(KOMURO et al., 1988; IZUMO et al., 1988; KOMURO & YAZAKI, 1993: NADRUZ et
al., 2003).

Em conjunto, as alteragdes no padrio de expressio génica em decorréncia da
sobrecarga cardiaca conferem ao cardiomidcito os elementos necessarios ao crescimento
hipertréfico. De notavel importancia, o aumento da sintese de componentes do aparato
contratil e consequente deposicio sarcomérica (revisado por SUGDEN, 2001) permitem
que os cardiomidcitos se acomodem as novas demandas de elevada capacidade contratil
(revisado por SUGDEN, 2001). Na hipertrofia concéntrica, induzida por sobrecarga
pressora, a deposigéo de sarcomeros se da preferencialmente em paralelo ao maior eixo do
cardiomidcito (revisado por SUGDEN, 2001), enquanto que na hipertrofia excéntrica,
induzida por scbrecarga de volume, tal deposigio ocorre preferencialmente em série
(revisado por SUGDEN, 2001).

O crescimento hipertréfico conjunto dos cardiomiéeitos culmina no aumento da
espessura das cAmaras cardiacas. A hipertrofia tende a reduzir o aumento na tensio da
parede das cimaras provocado pela sobrecarga hemodinamica como indicado pela relacdo
de Laplace (T=PXR/2g), cancelando o efeito do aumento na tensdo provocada pelo
aumento da pressdo ventricular, seja sistolico ou diastélico (CARO et al, 1978). Esta
relagdo indica que a tensdo € o proprio ou relaciona-se ao estimulo que sinaliza a
necessidade de hipertrofia miocardica (GUNTHER & GROSSMAN, 1979). Quando o
aumento na espessura da parede miocardica é suficiente para normalizar 0 aumento de

tensdo diz-se que a hipertrofia é compensatdria. No entanto, este processo adaptativo
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freqiientemente evolui para um estado descompensado, em que o miocardio desenvolve
véartas anomalias, incluindo dilatacBio das cdmaras, desorganizacio sarcomérica, aumento
anormal do tecido intersticial, metabolismo energético alterado e perda de cardiomiocitos,
resultando em faléncia cardiaca (KATZ, 1994). Portanto, o estresse mecéinico € um fator
critico n@o somente na determinagdo do crescimento hipertrofico em resposta a sobrecarga
hemodindmica, mas também no desencadeamento das etapas iniciais que levam a
degeneracio e morte dos cardiomiocitos, contribuindo para a deterioragio estrutural e
funcional do miocardio (KATZ, 1994; CHIEN, 1999).

1.2. Mecanotransducdo em Cardiomiocitos

Embora se saitba que a sobrecarga hemodindmica prolongada relaciona-se com o
desenvolvimento da hipertrofia cardiaca, os mecanismos moleculares que acoplam o
estimulo hipertrofico iniciado no sarcolema a reprogramagio génica no cardiomiocito ainda
sdo pouco conhecidos. Abordagens diversas acumulam evidéncias de que miltiplos

mecanismos contribuem para o desencadeamento da resposta hipertréfica.

1.2.1. Canais idnicos:

Uma das possibilidades aponta para a participacio de canais idnicos sensiveis ao
estiramento celular no processo de transdugfio do sinal. Alguns estudos indicam que a
entrada de sédio através de canais de cétions, sensiveis ao estiramento, € um pré-requisito
na resposta cardiaca ao aumento de carga (BOHELER & SCHWARTZ, 1992). Esta entrada
de sédio provoca aumento imediato da expressdo génica do trocador Na'-Ca™ (KENT et
al., 1993). No entanto, esse mecanismo parece estar mais relacionado a adaptacgio funcional
responsavel pelo aumento de forca gerada por cada cardiomidcito do que o efeito anabdlico

especifico que determina a sintese de proteinas contratels nesta célula.
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1.2.2. Fatores pardcrinos e autdcrines

Varios estudos tém demonstrado que fatores pardcrinos e autéerinos, cuja producio
pode ser estimulada pelo estresse mecénico, constituem um importante mecanismo na
sinalizagdo celular vinculada a resposta hipertrofica. Exemplos relativamente bem
conhecidos sdo os peptideos vasoativos angiotensina II e endotelina-1, capazes de induzir o
fenotipo hipertrofico em cardiomiéeitos (revisado por WAGNER et al., 1999; SUGDEN &
BOGOYEVITCH, 1996). Estes peptideos medeiam suas fungdes por meio da ativagio de
receptores transmembrana acoplados a proteina G (GPCR) que, por sua vez, determinam a
ativagiio de multiplos sistemas de mensageiros secundarios que, por fim, afetam fatores
nucleares e a regulagdo da expressdo génica (WAGNER et al, 1999). Dentre os
mensageiros secundarios, destaca-se a ativacdo da Ras, a qual pode conduzir a ativacdo da
vias de sinalizacio das MAPKSs (proteinas quinases ativadas por mitdgenos), incluindo a
rat/ERK (revisado por HEFTI et al., 1997) e a MEKK1/SEK/INK (BOGOYEVITCH et al.,

1996), as quais podem regular processos nucleares vinculados 4 resposta hipertrofica.

1.2.3. Citoesqueleto

Recentemente, estudos tém sugerido que o citoesqueleto dos cardiomidcitos pode
ser um importante elemento na transducdio de sinais relacionada ao desencadeamento da
resposta hipertrofica. Tal hipétese emergiu principalmente de uma grande variedade de
estudos em diversas 4reas de conhecimento que demonstraram a participacio do
citoesqueleto na transducio de sinais em outros tipos celulares (revisado por GIANCOTTI
& RUOSLAHTI, 1999; BERSHADSKY, & GINGER, 1999; ALENGHAT & INGBER,
2002). Dado o elevado grau de complexidade do citoesqueleto dos cardiomiéciios e o fato
deste mecanismo geral de mecanotransdugio ser o foco do presente estudo, faz-se

necessaria a sua descricio.
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1.2.3. 1. Citoesqueleto sarcomérice e extra-sarcomeérico

O musculo cardiaco ¢ constituido por cardiomidcitos, que sdo células alongadas,
separadas entre si por especializacGes da membrana conhecidas como discos intercalares.
Os cardiomidcitos caracterizam-se por apresentarem um a dois nicleos centrais e o
citoplasma preenchido por miofibrilas e mitocdndrias, responsaveis, respectivamente, pela
contraco e pelo suprimento energético necessario a contragiio. As miofibrilas estfo
distribuidas paralelamente ao maior eixo da célula e sdo compostas pela justaposicio em
série de unidades contrateis, os sarcOmeros, os quais s3o demarcados pelas linhas Z
(FIGURA 1A e B). Ao microscdpio eletrdnico, sdo visiveis as bandas A, alternadas com as
bandas I, conferindo aos cardiomidcitos aspecto estriado. A banda I é constituida de
filamentos delgados de actina ancorados na linha Z através de homodimeros de a-actinina,
B-actinina e nebulete (revisado por CLARK et al, 2002, EPSTEIN & DAVIS, 2003),
enquanto que a banda A ¢ constituida de filamentos espessos de miosina que se sobrepdem
com os filamentos delgados de actina. O centro da banda A ¢ constituido apenas por
filamentos espessos de miosina, sendo conhecido como banda H. Esta, por sua vez, ¢ ainda
bisseccionada pela linha M, cuja fungio ¢ manter os filamentos de miosina latero e
longitudinalmente alinhados (FIGURA 1A e B) (revisado por EPSTEIN & DAVIS, 2003).

Aos filamentos delgados de actina, associam-se duas proteinas filamentares, a
tropomiosina e a troponina, envolvidas na regulacio do mecanismo da contragdo do
cardiomiocito. Um terceiro sistema de filamentos é constituido pela titina, uma proteina
complexa de alto peso molecular, que se associa 4 linha Z e se estende & linha M (FIGURA
1B MARUYAMA et al., 1977, WANG et al., 1979; CLARK et al., 2002). Este sistema
desempenha importante funcdo na integridade e comprimento do sarcdmero (revisado por
GRANZIER & LABEIT, 2004).
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Banda Linha Banda Banda Linha
sarcomero
LinhaZz .-~ , .. LinhaZ
- Banda H Filamentos ~-.

/ de miosina

ies Filamentos
titina Linha M de actina

FIGURA 1 — O Sarcémero. A - fotomicrografia de sec¢io de misculo cardiaco de rato
adulto (47.260x). Observar o sarcOmero ¢ a demarcacio das bandas A, le Heaslinhas Z e
M. B — Diagrama ilustrando a miofibrila e a posicdo dos filamentos delgados ¢ espessos do
sarcOmero, bem como dos filamentos de titina. Modificado de JUNQUEIRA &
CARNEIRO, 1995 e ALBERTS et al,, 1994,
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Os cardiomideitos encontram-se fortemente ancorados 4 matriz extracelular, o que
determina um complexo acoplamente mecinico que permite a transmissdio reciproca de
forgas entre o intersticic e os cardiomidcitos (SUSSMAN et al, 2002). A adesio dos
cardiomiocitos 4 matniz extracelular ocorre por meio de regides especializadas,
denominadas costdmeros (FIGURA 2). Originalmente descritos no inicio da década de 80
(PARDO et al,, 1983a; CRAIG & PARDO, 1983b), os costimeros sdo complexos protéicos
subsarcolémicos que se distribuem periodicamente em coincidéncia com a linha Z das
miofibrilas periféricas e a estas se acoplam principalmente por meio de filamentos
intermediérios de desmina (revisado por CLARK et al., 2002). Estas estruturas permitem
que na face citoplasmatica o saredmero se conecte ao sarcolema e, na face extracelular, o
sarcolema se conecte a proteinas da matriz extracelular. Além da adesdo dos cardiomiocitos
a matriz extracelular, os costdmeros s3o responséveis pela transmissfo lateral da forga
contratil gerada nos sarcémeros (DANOWSKI et al, 1992) e ainda garantem a integridade
do sarcolema durante a contragdo (revisado por CLARK et al, 2002).

Miofibrilas

/7 ,. LinhaZ Costameros

Sarcolema Banda A

FIGURA 2 -~ Diagrama ilustrativo dos costdmeros - estruturas subsarcolémicas
distribuidas em coincidéneia com as linhas Z e que acoplam fisicamente as miofibrilas

periféricas ao sarcolema. Modificado de ERVASTI, 2003.

Além de acoplarem as miofibrilas periféricas aos costimeros, os filamentos de
desmina sdo ainda responsdveis pelo alinhamento das linhas Z de miofibrilas adjacentes,
provendo um meio pelo qual a contragio das miofibrilas individuais seja coordenada e

uniformemente transmitida aos costdmeros {revisado por CLARK et al., 2002). Tal como
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estes, as linhas Z também sfo constituidas por uma intricada rede de proteinas estruturais
(FIGURA 3), onde se associam proteinas sinalizadoras (CLARK et al., 2002},

i LinhaZ i

Telotonina/Tcap

_ tifina
c-actinina Y

Cap-Z

Miopaladina ._| Fifamento

de acting

Miopodina Filamina

FIGURA 3 - Diagrama ilustrativo da organizagio molecular dos componentes da linha Z.
Modificado de CLARK et al., 2002.

Os cardiomitcitos se unem uns aos outros por meio de jungBes especializadas
conhecidas como discos intercalares (FIGURA 4). Estas estruturas sic constituidas por
complexos juncionals, responsaveis por a0 menos trés fungdes distintas: (1) conectar os
filamentos finos de actina de células adjacentes, por meio da fascia adherens,
desempenhando fungdo andloga 3 linha Z; (2) unir fortemente uma célula a outra, por meio
de desmossomos; (3} propiciar continuidade elétrica enire cardiomidcitos vizinhos, por
meio de jun¢Bes comunicantes, permitindo assim a rapida transmissdo do potencial de acio,

necessario a contragdo cardiaca (ALBERTS et al., 1994),
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1 Disco intercalar Lirhs £

Linha Z Disco intercalar
FIGURA 4: esquema ilustrativo do disco intercalar e das jungdes especializadas que o
compdem: (1) a fascia adherens, que ancora os filamentos de actina de sarcOmeros
terminais; (2) o desmossomo, que une os cardiomidcitos adjacentes; (3) a jungdo
comunicante, que permite a passagem de fons de uma cardiomidcito para outro, facilitando
a propagacdo da despolarizacio da membrana, desencadeadora da contragio. Modificado
de JUNQUEIRA & CARNEIRQ, 1995.

Os cardiomidcitos apresentam um sistema de tibulos T, que sio invaginagdes da
membrana, que envolvem o sarcémero ao nivel das linhas Z e transmitem a despolarizagio
do sarcolema as cisternas do reticulo sarcoplasmatico, propiciando a liberacio de Cat+ e
contragdo uniforme do cardiomiécito (JUNQUEIRA & CARNEIRO, 19953,

1.2.3.2. O Citoesqueleto ¢ a Mecanotransduciio de Sinais

A idéia de que o citoesqueleto participa na mecanotransducio de sinais em
cardiomiocitos emergiu principalmente de dados obtidos em estudos realizados com outros
tipos celulares. Nestes, uma grande variedade de estudos destacou o papel desempenhado
pelas integrinas na mecanotransducio de sinais, bem como por proteinas sinalizadoras, em

especial as tirosinas quinases.
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As integrinas s30 receptores heterodiméricos transmembrana, compostos de
subunidades o e § (HYNES, 1987, GIANCOTTI & RUQSLAHTI, 1999), que se localizam
nas adesdes focais em varios tipos celulares, acoplando a matriz extracelular ao
citoesqueleto de actina. O dominio extracelular da subunidade f é responsavel pela ligacdo
com elementos da matriz extracelular, enquanto que seu dominio citoplasmatico se associa
a proteinas estruturais do citoesqueleto, incluindo a talina, c-actinina e filamina
(HORWITZ et al,, 1986, OTEY et al,, 1990, SHARMA et al., 1995), formando um elo de
ligagdo entre o citoesqueleto e a matriz extracelular (BURRIDGE et al., 1988). Apesar de
as integrinas terem sido consideradas por muito tempo apenas como moléculas adesivas,
estudos desenvolvidos nos ultimos 15 anos tém demonstrado que as integrinas sdo
receptores capazes de transmitir sinais em ambas direcdes através da membrana celular
(CLARK & BRUGGE, 1995; GIANCOTTI & RUOSLAHTI, 1999; ROSS & BORG,
2001).

Dado que as integrinas nfio apresentam atividade enzimitica, acredita-se que
mudangas conformacionais sofridas por estas quando de sua agregacdo decorrente da
ligaco a elementos da matriz extracelular sejam transmitidas a proteinas sinalizadoras
intracelulares associadas a estes sitios (revisado por GIANCOTTI & RUOSLAHTI, 1999).
A FAK ¢ tida como a principal proteina sinalizadora na mediacio da sinalizacgdo celular via
integrinas (GUAN et al, 1991; KORNBERG et al., 1992), embora também possa ser
ativada por receptores tirosina quinases e por receptores acoplados a proteina G
estimulados por fatores paracrinos como endotelina-1 e angiotensina II (EBLE et al., 2000;
SALAZAR & ROZENGURT, 2001, TORSONI et al . 2003), constituindo assim um efetor

comum a multiplas vias de sinalizacio.

A FAK € uma proteina tirosina quinase citoplasmatica, cuja estrutura apresenta
diversos dominios, permitindo que a mesma se associe a multiplos substratos e determine a
ativagdo de diversas vias de sinalizagio celulares (revisado por PETIT & THIERY, 2000).
A estrutura da FAK ¢ unica dentre as familias de proteinas tirosina quinases, sendo dividida
em trés dominios: o dominio N-terminal, o dominio quinase e o dominic C-terminal

(FIGURA 5) (SCHALLER et al, 1992; HANKS et al, 1992). O dominio N-terminal da
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FAK ¢é composto em sua maior parte pelo dominio FERM (~300aa), o qual ¢ homdlogo ao
dominio FERM encontrado na proteina banda 4.1, na familia das guinases JAX e na familia
das proteinas ERM, que iaclui & ezrina, radixina e moesina (GIRAULT et al., 1999). In
vitra, o dominio N-terminal da FAK interage com a extremidade citoplasmatica da
subunidade da integrina beta (SCHALLER et al,, 1995), porém ainda nfo ha provas de que
esta interacdo ocorra in vivo. Recentemente, ¢ papel do dominio FERM tem sido vinculado

a um mecanismo de autoinibigio da FAK (COOPER et al., 2003).

Y397 Y407 szrfsn Y861 Y925
N/

PR1 PR2

P | I l | ! | I | |

g 100 200 300 400 500 800 700 800 900 1000 aa

Figura 5: Esquema representativo da estrutura linear da FAK, mostrando seus dominios,

sitios de fosforilagdo em tirosina e sequiéncias ricas em prolina (PR1 e PR2).

O dominio C-terminal da FAK apresenta uma seqiéncia de aproximadamente
100aa designada de FAT (do inglés, Focal Adhesion Targeting) sendo esta responsavel por
direcionar a FAK 4 adesdo focal (HILDEBRAND et al, 1993; SHEN & SCHALLER,
1999} e pela associagdo com as proteinas paxilina (HILDEBRAND et al., 1995) ¢ talina
(CHEN et al., 1995). A sinalizagfo via FAK requer que esta se torne fosforilada em seus
residuos de tirosina 397, 407, 576/7, 61 e 925. O residuo de tirosina 397 é ativado por
mecanismos intra e intermoleculares de autofosforilagio (SCHALLER et al, 1994;
TOUTANT et al, 2002; KATZ et al., 2002), embora também possa ser fosforilado pela Src¢
{CALALB et al,, 1995). A autofosforilaciio da FAK resulta na formacio de um sitio de alta
afinidade para dominios SH2 de tirosina quinases da familia da Src (SCHALLER et al,
1994; XING et al, 1994) e leva ac recrutamento desta, resultando na formacdo do

complexo FAK/Src. A interagdo da FAK com a Src propicia a liberagio de mecanismos
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autoinibitdrios da Src, que entfio promove sua autofosforilagio em seu residuc de tirosina

418 (SCHALLER et al., 1999).

O residuc 397 )f)osforilado constitui ainda um sitio de ligacfo a outras proteinas
sinalizadoras, tais como a subunidade regulatéria de 85KDa da PI3K (CHEN et al., 1996), a
PLC-y (ZHANG et al., 1999), a Shc (SCHLAEPFER et al , 1998) e a Nck (GOICOECHEA
et al, 2002). A associagiio da FAK com a subunidade regulatoria de 85KDa da PI3K
aumenta a atividade desta, levando a producfio dos fosfolipidios PI (3,4)P2 e PI(3,4,5)P3,
os quais sdo capazes de interagir com a kinase Akt. Esta, por sua vez, desempenha
importante papel na inibigdc da apoptose, por meio da fosforilagio e regulagio de
componentes da maquinaria que controla a morte celular, incluindo a BAD ¢ a caspase-9
(revisado por VIVANCO ¢ SAWYERS, 2002). Neste contexto, a associagio da FAK 2
PI3K counstitui um modo pelo qual a sinaliza¢io via integrinas pode sinalizar positivamente
a sobrevivéncia celular (HANKS et al., 2003).

A fosforilagio dos demais residuos de tirosina da FAK, 407, 576/7, 861 e 925 se
da por meio da atividade da Src (CALALB et al, 1995; CALALR et al, 1996;
SCHLAEPFER & HUNTER, 1996). Os residuos de tirosina 576 e 577 se encontram no
interior do dominio quinase da FAK (FIGURA 5), e a fosforilacio destes sitios estd
envolvida na regulagio da atividade enzimatica (CALALB et al,, 1995; MAA & LIU, 1998:
OWEN et al,, 1999). Ja a fosforilag3o da tirosina 923, localizada no dominio C-terminal da
FAK, cnia sitios de ligagao para dominios SH2 de proteinas tal como a proteina adaptadora
Grb2 (SCHLAEPFER et al, 1994). Esta, por sua vez, se associa com a SOS, determinando
a ativagdo da via da Ras, que culmina com a ativa¢io da ERK, reguladora do crescimento
celular (CHARDIN e7 al, 1993; SCHL.AEPFER et al., 1994, SCHLAEPFER et al., 1998).

A fosforilagio das tirosinas 407 e 861, localizadas respectivamente nos dominios
N e C terminais da FAK, tem papel pouco conhecido. Recentemente, estudos sugeriram que
a fosforilagdo da tirosina 861 promoveria a ativagio da FAK por estimular o mecanismo

intramolecular de autofosforilacio da tirosina 397 (LEU & MAA, 2002).

Introducdo

30



O complexo FAK/Src tem como principal substrato a proteina CAS (revisado por
HANKS et al, 2003), a qual se associa, via dominios SH3, a dominios ricos em prolina
presentes na extremidade C-terminal da FAK (HARTE et al, 1996; POLTE & HANKS,
1997). Uma vez fosforilada, a CAS se associa a Crk e propicia, por exemplo, a associagio
deste complexo com proteina a DOCK 180 que estimula a troca de GDP por GTP em Rac
(HASEGAWA et al, 1996; KIYOKAWA et al, 1998). Esta, por sua vez, conduz a
ativagdo da via de sinalizacdo da JNK (BISHOP & HALL, 2000), que pode contribuir para
os mecanismos que regulam a sobrevivéncia celular (ALMEIDA et al., 2000; CHO &
KLEMKE, R. L. 2000).

Em cardiomiocitos, a primeira evidéncia em suporte a participagio do
citoesqueleto na mecanotransdugio de sinais surgiu de um estudo desenvolvido por
KUPPUSWAMY e colabores (1997), o qual demonstrou a fosforilagio da quinase Src,
simultinea a sua redistribuig@o da fracio citosolica para a fragdo citoesquelética de extratos
de ventriculos direitos de gatos, em decorréncia da sobrecarga pressora induzida por meio
da oclusdo parcial da artéria pulmonar. Posteriormente, em estudo semelhante, LASER e
colaboradores (2000) estenderam estes achados ao demonstrarem a presenga das quinases
FAK, Src e CAS, e das proteinas adaptadoras Nck e She na fragdo citoesquelética de

extratos de ventriculos direitos de gatos submetidos & sobrecarga pressora por 48h.

Paralelamente, estudos desenvolvidos em nosso laboratério demonstraram a
ativagdo de um complexo sinalizador multiprotéico, inciuindo as quinases FAK e as
proteinas Grb2, ERK, Akt e PI3K, em miocardio de ratos submetidos & sobrecarga pressora
por meio do bandeamento da aorta (FRANCHINT et al, 2000; DOMINGOS et al., 2002).
Com estes achados, este estudo apresentou fortes evidéncias de que a FAK, reguladora de
processos celulares como crescimento e sobrevivéncia em outros tipos celulares (revisado
por HANKS et al, 2003), pode também estar vinculada 4 regulaciio destes mesmos
processos celulares em cardiomiocitos submetidos ac estresse mecnico. Embora tal estudo
ndo tenba demonstrado dados da participagiio do citoesqueleto nesta sinalizacgo, presumia-
se que a formag8o deste complexo sinalizador multiprotéico ocorria junto ao citoesqueleto,

nos pontos em que se encontravam as integrinas, tal como postulado para outros tipos
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celulares. Além disso, estudo recente desenvolvido em nosso laboratério demonstrou que a
expressdo de um dominante negativo da FAK (MT-FAK) induz a diminuicio dos niveis de
expressdo do ANF, dado este indicativo de que a FAK esteja envolvida no controle da
expressdo de genes na hipertrofia (TORSONI et al., 2003).

Poucas sdo as evidéncias obtidas quanto & participacio direta das integrinas na
transdugfio de sinais relacionada ao desencadeamento da resposta hipertrofica em
cardiomiéeitos. Estudos demonstraram que a superexpressio das subunidades beta 1A e D
da integrina acarretou no aumento dos niveis de expressio do ANF em cardiomiocitos
neonatos tratados com felinefrina (ROSS et al, 1998; PHAM et al, 2000). Consistente com
isto, o bloqueio da sinalizacio celular mediada por integrinas, alcancado pela
superexpressdo de dominios citoplasmaticos livres da beta integrina 1A, resultou na
diminuigio da expressdo do ANF, inibindo a resposta hipertrofica induzida por estimulagéio
adrenérgica (ROSS et al, 1998). Embora os dados obtidos nestes estudos sejam
consistentes, os autores vinculam o papel das integrinas na resposta hipertréfica induzida
pela estimulagio adrenérgica, nio havendo mengio do papel destas quando da estimulacio

mecanica.

1.2.3.2. 1. Costéimeros

Em cardiomidcitos, as integrinas estio localizadas nos costdmeros (TERRACIO et
al, 1989; TERRACIO et al, 1991; IMANAKA-YOSHIDA ef al., 1999), os quais sfo
andlogos das adesdes focais observadas em outros tipos celulares. Suporte para este
paralelo € dado pela sua localizacio na interface célula-matriz e pela sua composicio
protéica que, além das integrinas, inclui também os componentes estruturais como a
vinculina (PARDO et al, 1983a; PARDO et al, 1983b), a talina (BELKIN et al., 1986) e a
a-actinina (revisado por BORG et al, 2000). Apesar de a similaridade, apenas
recentemente 0s costimeros passaram a ser comsiderados potenciais candidatos a
mecanosensores e sitios de regulagio de processos celulares em cardiomiécitos {(BORG et
al., 2000, ALENGHAT & INGBER, 2002; SUSSMAN et al, 2002; CLARK et al, 2002;
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EPSTEIN & DAVIS, 2003; ERVASTI, 2003; PYLE & SOLARO, 2004), tal como o fazem

as adesdes focais em outros tipos celulares.

Curiosamente, a grande maioria dos estudos que demonstram a participagio da
sinalizacdo mediada pelas integrinas e proteinas sinalizadoras em cardiomidcitos
submetidos a0 aumento de tensio ndo relaciona seus dados & estrutura do costdmero.
Apenas recentemente, dois estudos realizados em nosso laboratorio obtiveram dados
sugestivos de que os costdmeros estariam vinculados a esta sinalizacio, ao demonstrarem
evidéncias da localizagdo da FAK junto a estes sitios. Primeiramente, o estudo
desenvolvido por DOMINGOS e colaboradores (2002), com o emprego da
imunoperoxidase em secgdes histologicas de coragBes submetidos & sobrecarga
hemodindmica em sistema de Langendorff, demonstrou que a FAK apresentava-se
distribuida ao longo do sarcolema de cardiomidcitos de ratos adultos, distribuicio esta
similar aquela dos costimeros. Dados similares foram obtidos por TORSONI e
colaboradores (2003) que, em estudo com cardiomidcitos de ratos neonatos submetidos ao
estiramento, demonstraram por microscopia confocal a agregacio da FAK junto aos
miofilamentos, em um padrdo que se assemelhava & distribuiciio dos costdmeros, sendo tal
agregagdo concomitante a ativagio desta quinase constatada na analise por immunoblotting.
Contudo, a abordagem metodologica utilizada nestes estudos propiciou apenas dados
sugestivos da localizaciio da FAK junto aos costdmeros, sendo necessaria abordagens
adicionais para que se possa concluir sobre a participacio dos costimeros na

mecanotransdugio de sinais em cardiomiocitos submetidos ao estresse mecanico.

A importéncia dos costameros vem sendo ainda destacada na funcio normal do
musculo por meio de estudos que investigam as causas de uma variedade de distrofias
(COHN & CAMPBELL, 2000; BLAKE et al., 2002) e cardiomiopatias (CHIEN, 2001).
Estes estudos constataram que um grande namero de proteinas estruturais componentes dos
costimeros causa doengas musculares quando mutadas ou ausentes. Um exemplo cldssico
disto € a distrofia de Duchene, na qual a proteina distrofina truncada (PORTER et al., 1992}
resulta na desorganizagdo costamérica e perda da integridade do sarcolema (COHN &
CAMPBELL, 2000; BLAKE et al | 2002).
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Similarmente, estudos desenvolvidos por MILNER e colaboradores (1996)
demonstraram que camundongos desprovidos de filamentos de desmina, responsaveis por
ancorar O aparato contratil ac sarcolema, apresentam defeitos graves na arquitetura e
ultraestrutura do musculo cardiaco, incluindo entre outras a perda do alinhamento lateral
das miofibrilas ¢ altera¢des na ancoragem das miofibrilas ac sarcolema. Com abordagem
metodologica semelhante em estudo posterior, MILNER ¢ colaboradores (1999)
demonstraram que estes camundongos desenvolvem hipertrofia cardiaca com dilatacio
ventricular, comprometimento da fungio sistélica e, por fim, faléncia cardiaca. Além disso,
outro estudo com camundongos desprovidos da proteina MLP (de muscle related LIM
protein), envolvida na ancoragem das miofibrilas ao citoesqueleto sarcomerico, também
apresentam alteragdes na arquitetura dos cardiomidcitos, conduzindo a cardiomiopatia
dilatada (DCM) (ARBER et al., 1997).

Em conjunto, estes dados indicam que a integridade dos costimeros ¢ um requisito
fundamental no desempenho de suas fungBes e, portanto, pode ser determinante na

mecanotransducdo de sinais em cardiomiocitos.

1.2.3.2.2. Linhas 7

Recentemente, estudo desenvolvido por KOVACIC-MILIVOJEVIC e
colaboradores (2001) com analise em microscopia confocal sugeriu a localizagdo da FAK,
CAS, tensina e paxilina nas linhas Z em cardiomiécitos neonatos tratados com endotelina-
1, sugerindo que estas estruturas representem importantes sitios da transducdo de sinais em
cardiomiéeitos. No entanto, dado que neste estudo ndo foram realizadas duplas-marcagdes
de cada proteina sinalizadora com actina e/ou MHC, usualmente utilizadas na demarcacio
das bandas dos sarcomeros, o padriio de estriacio observado para a marcagio da FAK,
CAS, tensina e paxilina n&o necessariamente reflete o posicionamento das linhas Z em
cardiomitcitos. No mais, dado que este estudo empregou o tratamento com endotelina na

indugdo da resposta hipertréfica, os achados obtidos nfio permitem inferir guanto ao papel
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das linhas Z na transdugio de sinais na resposta hipertrofica induzida por estimulo

mecanico.

Ainda que os dados quanto & localizagio destas proteinas sinalizadoras junto as
linhas Z requeiram confirmacdo adicional, outras fontes est3o a favor da hipdtese de que as
linhas Z desempenham papel na mecanotransdugio de sinais em cardiomiécitos durante a
resposta hipertrdfica. Estudos mostram que as linhas Z sofrem alteragdes no formato da sua
rede de componentes quando da interac@io entre a actina ¢ miosina, sugerindo que tais
estruturas constituam mecanosensores em cardiomitcitos (GOLDSTEIN et al, 1988;
GOLDSTEIN et al,, 1989). Além disso, as linhas Z sdo sitios agregadores de imimeras
moléculas sinalizadoras de vias de transducfio de sinais, envolvidas em processos celulares
variados (BORG et al, 2000; CLARK et al, 2002; PYLE & SOLARO, 2003). Foram
identificadas nas linhas Z proteinas sinalizadoras tais como a PKC (revisado por PYLE &
SOLARO, 2004), proteinas ancoradoras da quinase PKA (PAWSON & SCOTT, 1997), a
fosfatase calcineurina (FREY et al, 2000) e o fator de transcrigio NF-AT3 (OLSON ef ol
2000}. Em adigdo, uma variedade de proteinas associadas 4 linha Z apresenta uma dindmica
distribuicdo no cardiomiocito, podendo translocar das linhas Z para outros sitios
subcelulares para transmitir sinais (revisado por Clark er al., 2002). Como exemplo,
recentes estudos sugerem que o fator de transcricBo NF-AT3 se associa s linhas Z por
meio da interagdo com a calcineurina (FIGURA 3), capaz de defosforila-lo, ativando-o e
permitindo que este se transloque para o nucleo, onde desempenha funcio como mediador
da hipertrofia cardiaca (OLSON er a/,, 2000).

Similarmente, a proteina MLP, também constituinte das linhas Z, tem sido
implicada na comunicagdo com o nicleo, j& que sua translocaglio para este compartimento
foi observada durante a progressio da hipertrofia ventricular direita induzida por
sobrecarga pressora cronica (ECARNOT-LAUBRIET et al, 2000). Sua capacidade de
interagir in vitro com o fator de transcrigio MyoD sugere que possa desempenhar um papel
na regulacio da transcrigio (KONG et al., 1997). A translocacfio de componentes das linhas
Z para o compartimento nuclear sugere que estas estruturas estejam envolvidas na

comunicagdo existente entre o citosol e o nicleo, sendo consistente com a idéia de que as
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mesmas possam desempenhar importante papel na mecanotransducio de sinais que levam

ao desencadeamento da resposta hipertrofica.

A observacio de que as linhas Z concentram uma grande quantidade de
componentes de diversas vias de sinalizaciio celulares sugerem que tais estruturas
constituam centros organizadores, capazes de integrar uma variedade de sinais bioquimicos
(GRANZIER & LABEIT, 2004; PYLE & SOLARQ, 2004). Tais centros direcionariam a
localizagdo de proteinas proximas a seus substratos (PYLE & SOLARQ, 2004), facilitando
o seu papel como mecanosensor, e possibilitando responder as alteracdes de tensio no
sarcolema (CLARK et al., 2002). Embora as especulagdes presentes na literatura favoregam
a idéia de que as linhas Z desempenhem um importante papel como mecanosensor, faltam
dados concretos da participagio destas estruturas na transdugdo de sinais induzida por

estimulo mecénico.

1.2.3.2.1. Disces Intercalares

Os discos intercalares também sfo apontados como potenciais mecanotransdutores
de sinais em cardiomiocitos (SUSSMAN et al., 2002), com base na idéia de que tais
estruturas podem ser importantes na transmissio de forgas entre os cardiomi6citos e a
matriz. Consistente com esta hipotese, KOVACIC-MILIVOJEVIC e colaboradores (2001)
demonstraram 2 localizagdo da FAK junto aos discos intercalares de cardiomiocitos de
Tatos neonatos tratados com endotelina. Similarmente, estudos desenvolvidos por YI ¢
colaboradores (2003) constataram a translocagio desta quinase para 0s discos intercalares
em cardiomidcitos de ratos espontaneamente hipertensos, sugerindo que tal translocagio
pode constituir uma etapa essencial na transducio de sinais mediada pelas integrinas em

cardiomidcitos.

A importéncia das linhas Z e dos discos intercalares na transducio de sinais foi
também sugerida por estudos que vincularam o desenvolvimento de cardiomiopatias e
faléncia cardiaca a mutagdes em componentes da linha Z, a exemplo da titina (GERULL et
al, 2002; WU et al, 2002; SATOH et al., 1999; KIMURA et al., 2001; HEIN ¢ SCHAPER,
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2002) e da MLP (ARBER et al, 1997) e componentes dos discos intercalares, como a
vinculina (OLSON et al, 2002). Tais estudos postulam que cardiomiopatias poderiam ndo
s0 se originar de alteracles na integridade das estruturas celulares, mas também do
comprometimento da sinalizagio intracelular normal, determinado pela auséncia ou nfio
funcionalidade de certas proteinas, devido a mutacio ou total ablagdo de seus genes (PYLE
& SOLARQ, 2004; SUSSMAN et al., 2002).

Os dados presentes na literatura sustentam a multiplicidade de mecanismos pelos
quais o estimulo hipertréfico pode ser transduzido em sinais bioquimicos que, por fim,
determinam a resposta hipertréfica em cardiomiocitos. Em adigfio, crescem as evidéncias
da importéncia da sinalizacio da FAK e seus efetores, bem como da participagio do
citoesqueleto na transducgfio de sinais vinculada & resposta hipertrofica em cardiomidcitos.
No entanto, boa parte dos estudos sustenta seus achados em modelos experimentais
distintos € nem sempre comparaveis, a exemplo daqueles que utilizam a cultura de
cardiomiocitos de ratos neonatos, na qual se emprega o tratamento com peptideos
vasoativos na indugdo da resposta hipertréfica. Tais estudos propiciam dados quanto
transdugdo de sinais no modelo de estimulagfo adrenérgica, porém pouco nos dizem quanto
aos mecanismos de mecanotransducdo de sinais em cardiomidcitos adultos submetidos ao
aumento de tensdo. Além disso, muitos destes estudos trazem dados pouco conclusivos, que
requerem confirmagio adicional. Assim sendo, o presente estudo pretendeu avaliar os
eventos da sinalizagdo da FAK que resultam no desencadeamento da resposta hipertréfica,
bem como descrever minuciosamente a localizacfio da FAK em cardiomiocitos de ratos
adultos submetidos & sobrecarga hemodinimica. Por meio de informagdes quanto &
ativacio e localizagio da FAK, o presente estudo se propde a inferir sobre os mecanismos
de ativagdo desta quinase, especialmente quanto a participacio do citoesqueleto em

cardiomiocitos.
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Os cbjetivos do presente estudo foram:

1. Estudar a expressdo e ativagio da quinase de adesio focal (FAK) e de efetores

downstream em miocdrdio de ratos submetido 4 sobrecarga hemodinimica aguda;,

2. Determinar a localizag8o ultraestrutural in sitw da FAK em cardiomidcitos de miocardio

de ratos submetidos 4 sobrecarga hemodinimica aguda;

3. Investigar a interagio da FAK com outras proteinas presentes nos cardiomidcitos;

Rl

4. Inferir quantos aos mecanismos de ativagiio da FAK em cardiomidcitos submetidos ao

aumento de tensio.
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3.1. Animais

Foram utilizados ratos machos, da linhagemn Wistar, pesando entre 150g a 200g,
fornecidos pele Biotério Central da UNICAMP (CEMIB).

3.2, Materiais
3.2.1. Anticorpos

Anticorpos policlonais para porgdo N-terminal da FAK (sc-557), porgdo C-terminal
da FAK, Src (sc-18), INK (sc-474), ERK 1/2 (sc-153) e monoclonais para fosfo-JNK (sc-
6254) e fosfo-ERK (sc-7383) foram adquiridos da Santa Cruz Biotechnology (Santa Cruz,
CA, EUA). Anticorpos policionais para FAK tyr-397, FAK tyr-407, FAK tyr-576/7, FAK
tyr-861, FAK tyr-925, Src tyr-418 foram obtidos da Biosource (EMD Biosciences,
Darmasdadt, Alemanha). Anticorpos contra imunoglobulina G de camundongos foram
adquiridos da Sigma Chemical Co. (St. Louis, EUA). Anticorpos contra imunoglobulina G

de coelhos conjugados a particulas de ouro 10nm foram adquiridos da Electron Microscopy
Science (Washington, PA, EUA),

3.2.2. Reagentes e sais
- Calbiochem (Darmasdadt, Alemanha)

Fosfato de sodio, fosfato monobasico de sodio, ditiotreitol, ortovanadato de sodio.
- Sigma Chemical Co. (5t. Louis, EUA).

Albumina bovina, aprotinina, acrilamida, bis-acrilamida, fluoreto de fenilmetilsulfonila
{PMSF) e paraformaldeido.

- Merck S/4 (Ind. Quim., RJ, Brasil)

Dodecil sulfato de sodio (SDS), flucreto de sodio, pirofosfato de sédio, triton X-100,

tween-20, acido etilenodiaminotetracético (EDTA), cloreto de sédio, cloreto de potassio.
- Labsynth Produtos para Laboratorio (Diadema, SP, Brasil)

Sacarose, glicerol, 4cido cloridrico, alcool etilico.
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- Electron Microscopy Sciences (Washington, PA, EUA)
Glutaraldeido, Epon 812, acetato de uranila, citrato de chumbo.
- Amersham (Piscataway, NJ, EUA)

['%°I] Proteina- A-sepharose

3.3. Métodos

“As abordagens metodologicas empregadas no presente estudo estdo esquematizadas
em fluxograma (FIGURA 6).

3.3.1. Preparacdo experimental

Os animais foram anestesiados por via intraperitoneal com pentobarbital sédico
(50mg/Kg), colocados em mesa cirurgica com temperatura controlada a 38°C, submetidos a
entubagdo orotraqueal ¢ mantidos em ventilagio espontinea em ar ambiente enriquecido
com oxigénio. Em seguida, foram submetidos 4 monitorizagio das pressBes arteriais por
meio da inser¢8o de cateteres de polietileno (PE50 — Clay Adams, Parsipany, EUA) nas
artérias carotida comum direita e femoral direita, os quais estavam acoplados a transdutores
de pressdo COBE (Arvada, CO, EUA).

O sinal da pressdo arterial captado pelo transdutor foi amplificado por um
amplificador GP4A Stemtech (Stemtech, Milwaukee, WI, USA), conectado a um conversor
analogico-digital que, por sua vez, se conectava a um computador carregado com programa
WINDAQ-PRO (DATAQ Instruments, Akron, OH, EUA). Os sinais foram gerados a uma
freqiiéncia de amostragem de 100Hz e gravados em canais individuais, obtendo-se a
monitorizagdo hemodindmica continua das artérias cardtida comum direita e da artéria
femoral direita (FIGURA 7).
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FIGURA 7 - Representagio esquematica do modelo utilizado nos experimentos i vivo.

3.3.2. Modelo de Sobrecarga Pressora

Posterior a monitorizagio das pressBes arteriais, os animais tiveram a cavidade
toracica aberta no segundo espacgo intercostal esquerdo para a colocagio de um clamp de
prata (didmetro interno de 50 um) na croca da aorta apo6s a saida do tronco braquiocefilico
e antes da saida da cardtida comum esquerda, causando diminui¢io do didmetro arterial,
aumento na resisténcia ao fluxo sanguineo e, conseqiientemente, impondo sobrecarga de
trabalho ao coragdo. Imediatamente apéds a colocagdo do clamp de prata, os animais tiveram

suas cavidades toracicas fechadas.

Foram estudados os ratos submetidos & coarctagiio aguda por periodos de tiés, dez,

trinta e sessenta minutos. Os animais submetidos 4 constrigio da aorta foram mantidos

anestesiados até o momento da coleta do cora¢o. Tais animais tiveram suas pressdes
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arteriais periodicamente monitoradas, de modo a garantir a manutengio do coracio em

condi¢do de sobrecarga pressora durante todo o periodo da preparagio experimental.

Uma vez registradas as pressdes arteriais pés-constricio da aorta, os animais foram
sacrificados com injegdo de solugfo de KCI 1M, via cnula introduzida na veia jugular.
Animais controles, submetidos a cirurgia ficticia, sem a colocagio do clamp na aorta, foram
hemodinamicamente monitorados e sacrificados tal como os animais submetidos a

constrigio aguda da aorta.

A analise dos dados obtidos na monitorizacdo hemodinadmica foi realizada nos
programas Windaq e Excel, resultando nos valores de pressio sistolica na aorta ascendente
(PSC), pressdo diastdlica na aorta ascendente (PDC), pressio média na aorta ascendente
(PAMC) e freqiiéncia cardiaca (FC), permitindo assim a exata determinagio da sobrecarga

hemodindmica imposta.

Como amimais controles ideais ao estudo, foram considerados aqueles cujas
pressdes arteriais sistolica e diastolica apresentavam valores proximos a 130 ¢ 90 mmHg,
respectivamente. Foram considerados adequados ao estudo da sobrecarga pressora os
animais que apresentavam um aumento de ao menos 30mmHg ao valor basal da pressdo
sistlica da aorta ascendente, sem que houvesse diminuigdo significativa nos niveis

pressoricos da aorta abdominal,

3.3.3. Coleta e Homogeneizagio de Miocdrdio

Nos diversos experimentos em que a expressdo, fosforilagio e associacio de
proteinas foi o objeto de estudo, os ventriculos esquerdos foram coletados ao final dos
periodos de constricdo da aorta, cortados em fragmentos menores € homogeneizados
rapidamente em aproximadamente 10 volumes de tampdo de solubilizagiio (1% Triton-X
100, 100 mmol/L Tris-HCI [pH 7.4], 100 mmol/L pircfosfato de sodio, 100 mmol/L
fluoreto de sodio, 10 mmol/L EDTA, 10 mmol/L ortovanadato de sédio, 2 mmol/L PMSF,
¢ 0.1 mg de aprotinina/ml) a 4 °C em homogenizador tipo Polytron PTA 208 (model PT
10/35; Brinkmann Instruments, Westbury, NY) operado em velocidade méaxima por 30

segundos.
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Os extratos foram centrifugados a 11000 rpm a 4 °C em centrifuga refrigerada por
20 minutos para remover o material insoliivel e o sobrenadante foi entfo utilizado para o
ensaio. A determinagio de proteina foi realizada pelo método de BRADFORD e
colaboradores (1976) utilizando-se reagentes BIO-RAD e solugho de albumina bovina
como padrdo. O sobrenadante desses tecidos foi utilizado tanto como extrato total, para
anélise da expressdo e fosforilagdo de proteinas, como para a imunoprecipitagio, a fim de

avaliar a associagio entre as proteinas.

A imunoprecipitagio foi realizada com 10ug de anticorpos primarios adicionados a
extratos ventriculares contendo 5mg de proteinas, durante 12 horas, sob agitagdo, a 4° C.
Em seguida, os extratos foram incubados com 50ul Protein A Sepharose 6 MB, por 2 horas,
a 4° C e entfo centrifugados a 11000rpm, por 20 minutos. O sobrenadante foi desprezado e
o precipitado foi submetido & lavagem por 3 vezes com tampdo de lavagem para
imunoprecipitado (T;‘is~HCl 100mM, pH 74, EDTA 1mM, Triton X-100 0,5%,

ortovanadato de sodio 2mM).

3.3.4. Analise de Proteina por immunoblotting

Os extratos totais e as proteinas precipitadas foram tratados com tampdo de
Laemmli (azul de bromofenol 0,1%, fosfato de sodio 1M pH 7.0, glicerol 50% e SDS
10%), acrescido de ditiotreitol 100mM, aquecidos em 4gua fervente por 5 minutos e
centrifugadas por 1 minuto. Apés este procedimento, ambos foram submetidos a
eletroforese em gel de SDS-poliacrilamida a 8%, 10% e 12%, em aparetho de eletroforese
miniaturado da Bio-Rad (Mini-Protean, Bio-Rad Laboratories, Richmond, Ca, EUA), a 35
miliamperes em corrente constante. A eletrotransferéncia das proteinas do gel para a
membrana de nitrocelulose foi realizada em 90 min a 120 V (constante) em aparelho
miniaturado da Bio-Rad.

Em seguida, as membranas foram incubadas em solugiio basal (10 mmol/L Tris, 150
mmol/L. NaCl, and 0.02% Tween 20), acrescida de 5% leite em pé magro, por 1 hora a
temperatura ambiente, de modo a reduzir ligagdes inespecificas dos anticorpos primarios as

proteinas. Posteriormente, as membranas foram incubadas com 10ug de anticorpos
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primérios especificos, diluidos em solucfic basal, contendo 3% de leite em pd magro, por
12 horas a 4°C. Apos lavagem por 30 minutos em solugio basal, as membranas foram
incubadas com 2 uCi de [Zzsljproteina A (30 uCv/pg) em 10 mi de solugio basal, contendo
1% de leite em po magro, por 2 horas em temperatura ambiente ¢ entfio lavadas novamente

como descrito anteriormente. A ['>°

IjProtein A ligada aos anticorpos especificos foi
detectada por auto-radigrafias em filmes Kodak XAR (Eastman Kodak, Rochester, NY,
EUA), com intensificadores Cronex Lightening Plus (Du Pont, Wilmington, DE, EUA) a -
80°C por 48-72 horas. Em se tratando de anticorpos primérios monoclonais, as membranas
foram lavadas conforme descrito acima e fez-se a incubagdo com anticorpos anti-
imunoglobulina de camundongos obtidos em coelho, seguida por nova lavagem e

incubagio com ["*’I]Proteina A.

3.3.5. Procedimento para Andlise Morfologica em Microscapia Eletronica de
Transmissdo (MET)

Apos registro das pressdes arteriais, os animais foram sacrificados em diversos
tempos pods—constricio da aorta ascendente (3, 10, 30 e 60 minutos) com injecdo de solucdo
de KCI 1M, via clnula introduzida na jugular. Animais controles, ou seja, sem a
campleamento da aorta foram monitorados e sacrificados tais como os animais submetidos

a cirurgia.

Visando a andlise ultraestrutural dos miocardios submetidos 4 sobrecarga pressora
acima, ventriculos esquerdos foram coletados nas condicBes acima relatadas, cortados em
fragmentos menores de aproximadamente 2Zmm em uma placa de petri contendo solugio
fisiologica e, imediatamente fixados em solu¢o de paraformaldeido a 2% e glutaraldeido a
3% em tampéo-fosfato de sodio 0,1M, pH 7.4. Apés aproximadamente 12 horas em solugio
fixadora, as amostras de ventriculos esquerdos foram processadas para a embebicio em
resina epoxi Epon 812 (Electron Microscopy Science, Washington, PA, EUA), de acordo

com as seguintes etapas:
- Lavagem em tampao-fosfato-salina (PBS) 0,05M, pH 7,4, durante 15min;

- Pos-fixagdo em solucdo de tetrdxido de ésmio 1%, em tampao-fosfato de sodio 0,1M,
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pH 7 4, durante 2horas, a 4°C;

- Lavagem em salina glicosada (sacarose 7,3% e NaCL 0,6% em agua destilada), durante

20min;

- Contrastagdo com solucdo de acetato de uranila 0,5% e sacarose 13,3% (em agua

destilada) durante aproximadamente 4 horas;

- Lavagem em salina glicosada (sacarose 7,3% e NaCL 0,6% em 4gua destilada), durante

20min;

- Desidratacdo em gradiente crescente de acetona (30, 50, 70, 80, 95 e 100%) durante

15min cada;

- Embebicdo em mistura de acetona e resina epoxi nas proporgdes 2:1, 1:1 e 1:2 durante 1

hora em cada ¢ embebi¢do em resina pura durante 12 horas;
- Embebic¢io final em moldes de silicone
- Polimerizacio a 60° C durante 72 horas.

Secgbes semifinas, de 500nm de espessura, foram obtidas no ultramicrotomo (Leica,
modelo Ultracut UCT) e coradas com Azul de Toluidina a 0,3% para analise prévia em
microscopio de luz. Posteriormente, secgdes ultrafinas de 70nm foram obtidas no
ultramicrétomo, com navalha de diamante, sendo coletadas em telas de cobre e contrastadas
em acetato de uranila a 2%, por 15 minutos, ¢ em citrato de chumbo a 0,5%, por 5 minutos.
As secgbes foram entfio analisadas em microscépio eletrénico de transmissioc LEQ Schott
Zeiss EM 906, Fotomicrografias foram obtidas em chapas de filmes (Kodak Electron
Microscope Film), os quais foram ampliados em papel fotografico Kodak (Kodak

Professional).

3.3.6. Procedimento para imunolocalizacdo de proteinas em Microscopia Eletrénica de

Transmissdo.
3.3.6.1. Processamento para embebicdo em LR-White

Uma vez registradas as pressdes arteriais, os animais foram sacrificados em diversos

tempos pos-constri¢do da aorta ascendente (3, 10, 30 e 60 minutos) com injecio de solugdo
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de KCI 1M, wia cinula introduzida na jugular. Animais controles, ou seja, sem a bandagem

da aorta foram monitorados e sacrificados tais como os animais submetidos 2 cirurgia.

Apds a remogdo do coragdo, os ventriculos esquerdos foram cortados em
fragmentos menores (2mm de espessura) em uma placa de petri contendo solugio
fisiologica, e imediatamente imersos em solugfio fixadora de paraformaldeido 4% e
glutaraldeido 0,1% em tampfo fosfato de sbédio salina 0,1M, de pH 74, na qual
permaneceram por 1 hora, a 4° C. Posterior & fixa¢#o, as amostras de ventriculos esquerdos

foram processadas para inclusdo em resina LR-White, conforme as etapas que se seguem:
- Lavagem em tampio fosfato-salina 0,05M, pH 7.4, por 45 minutos, a 4° C;

- Tratamento em solugdo de glicina 0,1M, durante 1 hora, a 4° C.

- Lavagem em tampdo fosfato-salina 0,05M, pH 74, por 45 minutos;

- Desidratac@io em gradiente crescente de N-N dimetiformamida 50, 70, 80, 90 e 100%,

durante 30 minutos cada, a 4° C;

- Embebi¢do em mistura de N-N dimetilformamida e resina LR-White, nas proporgdes

de 1:1, 1:2 e resina pura, durante 1 hora cada, a - 20° C;

“Embebicdo em resina pura durante 12 horas a — 20° C;

1

Inclusio realizada em cépsulas beem de fundo chato (Electron Microscopy Science,
Washington, PA, EUA)

Polimerizagdo induzida com luz ultravioleta (15 Watts) a — 20° C, por 72 2 96 horas.

* SecgOes semifinas de aproximadamente 500nm foram obtidas em ultramicrétomo
(Leica, modelo Ultracut UCT) e coradas em solugdio de Azul de toluidina 0,5%, por 1
minuto. Uma vez definida a 4rea de interesse, secgdes ultrafinas de 70-100nm de espessura

foram obtidas no ultramicrétomo, com navalha de diamante, e coletados em telas de niguel.

3.3.6.2. Imunomicroscopia eletréonica

Secgdes ultrafinas de LR-White, coletadas em telas de niguel foram lavadas em PBS

0,1M, pH 7.4, e tratadas com solu¢fio de BSA 3%/ PBS 0,1M, pH 7.4, durante 1 hora, 2
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temperatura ambiente, para bloqueio de liga¢des inespecificas do anticorpo. Em seguida, as
secgdes foram incubadas com anticorpos primérios contra as porcdes amino- e carboxi-
terminais da FAK, diluidos em BSA 1%/ PBS 0,1M, pH 8,2, na proporcio de 1-:50, durante
12 horas, em camara Umida, a 4° C. Apos este periodo, as seccdes foram lavadas em PBS
0,05M, pH 7,4, por 30 minutos e incubadas com o anticorpo secundario anti IgG de coelho,
conjugado com ouro 10nm, diluido em BSA 1%/PBS 0,1M, pH 8,2, na proporgéo de 1:20,
durante 2 horas, a temperatura ambiente. Apés nova lavagem em PBS 0,IM, pH 7,4, as
seccOes foram lavadas em agua ultrapura (Milli-Q) e secadas a temperatura ambiente, A
contrastacdo das secgdes foi realizada em acetato de uranila 2% durante 2 minutos e em
citrato de chumbo a 0,5%, por 10 segundos. As observacdes das secgBes foram realizadas
em microscopio eletrénico de transmissio LEO Schott Zeiss EM 906. Fotomicrografias
foram obtidas em chapas de filmes Kodak (Kodak Electron Microscope Film), as quais
foram ampliados em papel fotografico Kodak (Kodak Professional)

Todas as reagdes foram acompanhadas de um controle negativo em que as secgdes
ultrafinas do ventriculo esquerdo foram submetidas 4s mesmas etapas, porém com omissio
do anticorpo primario, permitindo descriminar ligagdes inespecificas do anticorpo

secundario ao tecido.

3.3.7. Ensaio de ligacdo entre proteinas

Paralelamente ao presente estudo, experimentos desenvolvidos em nosso
laboratorio (dados ainda nfio publicados) tiveram sucesso no emprego da metodologia de
duplo hibrido em leveduras na determinacdo de proteinas candidatas 3 associacio com a
FAK. Utilizando-se uma seqiiéncia codificadora do dominio N-terminal e parte do dominio
quinase da FAK como vetor isca, fez-se um screening de uma biblioteca de c¢DNAs,
obtidos de miocardio de ratos submetido & sobrecarga pressora por um periodo de 6 horas.
Como resultado do emprego desta metodologia, a proteina que demonstrou ser capaz de
interagir com a sequ€ncia da FAK apresentou alta homologia com uma sequéncia da cadeia
pesada da miosina cardiaca alfa (alpha cardiac myosin heavy chain), presente na porgao C-
terminal (cauda) desta proteina. Visando confirmar a interagio entre 3 FAK e a miosina no

presente estudo, utilizamos o ensaio de ligaciio in vitre com GST-miosina-beads.
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3.3.7.1. Obtencido da proteina hibrida GST-miosina acoplada a beads de
glutationa

“Para a obten¢80 da proteina hibrida GST-miosina acoplada a beads de glutationa, o
fragmento de ¢cDNA de miosina encontrado no duplo-hibrido foi amplificado por PCR,
inserido no vetor pGEX5X-2, que contém seqiiéncia codificadora para GST, e utilizado na
transformagdio de células competentes de E.coli. Como controle, células competentes foram

transformadas com vetor pGEX5X-2 contendo apenas a seqii€ncia codificadora para GST.

Em seguida, ambas populagles de bactérias foram crescidas separadamente e
induziu-se a expressido da GST e GST-miosina por 4 horas, a 30°C, em meio de cultura
adicionado de 0.3 mM IPTG. As bactérias foram lisadas em trés ciclos de congelamento e
descongelamento em nitrogénio liquido, obtendo-se extratos bacterianos que foram
incubados com beads de glutationa, por 3 horas a 4°C, para conjugacio destes com as
proteinas GST e GST-miosina. Posteriormente, fez-se a lavagem dos beads com tampio de
lavagem HNET (25 mM Hepes, 150 mM NaCl, 1mM EDTA, 1% TritonX-100, 100
mmol/L pirofosfato de sédio, 100 mmol/L fluoreto de sédio, 10 mmol/L EDTA, 10 mmol/L
ortovanadato de sodio, 2 mmol/L. PMSF, e 0.1 mg de aprotinina/ml), sob centrifugacéo
5000 rpm, sendo posteriormente estocados a -20°C até momento do uso em solugio HNE
(HNET sem a adi¢@io de TritonX-100) acrescida de 50% de glicerol. Amostras dos beads
foram tratadas com tampdo de Laemmli (azul de bromofenol 0,1%, fosfato de sddio 1M pH
7.0, glicerol 50% e SDS 10%), acrescido de ditiotreito]l 100mM, fervidas por 5 minutos, e
resolvidas em gel de SDS-poliacrilamida a 12% para se estimar os contetdos de GST e
GST-miosina por volume de beads, com base na concentragic do marcador de peso
molecular (FIGURA 8).
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FIGURA 8 - gel de SDS-poliacrilamida (12%) corado com Coumassie mostrando as
bandas das proteinas GST (26KDa) ¢ GST-miosina (48KDa) utilizadas nos ensaios de
ligagdo. Os conteudos de GST e GST-miosina por volume de beads foram estimados com

base na concentragdo do marcador de peso molecular.

3.3.7.2. Ensaio de ligacdo com GST-miosina-beads

Realizou-se o ensaio de ligago com a proteina hibrida GST-miosina (FIGURA 9y,
incubando-se 10ug de GST-miosina conjugados aocs beads de glutationa com 5mg de
proteinas em extratos totais de miocardio controle e submetidos sobrecarga pressora por

- periodos de dez e sessenta minutos, obtidos conforme descrito no item 3.3.3. Para controle
das ligacBes inespecificas de proteinas a proteina GST, 5mg de proteinas em extratos totais
de miocérdio foram incubados com beads de glutationa conjugados a 10ug de GST. A
incubagBo foi realizada por 12 horas, a 4°C, sendo seguida pela lavagem dos beads
associados a proteinas do extrato em tampdo de lavagem (Tris-HCI 100mM, pH 7,4, EDTA
ImM, ortovanadato de sddio 2mM) por meic de centrifugagBes sucessivas a 5000 rpm, a
4°C.

Apos lavagem, os precipitados de GST e GST-miosina foram tratados com tampéo de
Laemmii (azul de bromofenol 0,1%, fosfato de sédic 1M pH 7,0, glicerol 50% e SDS
10%), acrescido de ditiotreitol 100mM, fervidos por 5 minutos, e as amostras foram
resolvidas em gel de SDS-poliacrilamida a 8%. As proteinas foram entio transferidas para

membrana de nitrocelulose, a qual foi submetida 2 analise por immunoblotting (item 3.3.4),
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com anticorpos especificos anti-FAK (N-terminal} e anti FAK fosforilada em seu residuo
de tirosina 397 (FAK tyr-397).

beads — GST-miosina

Extrato de

Ventriculo Esquerdo Precipitado

FIGURA 9 - esquema ilustrativo do ensaio de ligag8o com a proteina quimérica GST-
miosina. Os extratos de ventriculo esquerdo foram incubados com beads-GST-miosina,
centrifugados ¢ lavados para obtenglo dos precipitados contendo as proteinas associadas a
miosina, as quais foram resolvidas em gel de SDS-poliacrilamida e submetidas a analise

por immunoblotting.

3.3.8 Fracionamenio celular

O fracionamento celular dos homogenatos cardiacos foi realizado com base em
protocolo previamente descrito (MIZUKAMI et al,, 1997). Ao final de cada periodo de
constrigdo da aorta, os ventriculos esquerdos foram homogeneizados imediatamente em 5
volumes de tamp8o de solubilizagdo (sacarose 0,32M, Tris-HCI1, pH 7.4, 10mM, EDTA
ZmM, ditiotreitol mM, pirofosfato de sédio 50mM, fluoreto de sodio 50mM, ortovanadato
de s6dio 1mM, PMSF 2mM e 0,Img/mL de aprotinina) a 4°C usando o Polytron operado a

média velecidade por 30 segundos. Os homogenatos foram centrifugados a 1000g por 10
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minutos a 4°C para a obten¢fo de precipitados contendo a fragio nuclear. O sobrenadante
foi centrifugado a 100.000g por 60 minutos a 4°C para a obtengio da fragfo citosdlica. O
precipitado contendo a fragfo nuclear foi solubilizado em tampde Triton (Triton X-100 1%,
cloreto de sodio 150mM, Tris-HCI, pH 7,4, 10mM, EDTA 1mM, pirofosfate de sodio
50mM, fluoreto de sodio SOmM, ortovanadato de sddio 1mM, PMSF 2mM e 0, 1mg/mL de
aprotinina) por 30 minutos, sob agitacio constante. A suspensio foi centrifugada a 15000g
por 30 minutos a 4°C e o extrato nuclear foi obtido do sobrenadante. As fragSes citosélica e
nuclear foram analisadas para quantificagio de proteina (BRADFORD et al., 1976) e as
proteinas desnaturadas apos adigdo de tampdo de Laemmli, seguida de aquecimento por 5

minutos a 106°C.

As proteinas das fracdes nucleares e citosdlicas foram resolvidas em gel de SDS-
poliacrilamida, transferidas para as membranas de celulose ¢ submetidas a andlise por
immunoblotting com anticorpos contra as porcdes amino- e carboxi-terminais da FAK,

conforme descrito no item 3.3 4.
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4, 1. Andlise Hemodinimico

O estudo da ativacio e distribuigio da FAK em miocardio de ratos submetidos a
sobrecarga hemodindmica requer que os animais sejam adequadamente preparados para a
condigdo experimental por meio de anestesia e constricio da aorta controladas. A
sobrecarga pressora foi induzida por meto da constricdo da aorta ascendente com a
colocagio de um clamp de prata. A afericio ¢ monitorizagio das pressdes arteriais foi
realizada através de cateteres inseridos nas artérias carotida e femoral direitas. A realizacio
de medidas da pressdo arterial no sistema arterial montante e jusante a oclusdio permitiu a
seleciio de animals que apresentavam um aumento significativo na pressio sistdlica arterial
(superior a 30 e inferior a 50mmHg), sem redu¢des significativas nos niveis presséricos da
aorta abdominal. Estes animais foram considerados ideais ao estudo nas condicdes de
sobrecarga hemodindmica (FIGURA 10). Similarmente, animais submetidos & cirurgia
ficticia, sem a colocagdo do clamp de prata, tiveram suas pressdes arteriais aferidas e
monitoradas, tendo sido, considerados ideais como controle do estudo apenas aqueles que
apresentavam niveis fisiologicos de pressdes arterials sistolica e diastdlica (valores
proximos a 130 e 90 mmHg).

Conforme demonstrado na FIGURA 114, a constrigio aguda da aorta por periodos
de trés, dez, trinta ¢ sessenta minutos, produziu um aumento de aproximadamente 40
mmHg na pressdo arterial sistélica aferida na aorta ascendente. Em contrapartida, os niveis
pressdricos na aorta abdominal de animais submetidos & sobrecarga hemodinimica nio
apresentaram alterag@es significativas quando comparados aos dos animais controle
(FIGURA 11B}).
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FIGURA 19: Exemplos de registros de pressdo arterial obtidos em experimento de

constrigéo da aorta.
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FIGURA. 11: Pressio arterial aferida na aorta ascendente (A) e abdominal (B) durante o

periodo experimental (n=10). *p<0,05.

4.2. Andlise Morfoldgica ultraestrutural de miocdrdios submetidos & sobrecarga pressora

Amostras de miocardio de ventriculos esquerdos de ratos controle e submetidos 2

sobrecarga pressora aguda, por periodos de trés, dez, trinta e sessenta minutos,
apresentando aumento na pressdo arterial sistdlica superior a 30mmHg e inferior a

50mmHtg foram adequadamente coletados, fixados e processados para embebicio e
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inclus@o em resina epdxi. Cortes ultrafinos foram coletados em telas de cobre, contrastados

e analisados em microscopio eletronico de transmissio.

A observag@o ao microscépio eletrfnico de transmissido das secgdes ultrafinas do
miocardio, submetido ou néio 2 sobrecarga pressora, mostrou que o protocolo experimental
empregado para processamento do material em resina epoxi propiciou uma boa preservagio
da histoarquitetura do miocardio da parede ventricular, permitindo a analise das
caracteristicas ultraestruturais apresentadas pelos cardiomidcitos € matriz extracelular, além

de outros tipos celulares presentes na parede ventricular.

Miocardios submetidos a sobrecarga pressora aguda, independentemente da duragdo
do estimulo pressor (3, 10, 30 e 60 minutos), ndo apresentaram diferencas ultraestruturais
significativas em seus cardiomidcitos ou na matriz extracelular quando comparados a
miocardios controle, ndo submetidos ao estimulo mecanico. Em planos de cortes
longitudinais (FIGURA 12A), os cardiomiocitos se apresentam como células cilindricas e
alongadas, com 1 a 2 nicleos centrais, e com o citoplasma repleto de miofibrilas e
mitocOndrias. As miofibrilas estdo distribuidas em paralelo ao maior eixo da célula
(FIGURA 12B), sendo cada uma delas constituida pela repeticio em série das unidades
motoras contrateis do musculo cardiaco, os sarcomeros (FIGURA 12C). Estes, por sua vez,
sdo formados por miofilamentos espessos de miosina e miofilamentos delgados de actina,
estando estes tltimos ancorados 4 linha Z. Lateralmente as miofibrilas, estio dispostas as
mitocdndrias (FIGURA 12B), que se apresentam em grande quantidade, bem como na

regido perinuclear do cardiomidcito (FIGURA 12A).
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FIGURA 12: fotomicrografias eletrdnicas de sec¢fes ultrafinas de miocardio submetido a
sobrecarga pressora por 3 min. A - estrutura tipica de um cardiomidcito em corte
longitudinal. N: nficleo; M: miofibrilas; Mit: mitocondrias; MEC: matriz extracelular
(7.730x); B - Miofibrilas (M) arranjadas em paralelo e mitocOndrias (Mit} distribuidas
lateralmente as miofibrilas (6.120x). C —~ detalhe do sarcémero, delimitado pelas linhas Z

(Z) e mitocondrias (Mit) (23.380x).
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Os cardiomioeitos apresentam estruturas denominadas de costdmeros, que
constituem 0s pontos em que o sarcolema se ancora as miofibrilas periféricas, o que ocorre
em coincidéncia com as linhas Z (FIGURA 13). Foram ainda observados os discos
intercalares (FIGURA 14), que sfo complexos juncionais localizados na interface de
cardiomiocitos adjacentes, bem como o sistema de tibulos T, o qual constitui-se de
invaginagdes do sarcolema que envolvem as miofibrilas. Ao nivel da linha Z, estes tibulos

se associam a uma cisterna do reticulo sarcoplasmatico, constituindo a diade (FIGURA 15).

Ja a matriz extracelular de miocardios submetidos ou ndio & sobrecarga pressora
aguda era caracterizada por feixes de colageno esparsos e pouco densos, sendo estes apenas

mais abundantes nas regides perivasculares (FIGURA 16).

FIGURA 13: fotomicrografia eletronica de seccdio ultrafina de miocardio submetido 2
sobrecarga pressora por 30 min. Observar os costimeros (C), distribuidos periodicamente
em coincidéncia com as linhas Z (7). Sarcolema (S), mitocondrias (Mit), matriz

extracetular (MEC) e vaso sanguineo {VS) (30.760x).
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FIGURA 14: fotomicrografia eletronica de seccfio ultrafina de miocardio submetido a
sobrecarga pressora por 30 min. Detalhe do disco intercalar (DI), em que sfo visiveis os

desmossomos (setas). Mitocondrias (Mit). (41.700x).

FIGURA 15: fotomicrografia eletrnica de secgfio ultrafina de miocdrdio submetido a
sobrecarga pressora por 30 min. Observe a diade, constituida pela cisterna do reticulo

sarcoplasmatico (RS) associada ao tGbulo t (t). Linha Z (Z); mitocdndrias (Mit) (77.080x).
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FIGURA 16: fotomicrografia eletrnica de secgfio ultrafina de miocéardio submetido 2
sobrecarga pressora por 30 min. Notar os densos feixes de coldgenos observados na matriz
extracelular (MEC) em regifio perivascular. MitocOndrias (Mit), Sarcolema (S); Vaso
sanguineo (VS) (17.960x).

4.3. Andlise por Immunoblotting

4.3.1. Expressdo e fosforilacio em tirosina da FAK em miocdrdio de ratos

submetidos G sobrecarga pressora aguda

Como etapa inicial no estudo da ativagfio e distribuicio da FAK em miocardio de
ratos submetide a sobrecarga pressora aguda, experimentos com immunoblotting foram
realizados para determinar os niveis de expressdo e fosforilagio desta quinase. Para tal,
extratos totais obtidos de ventriculos esquerdos controle ¢ submetidos a sobrecarga pressora
aguda (3, 10, 30 e 60 minutos) foram submetidos a eletroforese em gel de SDS-
poliacrilamida ¢ transferidos para membranas de nitrocelulose. As membranas foram entdo
incubadas com anticorpo policlonal contra a por¢do amino-terminal da FAK e com
anticorpos fosfo-especificos contra as formas fosforiladas da FAK em suas tirosinas 397,
407, 576/7, 861 e 925.
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Conforme demonstrado na FIGURA 17, o estimulo mecénico produz um aumento
significativo na fosforilacdo da FAK na tirosina 397, constatado pelo aumento no contetido
da FAK tyr-397 em comparacdo ao contelido encontrado para o miocardio controle. Tal
ativagdo foi obervada ja nos primeiros trés minutos decorridos do inicio da sobrecarga
pressora € se manteve elevada no miocardio de ratos submetido a sobrecarga pressora por

dez, trinta e sessenta mimztos.
Constrigdo da Aorta

c 3 10 30 60min

1B: FAK tyr-397

iB: FAK tyr-576

IB: FAK tyr-861

IB: FAK tyr-925

IB: FAK®

FIGURA 17: immunoblottings (IB) representativos da fosforilagdo da FAK (125KDa) nas
tirosinas tyr-397, tyr-576, tyr-861, tyr-925 ¢ do conteudo total de FAK em ratos controle

(C) e submetidos ao aumento de tensdo por periodos de 3 a 60 minutos.

Resultados similares foram obtidos para os residuos de tirosina 576, 861 ¢ 925 da
FAK (FIGURA 17), demonstrando que a sobrecarga pressora leva também a fosforilacdo
dos demais residuos de tirosina da FAK. Em contrapartida, a fosforilagfio na tirosina 407

ndo foi detectada nas condigdes empregadas no presente estudo.

Como demonstrado na FIGURA 17, nfo houve aumento dos niveis de expressio da
FAK, ja que se observou a expressdio de quantidades semelhantes de FAK (125KDa) no

miocardio de ratos controle e submetidos ao aumento agudo de tensdo.

4.3.2. Expressdo, fosforilacdo em tirosina e associacdo da Src em miocdrdio de

ratos submetido a sobrecarga pressora aguda

O estudo da ativagdo por fosforilagBo em tirosina da FAK se estendeu a avaliagfo

dos niveis de expressdo ¢ fosforilagfio da Src, com base em miltiplos relatos que descrevem

Resultados
89



a existéncia de um mecanismo de cooperagio mutua entre estas quinases na determinacio
da ativagdo das vias de sinalizacfo mediadas pela FAK (RUEST et al, 2001; HANKS et
al,, 2003). Com a finalidade de avaliar a associaciioc entre 2 FAK ¢ a Src, extratos totais
obtidos de ventriculos esquerdos controle ¢ submetidos a sobrecarga pressora aguda (3, 10,
30 e 60 minutos) foram submetidos a imunoprecipitagio com anticorpos contra a porcio
carboxi-terminal da FAK. As proteinas imunoprecipitadas foram entdo submetidas a
eletroforese, transferidas em membranas de nitrocelulose, as quais foram incubadas com
anticorpos policlonais contra a Src. Como representado no exemplo da FIGURA 18, a
constrigdo da aorta resultou em um aumento da associagio entre as quinases FAK e Src,
constatado pelo aumento do contetido de Src nos imunoprecipitados com FAK de extratos

obtidos de miocardios submetidos & sobrecarga pressora aguda.

Paralelamente, os niveis de expressio e fosforilacio da Src foram avaliados por
immunoblotiing com anticorpos policlonais contra a Src € com anticorpos fosfo-especificos
contra a forma fosforilada da Src em sua tirosina 418. Conforme demonstrado na FIGURA
18, o estimulo mecanico levou a um aumento significativo na fosforilagdo da Src na
tirosina 418, constatado pelo aumento no contetido de Src tyr-418 em comparagio ac
conteudo encontrado para o miocardio controle. Este aumento no nivel de fosforila¢do da
Src na tirosina 418 foi constatado jé nos primeiros trés minutos da constricio da aorta
ascendente, se mantendo praticamente inalterado nos dez minutos, porém reduzindo-se
apds os trinta e sessenta minutos que se seguiram & coarctagio da aorta. Nio houve
aumento dos niveis de expressio da Src, ja que se observaram quantidades semelhantes de
Src (60KDa) no miocardio de ratos controle e submetidos a0 aumento agudo de tensdo
(FIGURA 18).
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FIGURA 18: immunoblottings (IB} representativos da associacio entre a FAK e a Src
(60KDa), da fosforilagiio da Src em sua tirosina Tyr-418 e do contetido total de FAK em
ratos controle (C) e submetidos ao aumento de tensf3o por perfodos de 3 minutos a 60

minutos. IP: imunoprecipitado.

4.3.3. Expressdo e fosforilagdo das proteinas efetoras ERK ¢ JNK em miocdrdios

submetidos a sobrecarga pressora aguda

Os resultados descritos anteriormente demonstram que a sobrecarga pressora aguda
leva a ativag@o da FAK, bem como a um aumento da interagfio desta quinase com a Src, ¢
qual ¢ paralelo a ativac@o desta Gltima. Neste contexto, o presente estudo estendeu suas
analises para avaliar os niveis de expressio e fosforilagio das MAPKs, ERK ¢ a JNK,
proteinas efetoras que atuam em etapas finais nas vias de sinalizacdo celulares mediadas

pelas quinases FAK ¢ Src (revisado por HANKS et al, 2003).

Com tal finalidade, extratos totais obtidos de animais controles ¢ animais
submetidos a constricdo aguda da aorta (3, 10, 30 e 60 minutos) foram submetidos a
eletroforese em gel de SDS-poliacrilamida e transferidos para membranas de nitrocelulose.
As membranas foram entdo incubadas com anticorpos policlonais contra a ERK ¥ (40 ¢
42KDa}, contra a forma fosforilada da ERK (P-ERK), contra a JNK (46KDa) ¢ com
anticorpo monoclonal contra forma fosforilada da INK (P-INK).

Conforme demonstrado na FIGURA 19 A, a sobrecarga pressora produziu um
aumento significative no contelido da p-ERK, cujo pico méximo ocorreu logo nos

primeiros trés minutos pés-constrigdo da Aorta. Decorridos dez minutos de sobrecarga
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pressora, houve uma reduc¢io no conteido da p-ERK que, entfdo retornou aos seus niveis
basais ap0s trinta minutos, mantendo-se constante aos sessenta minutos pds-constrigio. No
entanto, a sobrecarga pressora aguda nd3o causou alteragBes nos niveis de expressdo da
ERK, ja que quantidades similares desta proteina foram observadas tanto para miocardio de

ratos controie quanto para aqueles submetidos ao estimulo pressor (FIGURA 19A).

A
Constrigdo da Aorta
C 3 10 30 &0min
IB: p-ERK &
IB: ERK1/2
B Constrigdo da Aorta
_ C 3 10 30 60min
iB: p~JNK
1B: JNK

FIGURA 19: Immunoblottings (IB) representativos da fosforilagiio e das quantidades totais
da ERK(A) ¢ da INK (B) em miocérdio de ratos controle (¢) e submetidos 2 sobrecarga

pressora aguda por 3 a 60 minutos.

Como demonstrado na FIGURA 19B, a sobrecarga hemodinimica levou a um
discreto aumento nc contetdo de p-JNK, o qual pode ser observado j4 nos primeiros trés
minutos decorridos do inicio do estimulo pressor. Apés dez minutos da constricdo da aorta,
o contendo de p-JNK atingiu seu nivel méximo, o qual se manteve estivel decorridos trinta
minutos de sobrecarga pressora. Em contrapartida, apds sessenta minutos, houve uma
drastica redugfio no conteado de p-JNK, que atingiu nivel inferior ao observado para o
‘miocardio controle. A sobrecarga pressora aguda ndo causou qualquer alteracsio nos niveis
de expresso da JNK, uma vez que contefidos similares desta protefna foram observados

para miocardios controle e submetidos & sobrecarga pressora (FIGURA 19B).
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4.4. Distribuicde da quinase de adesdo focal em miocdrdios controle e submetidos

a sobrecarga pressora aguda

Como etapa essencial no estudo da ativagio ¢ distribui¢do da FAK em decorréncia
da sobrecarga hemodindmica, avaliou-se a distribuic8o ultraestrutural desta quinase em
cardiomiocitos, visando ndo somente obter informacBes precisas de sua localizagio
intracelular, mas tambem inferir sobre os mecanismos determinantes de sua ativagio neste
tipo celular. Para esta finalidade, amostras de miocardio de ventriculos esquerdos de ratos
controle e submetidos & sobrecarga pressora aguda (3, 10, 30 e 60 minutos) foram
adequadamente coletadas, fixadas e processadas para embebigdo e inclusdo em resina LR-
White. Sec¢Bes ultrafinas foram coletadas em telas de niquel, submetidas a reagdo de
imunelocalizag@o com anticorpos especificos contra as por¢des amino- e carboxi-terminais

da FAK, e analisados em microscopio eletrénico de transmissdo.

As reagdes de imunolocalizagdo em que o anticorpo contra a porgio carboxi-
terminal da FAK foi empregado apresentaram um sinal de marcacio superior aquele obtido
com o emprego do anticorpo contra a por¢do amino-terminal da FAK. Por esta razio,
padronizou-se neste estudo ¢ uso do anticorpo contra a porgio carboxi-terminal da FAK
para a avaliagio da distribuicio desta quinase em cardiomidcitos submetidos ao estresse

mecdnico agudo.

Nas secgdes ultrafinas de cardiomiocitos de miocardio controle {ndo submetido a
sobrecarga pressora), particulas de ouro, indicando a presenca da proteina FAK, foram
observadas junto aos costdmeros (FIGURA 20A), ac longo dos filamentos que compdem o
sarcomero (FIGURA 20 A, B ¢ C), na linha Z (FIGURA 20 A ¢ B) ¢ ao longo dos discos
intercalares (FIGURA 20D). Foram também observadas particulas de ouro livres no

sarcoplasma.

Ja em cardiomitcitos de miocérdios submetidos a um periodo de trés minutos de
sobrecarga pressora, observou-se a notavel presenca de agregados de particulas de ouro,
associados as mesmas estruturas descritas para os cardiomiocitos em miocardio controle,
isto €, aos costdmeros (FIGURA 21A), a linha Z (FIGURA 21B e C), aos filamentos que
compBem o sarcomero (FIGURA 21B, C) ¢ aos discos intercalares (FIGURA 21D). O
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mesmo padrdo de localizagdo da FAK foi observado em cardiomidcitos de miocardios

submetidos a dez minutos de sobrecarga pressora.

Em contrapartida, cardiomicitos de miocardios submetidos a sobrecarga pressora
por periodos de trinta e sessenta minutos apresentavam agregados de particulas de ouro na
regido peri-nuclear (FIGURA 22 A, B e C) ¢ no interior do nucleo (FIGURA 22 A, B e C).
Particulas de ouro e, especialmente, agregados destas foram observados menos
freqiientemente nas estruturas prévias e, quando presentes eram, em geral, observadas em
coincidéncia com a linha Z (FIGURA 22D).

Ressalta-se que os controles negativos, ou seja, seccbes ultrafinas de miocardio nio
submetidas a incubagio com o anticorpo primério, nfio apresentaram quaisquer marcacdes
significativas, excluindo a possibilidade de marcagio inespecifica pelo anticorpo

secundario,
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4.3. Interacdo entre a FAK ¢ a Miosina de Cadeia Pesada (MHC) - Ensaio de

ligagcdo com GST-miosina

Os resultados obtidos com a analise por imunomicroscopia eletrbnica, indicando a
localizagio da FAK junto aos filamentos que compdem o sarcdmero, sugeriram que esta
quinase se associasse com algum componente destas estruturas. Simultaneamente, na
procura de novas proteinas que interagissem com a FAK, estudo desenvolvido em nosso
laboratorio com o emprego da metodologia de duplo-hibrido demonstrou que a porgio
amino-terminal da FAK se associa a uma seqiiéncia de aminoacidos, identificada como
sendo parte da porgdo C-terminal miosina de cadeia pesada, porco esta que constitui a
cauda desta molécula (dados ainda nfo publicados). Com a finalidade de se confirmar 3
associaglo entre a FAK e a miosina, bem como avaliar se esta associagdo & regulada pelo
estimulo pressor, realizou-se o ensaio de ligacio com a proteina quimérica GST-miosina.
Para tal, extratos totais de miocardios controle e submetidos a sobrecarga pressora aguda
por periodos de dez e sessenta minutos, foram incubados com beads de giutationa
conjugados a proteina quimérica GST-miosina. Apds centrifugacdio e lavagem, os
precipitados foram tratados com tampdo de Laemmli, resolvidos em gel de SDS-
poliacrilamida, transferidos para membranas de celulose e finalmente submetidos ao
immunoblotting para a FAK. Como controle de ligagdo, extratos totais de miocardio foram
submetidos a0 mesmo procedimento, porém sendo incubados com beads de glutationa
comjugados a GST. Paralelamente, extratos de miocardio controle foram submetidos a
imunoprecipitagdo com anticorpos anti-FAK e analisados por imunoblotting .com os
mesmos anticorpos (IP FAK/IB FAK) para que fosse possivel avaliar o contetido total de
FAK presente em extratos de miocardio de igual conteido protéico daqueles submetidos

aos ensaios de ligagio com GST-miosina (Smg).

Conforme a FIGURA 23A, a presenca das bandas da FAK em precipitados com
GST-miosina demonstrou a interagiio entre estas proteinas, tanto em miocérdio controle,
quanto naqueles submetidos 4 sobrecarga pressora aguda (10 e 60 minutos). No mais, a
relagdo entre o conteGido total de FAK presente em Smg de proteinas em extrato de
miocardio (IP FAK/IB FAK) (FIGURA 23 A, linha 1) e os contetidos de FAK presentes nos
precipitados de extratos de miocardio com GST-miosina (FIGURA 23A. finhas 2,3e4d
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indicou que uma fracfo significativa do conteido de FAK total ¢ direcionada aos

filamentos de miosina.

O contetido de FAK presente no precipitado de extratos de miocardio submetido a
sobrecarga pressora por dez minutos com GST-miosina (FIGURA 23A, linha 3} se mostrou
maior que aquele constatado para o miocardio controle (FIGURA 23A linha 2), nio
submetido ao estimulo pressor. No entanto, observou-se uma diminuigfo significativa no
contedo de FAK no precipitado de extratos de miocérdio submetido & sobrecarga pressora

por sessenta minutos com GST-miosina (FIGURA 23A linha 4).

1 2 3 4

IB: FAK

IB: FAK tyr-397

iB: FAK

FIGURA 23: Immunoblottings (IB) representativos dos ensaios de ligacio com as
proteinas GST-miosina (A e B) e GST (C, controle negativo). Linhas: (1) imunoprecipitado

{IP) de miocardio controle com anticorpos contra a FAK; (2) miocdrdio controle; (3)
| miocéardio submetido 4 sobrecarga pressora aguda por 10 minutos; (4) miocardio submetido

4 sobrecarga pressora aguda por 60 minutos.

Com a finalidade de se avaliar o contetido de FAK fosforilada em seu residuo 397
associado aos filamentos de miosina na condicio controle e na condigio de sobrecarga
pressora, ensaios semelhantes ao supra mencionado foram realizados, sendo
adequadamente conduzido para analise por imunoblotting com anticorpos policionais anti-
FAK tyr-397Y. Conforme demonstrado na FIGURA 23B, houve um aumento consideravel
do contetdo de FAK tyr-397 no precipitado de extrato de miocérdio submetido a
sobrecarga pressora por dez minutos com GST-miosina (FIGURA 23B, linha 3) quando
comparado aquele constatado para o miocardio controle (FIGURA 23B, linha 2), nfo
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submetido ao estimulo pressor. No entanto, observou-se uma diminuigdo significativa no
conteido de FAK tyr-397 no precipitado de extratos de miocardio submetido & sobrecarga

pressora por sessenta minutos com GST-miosina (FIFURA 23B, linha 3).

No controle do ensaio de ligagio, em que os extratos de miocardio foram incubados
apenas com 0s beads de glutationa conjugados a GST, ndo foram constatados conteados de
FAK nos precipitados de miocardio controle, e nos precipitados de miocardios submetidos
a sobrecarga pressora por dez minutos e 60 minutos (FIGURA 23C), demonstrando que a

interagio FAK e miosina € especifica.

4.6. Fracionamento celular

Os achados com o emprego da imunomicroscopia eletrénica apresentados neste
estudo demonstraram a presen¢a de FAK nos nicleos de cardiomibcitos de miocardio
submetido & sobrecarga pressora por trinta e sessenta minutos. Visando confirmar este
achado, experimentos foram realizados em que ventriculos esquerdos provenientes de
animais controles e animais submetidos & constricio da aorta por sessenta minutos foram
submetidos ao fracionamento celular para obtenglio das fracdes citosolica e nuclear. Tais
fragdes foram submetidas 4 eletroforese em gel de SDS-poliacrilamida e as proteinas
transferidas para membranas de nitrocelulose. As membranas foram entdo incubadas com

anticorpos policlonais contra as porgdes amino- e carboxi-terminais da FAK.

A exemplo da FIGURA 24A, o emprego do anticorpo contra a porgdo amino-
terminal da FAK detectou o contetido de FAK (125KDa) preferencialmente presente na
fragBo citosolica dos mibcitos cardiacos de miocardio de ratos controle, embora uma
pequena quantidade de FAK (125KDa) tenha sido constatada na fracio nuclear. Porém,
decorridos sessenta minutos da sobrecarga pressora, ocorreu uma diminui¢o significativa
do conteudo de FAK (125KDa) na fragio citosélica, sendo esta diminuigio acompanhada

de um aumento do conteudo de FAK (125KDa) na fracio nuclear.

Ainda com o emprego do anticorpo contra a porcdo amino-terminal da FAK, fot
constatada uma segunda banda, de peso melecular de aproximadamente S0KDa. Tal como
a FAK 125KDa, esta proteina foi observada preferencialmente na fragio citosolica de

miocitos cardiacos de miocérdio de ratos controle e predominantemente na fragdo nuclear
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de midcitos cardiacos de ratos submetido & sobrecarga pressora por sessenta minutos
(FIGURA 24 A).

A
C 60m
c n [+ n
IB: FAK 125KDa
{N-terminal} . ~80KDa
B C 60m
IB: FAK :
- 125KDa

(C-terminal)

FIGURA 24: Immunoblottings (IB) representativos da quantidade de FAK, costatada com
o uso de anticorpos contra a porglo amino- (A) e carboxi-terminais (B) da FAK, nas
fracBes citosolicas (c) e nucleares (n) de miocérdio de ratos controle (C) e submetidos &

sobrecarga pressora aguda por 60 minutos (60 m).

Ja o anticorpo contra a porgdo carboxi-terminal da FAK detectou o contetido da
FAK (125KDa) exclusivamente na fragdo citosélica de cardiomidcitos de miocardio de
ratos controle (FIGURA 24B). Apds sessenta minutos de sobrecarga pressora, observou-se
uma redugfo significativa do contetido da FAK (125KDa) na fracdo citosolica, paralela a
um aumento da quantidade de FAK (125KDa) na fragdo nuclear. Nio foram observadas

bandas de pesos moleculares inferiores com o uso deste anticorpo (FIGURA 24B).

Resultados
105



5. DISCUSSAO

107



No presente estudo foram realizados experimentos para avaliar a expressdo,
ativagio e distribuicio subcelular da quinase de adesdo focal (FAK) em miocardio de ratos
submetidos 4 sobrecarga pressora aguda. Demonstrou-se que: 1) a sobrecarga pressora
aguda induz a rapida ativag@io da FAK em miocardio de ratos adultos; 2) a ativagio da FAK
é acompanhada pelo aumento de sua associagao com a Src e sua conseqiente ativagio, 3} a
ativagio do complexo FAK/Src € acompanhada pela ativacio dos efetores downstream
ERK e JNK; 4) a ativagdo da FAK ocorre paralelamente a rapida agregacdo desta quinase
junto a sitios subcelulares especificos (costameros, linhas 7, discos intercalares, filamentos
do sarcémeros), potenciais candidatos a mecanosensores em cardiomidcitos; (5) a FAK se
associa & cauda da miosina de cadeia pesada (MHC); (6) a FAK transloca-se
posteriormente para o mnicleo, onde possivelmente desempenha fungdes ainda
desconhecidas na regulagBio da expressfio génica, que podem ser fundamentais no

desenvolvimento da hipertrofia cardiaca.

0O modelo experimental de sobrecarga pressora por meio da coarctac@o da aorta, tal
como empregado neste estudo, € amplamente utilizado na inducdo de sobrecarga pressora e
resposta hipertrofica do miocardio {(SCHMITT et al, 2003; TORSONI et al, 2003;
SCOPACASA et al,, 2002; FRANCHINI et al., 2000; KOMURO et al., 1988; COUGHLIN
& GIBBS, 1981; DOWELL et al, 1976). A diminuigio do didmetro da aorta causa
aumento imediato da resisténcia ao fluxo sanguineo que, por sua vez, impde carga adicional

de trabalho ao coragio.

No presente estudo, a coarctag8o da aorta produziu aumentos da presso sistdlica de
pelo menos 40 mmHg. Os valores de pressBes sistolicas nos ratos coarctados foram sempre
maiores ou iguais a 170mmHg, enquanto que os valores médios da pressdo no periodo
controle ndo foram maiores que 130 mmHg. De notavel importincia, € o fato de que tais
aumentos da pressdo sistOlica na aorta ascendente foram alcangados sem que houvesse
queda nos niveis pressoOricos da aorta descendente, indicande a preservacio da perfusio
sanguinea nos orglos abdominais e patas posteriores, A preocupacdo com estes valores teve
como base a necessidade de se controlar com a maxima precisdo possivel as condigdes
hemodindmicas basais e os aumentos da pressfio arterial induzidos pela coarctagio para
reduzir interferéncias ndo desejadas na atividade da FAK. Assim foram eliminados da

analise, resultados obtidos em ratos que apresentaram niveis basais de pressdo arterial
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elevados ou muito baixos (<110mmHg), ja que estas condigBes se acompanham de ativagio
basal da FAK. Por outro lado, o nivel absoluto de pressio sistolica atingide apos a
coarctagdo tambem foi considerado importante, porque somente aumentos relativos podem
ndo necessariamente indicar que o0s ratos se encontram em situagdes de estado
hemodindmico estavel e semelhante. Além disso, também foi importante, como
mencionado, o critério de manter a pressdo arterial A jusante da coarctacio em niveis
proximos aquele da situaghio basal, ji que a isquemia da regido abdominal provoca a
liberagio de fatores humorais que sabidamente sdo capazes de ativar a FAK, via ativagio

de receptores celulares especificos.

A andlise em microscopia eletrnica de transmissio de seccdes ultrafinas de
miocardios de ratos empregada neste estudo demonstrou, como se esperava, que nio
existem diferencas ultraestruturais evidentes entre o miocardio de ratos controle e aqueles
submetidos & sobrecarga pressora aguda por periodos de trés, dez, trinta e sessenta minutos.
Os cardiomidcitos de coragdes submetidos ao aumento agudo de tensdo apresentam as
mesmas caracteristicas morfologicas daqueles em condigio controle, preservando a
organiza¢do de suas estruturas intracelulares, as quais puderam ser facilmente identificadas.
No mais, a similaridade entre as caracteristicas morfologicas observadas no miocardio de
ratos controles ¢ daqueles submetidos & sobrecarga pressora indicou que as condigBes
propiciadas pela preparagdo do animal e processamento do material ndo interferem com a

integridade do tecido.

A FAK ¢ rapidamente ativada em decorréncia do estimulo pressor, levando a
formacéo de um complexo sinalizador multifuncional, o qual considera-se ocupar posicio
central na transdugdo e coordenacdo de respostas rapidas dos cardiomiécitos ao estresse
mecanico. No presente estudo nos mostramos dados quanto a fosforilagio em tirosina da
FAK e sua distribuigio celular junto a sitios intracelulares especificos, propiciando avango

no entendimento nos mecanismos de sua ativagic por forcas mecénicas em cardiomiocitos.

Com o emprego de anticorpos desenhados diretamente a sitios de tirosina
especificos da FAK e da Src, nds confirmamos nossas demonstragdes prévias de que a

sobrecarga pressora aguda induz a rapida ativagiio do complexo sinalizador FAK/Src
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(FRANCHINI et al,, 2000), ¢ estendemos estes resultados ao demonstrarmos a fosforilagéo
dos residuos de tirosina tyr- 397, 576/577, 861 ¢ 925 da FAK.

Os achados neste estudo quanto a autofosforilagdo da FAK em sua tirosina 397,
concomitante ao aumento de sua associacio com a Src e ativagdo desta em sua tirosina 418,
seguida ainda pela fosforilagio das tirosinas 576/7, 861 e 925 da FAK, estio de acordo com
o modelo proposto para a ativagio do complexo da FAK em outros tipos celulares.
Segundo este modelo, a autofosforilagdo da FAK determina sua habilidade de interagir com
dominios SH2 das tirosinas quinases da familia da Src e esta interagio promove a atividade
1999), permitindo que esta quinase se autofosforile em seu residuo de tirosina 418. Uma
vez ativada, a Src promove a fosforilac8o dos demais residuos de tirosina da FAK (397,
407, 576/7, 861 e 925) (CALALB et al,, 1995; CALALB et al., 1996, SCHLAEPFER &
HUNTER, 1996). Consistente com isto, nos demonstramos previamente que a ativagdo do
complexo FAK/Src pelo estimulo mecinico em cardiomidcitos € estritamente dependente
da fosforilagdo da FAK em seu residuo de tirosina 397 (TORSONI et al., 2003). Além
disso, estudo desenvolvido em nosso laboratorio por DOMINGOS e colaboradores (2002),
em coragdes submetidos a sobrecarga hemodindmica em sistema de Langendorff,
demonstrou que o estiramento leva nfio apenas a ativagdo da FAK e da ERK, mas também a

associagdo entre estas proteinas.

A fosforilagdo dos residuos adicionais suporta a idéia de que a FAK pode
desempenhar um papel como proteina adaptadora, favorecendo a associagBo com outras
proteinas sinalizadoras relacionadas & ativacio de vias de sinalizagio downstream
envolvidas em multiplas fungbes celulares (PETIT ¢ THIERY, 2000). A fosforilagio do
residuo de tirosina 397 ndic somente inicia a cooperagio com a Src, mas parece ser
importante para o recrutamento de outras proteinas contendo dominios SH2, incluindo a
PL.C-gama, a subunidade de 85KDa da PI3K e as proteinas adaptadoras She e Nick (CHEN
et al., 1996; ZHANG et al.,, 1999; SCHLAEPFER et al., 1998; GOICOECHEA et al, 2002).
Condizente com isto, estudos desenvolvidos em nosse laboratdrio demonstraram
previamente que a sobrecarga pressora induz um rapido aumento da associagiio da FAK
com 2 subunidade de 85KDa da PI3 K, e conseqliente aumento da ativagio da Akt,

indicando que a fosforilagio adicional da FAK pode estar envolvida na regulagio da
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sobrevivéncia dos cardiomibcitos em resposta ao estresse mecinico (FRANCHINI et al,
2000).

Em adig8o, a fosforilagdo da tirosina 397, bem como da 925, cria sitios de hgagéo
para o complexo Grb2-SOS (SCHILAEPFER et al., 1994), constituindo a conexdo entre
tirosina quinases € a via de sinaliza¢go das MAPK (CHARDIN et al., 1993; SCHLAEPFER
et al, 1994; SCHLAEPFER et al, 1998). Condizente com isto, o presente estudo
demonstrou em miocardio de ratos a fosforilagio da FAK em seu residuo de tirosina 925
paralela a ativagio da ERK em resposta ao estimulo pressor ¢ estudos prévios em nosso
laboratdrio ja haviam demonstrado o aumento da associagio entre a FAK e a Grb2, sendo
esta simultinea 4 ativagio da ERK (FRANCHINI et al., 2000).

Além da ativagio da ERK, o complexo FAK/Src est4 ainda vinculado 3 ativacio da
INK. Em outros tipos celulares, a ativacio da JNK decorre da capacidade do complexo
FAK/Src de ativar a proteina CAS que, por sua vez, se associa as proteinas CRK e
DOCKI80, levando a ativagio da Rac 1 e consequantemente da JNK (BISHOP e HALL,
2000). Condizente com isto, o presente estudo demonstrou em miocardio de ratos que a
ativagdo da FAK e Src, e consequente formagio do complexo FAK/Sr¢, sio eventos

paralelos a ativagio da JNK em decorréncia do estimulo pressor.

Embora em outros tipos celulares a funcio das MAPKs seja vinculada a regulacio
da expressio de genes que controlam processos celulares tais como diferenciagéo,
crescimento e sobrevivéncia (MARSHALL, 1995; COBB, 1999), os eventos celulares
regulados pela ativago precoce das MAPKs em cardiomi6citos em decorréncia do estresse
mecanico ainda permanecem pouco conhecidos. Até o presente momento, sabe-se que as
MAPKs, ERK e INK atuam sobre os fatores de transcrigio Elkl e c-Jun, respectivamente,
levando a fosforilagdo de seus dominios de transativaciio e, conseqiientemente, aumentando
a capacidade destes de estimular a transcrigio génica (COHEN, 1997, SUGDEN &
CLERK, 1998). Assim sendo, a ativagio das MAPKs pode estar associada 3 regulacio da
expressdo de genes de resposta imediata (c-fos, c-jun e egr-1), a qual se encontra
rapidamente ¢ transientemente aumnentada em miocardio e em cardiomidcitos isolados
submetidos ao estresse mecanico (FRANCHINI et al, 2000}. No mais, algumas evidéncias

sugerem que a rapida ativagio da ERK poderia contribuir para a re-expressfio de genes

Discuss@o

i1z



fetats, tais como ANF, B-miosina de cadeia pesada, e o-actina (THORBURN et al, 1994).
Neste contexto, € plausivel presumir que as MAPKSs sejam responsaveis, pelo menos em
parte, pelas alteragdes qualitativas e quantitativas da expressioc génica que antecedem o

desenvolvimento da hipertrofia cardiaca decorrente do estresse mecanico (revisado por
SUSSMAN et al., 2002).

Embora se conhecam razoavelmente os eventos subsequentes & ativagio da FAK
nas vias de sinalizago celulares envolvidas no desenvolvimento da hipertrofia cardiaca,
pouco se sabe sobre os mecanismos que ditam a ativagiio desta quinase em cardiomiOcitos.
Neste contexto, no presente estudo empregamos a analise minuciosa da distribui¢iio da
FAKX em miocardio de ratos controle e submetido a sobrecarga pressora visando, por meio
de informagBes quanto & localizaglic subcelular desta quinase, contribuir para a
determinagdo dos mecanismos de sinaliza¢do da FAK. Com o emprego da microscopia
eletrdnica demonstramos que, paralela a ativagio da FAK em seus multiplos residuos de
tirosina, a sobrecarga cardiaca induz também a alteragBes no padrio de distribuicio desta
quinase em cardiomiocitos, consistente com sua translocagdio subcelular induzida pelo
estresse mecdnico. A marcaciio da FAK em midcitos cardiacos de coragdes controle foi
predominantemente observada junto ao citoesqueleto dos cardiomidcitos, mais
precisamente junto aos filamentos dos sarcémeros, linhas Z, costdmeros e discos
intercalares. Frente ao estimulo pressor agudo, o comportamento da FAK quanto a sua
localizagio subcelular pode ser considerado como sendo bifasico (FIGURA 25). Em uma
fase inicial, imediatamente apds a inducfio da sobrecarga pressora (3 e 10 minutos), as
moléculas de FAK se agregam junto aos mesmos sitios subcelulares aos quais tal quinase se
encontrava associada na auséncia do estimulo pressor. J4 em uma fase posterior (30 e 60
minutos), os agregados da FAK sdo translocados para o compartimento nuclear ¢ poucas
moléculas de FAK permanecem associadas as estruturas anteriores, indicando que o

estresse mecénico induz a translocagio da FAK de sitios citoplasmaticos para o nucleo.
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A atividade e a fosforilagdo da FAK se mantiveram inalteradas no periodo que
compreende 3 a 60 minutos de sobrecarga pressora, indicando que a translocacio da FAK
para estruturas celulares nos cardiomiocitos ocorre apos a FAK ser ativada em resposta ao
estimulo mecanico. Em adig8o, nosso presente estudo fortalece a idéia de que a agregagio
de moléculas da FAK ¢ uma importante etapa na ativacio da FAK e na sinalizaciio em
resposta ao estresse mecanico em cardiomiécitos. E plausivel supor que a formagdo dos
agregados resulte do recrutamento de moléculas de FAK adicionais as quais, dada a
proximidade molecular, seriam ativadas pela propria FAK (SCHALLER et al, 1994;
TOUTANT et al, 2002; KATZ et al, 2002) ou pela Src (CALALB et al, 1995),
resultando na ampiificagio do sinal inicial.

A localizagfio da FAK junto aos costdmeros, filamentos dos sarcOmeros, linhas Z e
discos intercalares e, especialmente, a agregago desta quinase juntos a estes mesmos sitios
subcelulares concomitante a sua ativagio nos minutos iniciais ao estimulo pressor sugerem
que tais sitios possam desempenhar papel como mecanosensores em cardiomiocitos,
decodificando sinais mecdnicos em sinais bioquimicos, por meio da ativagdo de proteinas
sinalizadoras intracelulares. Estas, por sua vez, culminariam com o desencadeamento da
resposta hipertrofica, necessaria & adaptagdo cardiaca & sobrecarga de trabalho imposta.
Além disso, estes resultados apontam a FAK como sendo um elemento crucial na
mecanotransducio em cardiomidcitos submetidos ao aumento de tensio.

A precisa localizagio da FAK junto aos costdmeros, tal como demonstrada neste
estudo, estd de acordo com os poucos estudos presentes na literatura que obtiveram
evidéncias da localizagfio da FAK junto aos costdmeros em cardiomidcitos isolados de
neonatos, por meioc da microscopia confocal (TORSONI et al., 2003) e em cardiomibcitos
adultos em secgdes histologicas processadas para imunoperoxidase (DOMINGOS et al,
2002). Em conjunto, estes dados fortalecem a hipotese de que os costdmeros sdo analogos
as adesOes focais observadas in vifro para células em cultura (BORG ef al, 2000,
ALENGHAT & INGER, 2002; SUSSMAN et al, 2002; EPSTEIN & DAVIS, 2003,
ERVASTI, 2003; PYLE & SOLARO, 2004), e que desempenham importante papel na
mecanotransdu¢do e desencadeamento da resposta hipertrofica em cardiomiéeitos

submetidos ao aumento de tensio.
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Similarmente, o achado quanto a localizagdo da FAK junto aos discos intercalares
neste estudo estd de acordo com recentes estudos que constataram a FAK nestes sitios em
cardiomiocitos neonatos tratados com endotelina (KOVACIC-MILIVOJEVIC et al., 2001)
e em cardiomiocitos de ratos espontaneamente hipertensos (YT et al 2003). Em conjunto,
estes dados déo suporte a participaco dos discos intercalares na transducdio de sinais em
cardiomidcitos.

Ja a localizagdo e a agregagdio da FAK junto aos filamentos dos sarcdmeros dos
cardiomidcitos, em especial quando do aumento de tensdo, constituem um achado inédito
no presente estudo. Simultaneamente a esta observacfio, na busca de novas proteinas que
interagissem com a FAK, estudo desenvolvido em nosso laboratério com o emprego da
metodologia de duplo hibrido demonstrou que a FAK é capaz de interagir com a seqliéncia
da P- miosina de cadeia pesada, presente na porgio C-terminal (cauda) desta proteina
(dados ainda ndo publicados). Esta foi a primeira demonstragio de que uma molécula
especifica de células musculares interage com a FAK.

Adicionalmente a metodologia de imunomicroscopia eletrénica ¢ de duplo hibrido,
a interacdo entre a FAK e a cauda da miosina foi confirmada no presente estudo em ensaios
de ligagdo com GST-miosina, j& que a FAK estava presente nos precipitados de GST-
miosina dos extratos analisados (controle, dez e sessenta minutos). No mais, a presenca da
FAK nos precipitados de GST-miosina de extratos obtidos de miocardios controle
demonstrou que a interagdo entre estas proteinas ndo € determinada pelo estimulo pressor.
Este achado esta ainda de acordo com a observagio da FAK junto aos filamentos do
sarcomeros em cardiomiocitos ndo submetidos ao aumento de tensdo, tal como constatado
pela analise por imunomicroscopia eletrénica.

Além disso, estes ensaios revelaram ainda alteracdes nas quantidades de FAK e
FAK tyr-397 presentes nos precipitados de GST-miosina dos extratos de miocardios
analisados neste estudo. Observou-se, por exemplo, ¢ aumento consideravel do contetido de
FAK no precipitado de GST-miosina em miocérdios de ratos submetidos 2 sobrecarga
pressora por 10 minutos em comparagdo ao conteudoe desta quinase observado para o
miocérdio controle, sendo este dado consistente com a formagio de agregados juntos aos
filamentos dos sarcomeros, tal como constado pela imunomicroscopia eletrdnica. No mais,

0 aumento no conteudo de FAK tyr-397 no precipitado de GST-miosina em miocardios de
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ratos submetidos @ sobrecarga pressora por dez minutos € consistente com a idéia de que a
formagdo do agregado de moléculas da FAK e conseqgiiente proximidade molecular
otimizariam a ativagio de moléculas adicionais de FAK, resultando na amplificacio do
sinal.

* Os ensaios de ligagdo com GST-miosina demonstraram ainda uma consideravel
redugdo nos contetdos de FAK e de FAK tyr-397 encontrados nos precipitados de GST-
miosina de miocardios submetidos ao estimulo pressor por um periodo de sessenta minutos.
Consistente com esta redugdo, a andlise por imunomicroscopia eletrdnica da distribuigio da
FAK em miocardio submetidos 2 mesma condigio também constatou a redugio
significativa na presen¢a de agregados associados aos filamentos de miosina, sendo isto
concomitante ao aparecimento de agregados da FAK no compartimento nuclear. A redugio
significativa na associagdo entre os filamentos de miosina ¢ a FAK quando decorridos
sessenta minutos do estimulo pressor sugere que esta interagiio possa estar sujeita a
regulagdo, porém estudos futuros sio necessarios a confirmagio desta hipétese,

A idéia de que os costdmeros, as linhas Z, os discos intercalares e os filamentos de
miosina atuem mecanosensores em cardiomidcitos implica em assumir que tais sitios
estejam envolvidos na ativagiio da FAK. A exemplo do que se aceita para as adeses focais,
€ plausivel presumir que a ativagdo da FAK junto aos costdmeros se dé via ativacdo das
integrinas. No entanto, em se tratando de cardiomidcitos, provavelmente a ativagio da
integrinas ndo seja apenas determinada pela sua agregagdo decorrente da adesdo celular a
matriz extracelular, ja que estas células sfo residentes, pressupondo menor taxa de
formagHo e ruptura de costdmeros. Em outras palavras, outros mecanismos, que ndo a
agregacdo de integrinas, podem ser capazes de determinar a ativagio destes receptores em
cardiomi6citos e conseqlientemente resultar na ativagio das vias de sinalizaciio celulares
envolvidas na resposta hipertrofica.

Em suporte a esta hipdtese, alguns estudos com abordagens metodolégicas diversas
demonstraram que forgas mecénicas externas aplicadas as adesdes focais pré-existentes
resultam no crescimento destas estruturas, traduzido no recrutamento de novos
componentes as adesdes primarias (revisado por WHEHRLE-HALLER & IMHOF, 2002;
revisado por GEIGER & BERSHADSKY, 2001; RIVELINE et al., 2001). Estes estudos

sugerem que a distorgdo mecénica das adesdes focais por si s6 pode estar na origem da
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sinalizacdo mecdnica (WHEHRLE-HALLER & IMHOF, 2002). Corroborando esta
hipétese, estudos com células musculares obtiveram fortes evidéncias de que a tensdio é um
elemento critico na estabilidade e organizagdo de proteinas costaméricas (SHARP et al.,
1997, BEZAKOVA & LOMO, 2001). Em vista destes achados, ¢ plausivel presumir que o
aumento de tensdo no sarcolema, decorrente da sobrecarga pressora, determine a ativagio
das integrinas localizadas nos costdmeros, as quais, por sua vez, ativariam a FAK,
desencadeando assim a ativagdo de vias de sinalizacio celulares em cardiomidcitos.

Embora especulativo, € possivel que o aumento de tensdo no sarcolema seja também
um elemento critico na determinagio da ativagio da FAK junto aos demais mecanosensores
aqui descritos. Uma hipétese aponta para a possibilidade de que o aumento de tensio no
sarcolema poderia ser transmitido aos discos intercalares e linhas Z levando, de alguma
forma, a ativagdo das moléculas de FAK associadas a tais sitios. Corroborando esta
hipétese, recente revisdo sugeriu que o aumento da tenso no sarcolema seria transmitido as
linhas Z, via complexo costamérico, e causaria distorgio da rede de proteinas constituintes
das linhas Z, induzindo alteragdes conformacionais e consegiiente ativacio de determinadas
proteinas sinalizadoras (CLARK et al., 2002). Similarmente, & possivel que os filamentos
de miosina sejam também capazes de transduzir forca mecinica, culminando com a
ativagdo das moléculas de FAK associadas aos mesmos. Experimentos futuros sio
necessarios & elucidagio dos mecanismos moleculares que ditariam a ativagdo da FAK
junto aos mecanosensores em cardiomidcitos descritos no presente estudo.

Em vista dos dados apresentados neste estudo, conclui-se que os cardiomiéeitos
provavelmente dispSem de miltiplos mecanosensores, cada qual com a sua localizacgo
especifica, que podem desempenhar um importante papel na mecanotransducio em
cardiomiéeitos. Nossos achados sdo de grande valor & medida que, no s6 conferem a prova
definitiva da participagio e importincia dos costimeros na mecanotransducio em
cardiomidcitos, como também ampliam o atual conhecimento ao indicar a participacioc de
outros sitios subcelulares na mecanotransducio de sinais nestas células. Embora a
sinalizagdo via linhas Z e discos intercalares desencadeada por estimulo mecanico venha
recentemente sendo sugerida nas diversas revisdes sobre o assunto, este estudo foi o
primeiro a apresentar fortes evidéncias da participacio destas estruturas na

mecanotransdugio em cardiomidcitos submetidos ao estresse mecinico. No mais, os dados
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quanto & associag@o entre os filamentos de miosina e a FAK, demonstrado no presente
estudo por meio de provas bioquimicas e imunomicroscopia eletronica, sdo dados inéditos
na literatura € que apontam para a importante participagdo dos filamentos de miosina na
mecanotransducdo em cardiomiocitos.

A importincia da existéncia de multiplos mecanosensores nos cardiomiocitos estd
presumivelmente na possibilidade de permitir a ativagio de vias de sinalizagdo celulares em
diferentes nichos subcelulares. Neste sentido, enquanto os discos intercalares e os
costdmeros propiciariam a ativacdo de vias de sinalizacio preferencialmente na periferia
celular, as linhas Z e os filamentos de miosina seriam crucias na sinaliza¢io celular em toda
a profundidade dos cardiomiocitos. Além disso, a existéncia de multiplos mecanosensores
propiciaria a ativagdo simultinea de diversas vias de sinalizagio celulares, dependendo do
pool de moléculas associadas a cada um destes sitios subcelulares. Por outro lado, a
ativagdo de uma mesma via de sinalizagfo celular junto a diferentes mecanosensores pode
constituir um mecanismo pelo qual um sinal € amplificado, refor¢cando a necessidade da
resposta. Deste modo € possivel que cada mecanosensor aqui descritc desempenhe um
papel importante como componente integrado a uma rede que resulta em uma resposta
orquestrada & condigdo de sobrecarga pressora. Em sustento a esta idéia, diversos estudos
tém apontado a associagdo entre defeitos em proteinas citoesqueléticas com
cardiomiopatias, sugerindo que a integridade estrutural destes mecanosensores é necessaria
a manuten¢fo da sinalizagdo normal associada aos mesmos (revisado por SUSSMAN et al
2002).

A andlise por Imunomicroscopia eletrdnica demonstrou nio somente a
multiplicidade de sitios subcelulares envolvidos nos minutos iniciais do desencadeamento
da resposta hipertréfica mediada pela FAK, como revelou ainda que esta quinase é
translocada para a regido perinuclear e para o nicleo destas células quando submetidas ao
aumento de tensic prolongado por trinta e sessenta minutos. Consistentemente, a
observagdo de agregados de FAK junto aos costdmeros, discos intercalares, linhas Z e
filamentos de miosina, tal como constatada quando decorridos os minutos iniciais do
estimulo pressor, tornou-se claramente menos fregiiente. Além disso, os ensaios de ligacio
com GST-miosina, tal como demonstrado neste estudo, revelaram uma diminuigo

significativa da quantidade de FAK associada as miofibrilas em miocéirdio de ratos
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submetido 4 sobrecarga pressora por sessenta minutos, indicando que tal enzima poderia
estar sendo translocada para outro sitio intracelular.

Com o intuito de confirmar este achado, a translocacdo nuclear da FAK foi
adicionalmente testada em experimentos com centrifugaciio diferencial, nos quais
constatou-se, com anticorpos contra as porgdes amino- e carboxi- terminais da FAK, a
presenca desta quinase nos extratos nucleares, juntamente com a diminuicio do conteado
da mesma nos extratos citoplasmaticos de miocéardios submetidos a sobrecarga pressora por
sessenta minutos. Alem da FAK 125KD, a detec¢io de uma banda adicional de
aproximadamente 90KD, resultante do uso do anticorpo policlonal contra a por¢do amino-
terminal da FAK, sugeriu a existéncia de um fragmento amino-terminal da FAK, o qual, tal
como a primeira, sofre translocagdo para o nicleo guando da sobrecarga pressora por
sessenta minutos.

A observagdo de que a translocagdo nuclear da FAK se iniciou apos 30 minutos do
inicio do estimulo pressor ¢ se concretizou apenas apés 60 minutos nestas mesmas
condiges sugere ndo apenas que tal fendmeno dependa do estimulo pressor, mas gque
também dependa de uma persisténcia minima do mesmo.

O achado quanto a translocagio nuclear da FAK neste estudo esta de acordo com
estudo recente que, com o emprego da imunocitoquimica e da analise por immunoblotting,
demonstrou a presenga da FAK no nucleo de cardiomidcitos em miocardio hipertrofiado de
ratos espontaneamente hipertensos (Y1 er @/, 2003). Em conjunto, estes achados abrem um
- novo leque de possibilidades quanto as fungdes desempenhadas pela FAK, uma vez que
sugerem que tal quinase possa participar em processos celulares que ocorrem no
compartimento nuclear. Neste contexto, em particular quanto aos cardiomidcitos
submetidos a aumentos de tensdo, ¢ plausivel supor que a FAK possa ser fundamental nio
apenas na transducdo de sinais junto aos diversos sitios celulares aos quais se encontra
associada, mas também na regulacfo da expressio de determinados genes vinculados a
resposta hipertrofica. De acordo com esta hipétese, experimento realizado em nosso
laboratorio por TORSONI e colaboradores (2003) demonstrou que a expressdo de um
dominante negativo da FAK (MT-FAK), mutado em seu sitio de autofosforilagio 397,
induz a diminuicdo dos niveis de expressio do ANF, sugerindo que a FAK esteja vinculada

direta ou indiretamente a regulagio da transcricio do ANF.
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Em outros tipos celulares, evidéncias da translocagfio nuclear da FAK foram obtidas
em estudos que constataram a presenga de fragmentos amino-terminais da FAK de
aproximadamente 90KD e S0KD em niicleos de c€lulas endoteliais durante a apoptose (van
de WALTER et al, 1999, LEVKAU et al., 1998). Similarmente, a agregagio de fragmentos
amino-terminais da FAK no compartimento nuclear foi também constatada em células
apoptoticas de glioblastomas (JONES et al, 2001). Em células endoteliais, sabe-se que a
clivagem da FAK e conseqiiente geragio de fragmentos amino-terminais sio mediadas pela
caspase 3 ¢ estdo vinculadas & ruptura das adesdes focais que ocorre durante a apoptose
(GERVAIS et al, 1998; LEVKAU et al,, 1998, LOBO & ZACHARY, 2000). No mais,
estudo desenvolvido por BEVIGLIA e colaboradores (2003) demonstrou que a
superexpressdo de fragmentos amino-terminais induz a apoptose em células cancerosas. Em
conjunto, estes achados vinculam a presenca da FAK no compartimento nuclear com a
viabilidade celular. Contudo, experimentos futuros sdo necessarios para elucidar se a FAK
poderia estar envolvida na determinagio da viabilidade celular em cardiomidcitos
submetidos ao estresse mecénico.

Quanto aos mecanismos que determinariam a translocagfio nuclear da FAK, sabe-se
que tal quinase ndo contém um sinal classico para localizaciio nuclear, mas estudos recentes
tém demonstrado que algumas proteinas apresentam seqiiéncias atipicas de localizaco
nuclear, sendo capazes de transitar do citoplasma para o macleo (NIGG, 1997; SACHDEV,
1998; SCHMALZ, 1998). Mesmo na total auséncia de sinais de localizac8o nuclear, é
possivel que a FAK seja capaz de se associar com protefnas carreadoras que translocam
entre o citoplasma e o niicleo, ¢ assim ser importada para tal compartimento e neste exercer
suas fungBes, tal como uma variedade de proteinas citoplasmaticas (CLARK et al., 2002,
YT et al, 2003). Sabe-se, por exemplo, que a proteina nuclear Samé8, interage com a Src
(RICHARD et al., 1995} que, por sua vez interage com a FAK ativada. Portanto, sugere-se
que a FAK ativada seria translocada para o niicleo por meio de interacdes proteina-proteina
(YT et al, 2003).

Ainda ndo se deve descartar a hipétese de que a propria FAK possa ser uma proteina
carreadora, sendo fundamental na importagio de outras proteinas para o interior do ntcleo
(JONES & STEWART, 2004). Embora muitas sejam as possibilidades, até o momento,

sabe-se apenas que a translocagdo nuclear de fragmentos amino-terminais da FAK
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independe da autofosforilacio desta quinase em sua tirosina de 397 em células RBL-2H3
(JONES & STEWART, 2004}, ¢ em células HEK ¢ MDCK (STEWART et al, 2002).
Estudos futuros sdo necessarios & elucidacdo dos mecanismos que determinam a

translocagdo nuclear da FAK, bem como das funces desempenhadas por esta quinase neste

compartimento.
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6. CONCLUSAQO
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O presente estudo contribui para o atual conhecimento nesta area de pesquisa ao
confirmar a participagio dos costdmeros na mecanotransducio de sinais em cardiomiocitos
submetidos ao estresse mecanico e, principalmente, ao demonstrar fortes evidéncias de que
as linhas Z, os discos intercalares e os filamentos de miosina também desempenham papel
como mecanosensores. Portanto, os dados relatados apontam para a idéia de que os
cardiomidcitos dispdem de multiplos mecanosensores, cada qua! contribuindo com uma
fracdo importante na intricada rede de sinais que determinam a resposta hipertréfica.

Os achados deste estudo fortalecem ainda o papel central desempenhado pela FAK e
seus efetores downstream no desencadeamento da resposta hipertrofica dos cardiomiocitos
frente ao estresse mecinico. No mais, o presente estudo abre novas possibilidades de
pesquisa quanto &s fungBes desempenhadas pela FAK no compartimento nuclear ¢ sua

relagdo com a resposta hipertrofica.
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Abstract

Crk-associated substrate (CAS) is a tyrosine kinase substrate implicated in integrin control of cell behavior. Phosphorylation, by Src
family kinases, of multiple tyrosine residues in the CAS substrate domain {SD) is a major integrin signaling event that promotes cell motility.
In this study, novel phosphospecific antibodies directed against CAS $D phosphotyrosine sites (*pCAS™ antibodies) were characterized and
employed to investigate the cellular regulation and localization of CAS SD tyrosine phosphorylation. An analysis of CAS and focal adhesion
kinase (FAK) variants expressed in CAS- and FAK-deficient cell lines, respectively, indicated that CAS SD tyrosine phosphorylation is
substantially achieved by Src family kinases brought into association with CAS through two distinct mechanisms: direct binding to the CAS
Src-binding domain and indirect association through a FAK bridge. Cell immunostaining with pCAS antibodies revealed that CAS SD
tyrosine phosphorylation occurs exclusively at sites of integrin adhesion including both nascent focal complexes formed at the edges of
extending lamellipodia as well as mature focal adhesions underlying the cell body. These findings further document a role for FAK as an
important upstream regulator of CAS SD tyrosine phosphorylation and implicate CAS-mediated signaling events in promotmg membrane

protrusion/lamellipodium extension during cell motility.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Crk-associated substrate; FAK; Phosphospecific antibodies; Src

1. Introduction

Integrin-mediated adhesion to the extraceliular matrix
affects diverse cell behaviors including motility, differenti-
atton, proliferation, and survivali and is thus critical for
many physiological and pathological processes (reviewed
in Refs. [1 ~4]). Integrin adhesion sites in cultured cells are
commonly observed as “focal adhesions,” discrete ventral
areas where the integrins cluster, mediate transmembrane
linkage to the actin cytoskeleton, and transduce biochem-
ical signals (reviewed in Refs. [5,6]). Cell motility requires
focal adhesions to be dynamic structures that undergo
regulated assembly and disassembly, which is achieved
through the regulatory actions of Rho-family GTPases
[5-8]. Activated Rac! is important for assembly of nascent
adhesions, termed “focal complexes,” that form along the

* Corresponding author. Tel.: +1-6153438502; fax: +1-6153434539.
E-mail address: steve hanks@vanderbiit.edu (S.K. Hanks).
! These authors contributed equally to this work.

0898-6568/$ - see front matter © 2003 Elsevier Inc. All rights reserved,
doi:10.1016/.cellsig.2003.10.004

periphery of spreading cells and at the edges of leading
lamellipodia [9-11]. Focal complexes mature into focal

‘adhesions as they stabilize, and tension is exerted through

cytoskeletal contraction triggered by activated RhoA [12].
Rac! may also participate in the disassembly or tumover of
focal adhesions during cell motility, through its ability to
antagonize RhoA [13] and stimulate p2l-activated kinase
PAK [14].

In concert with their adhesive properties, integrins affect
cell motility by activating intracellular signaling pathways
that regulate Rho-family GTPases. Activation of focal ad-
hesion kinase (FAK), a nonreceptor tyrosine kinase promi-
nently localized to focal adhesions {15 16], is a major
upstream event in integrin signaling. FAK signaling involves:
autophosphorylation on Tyr-397 and subsequent recruitment
to this site of Src homology 2 (SH2) domain-containing
signaling effectors including Src family kinases (SFKs)
{reviewed in Refs. [17-19]). A positive role for FAK/SFK
complexes in cell motility and invasion is supported by
numerous studies {reviewed in Refs. [17-19]).

*
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Crk-associated substrate (CAS) is a tyrosine kinase sub-
strate implicated in integrin control of cell behavior
(reviewed in Ref. [20]). CAS contains an N-terminal Src
homology 3 (SH3) domain that binds to FAK and a C-
terminal Src-binding domain (SBD) that includes a binding
site for the SH3 domain of SFKs. Lying between the CAS
SH3 domain and SBD is a substrate domain (SD) character-
ized by 15 Tyr-X-X-Pro (YxxP) motifs. SFKs, either directly
bound to the CAS SBD or indirectly associated with CAS
through a FAK bridge, are thought to phosphorylate many or
all of the CAS SD YxxP tyrosines ([21] and see Discussion).
Once phosphorylated, the SD serves as a docking site for
recruitment of other SH2-containing effectors, including
adaptor proteins of the Crk family [22,23]. The SH3 domains
of Crk family members can interact with DOCK 180, Jeading
to Racl activation {24-27]. Along with its role in forming
focal complexes, Racl stimulates the Arp2/3 complex to
promote actin polymerization driving membrane protrusion
'{28,29]. Thus, lamellipodial extension driven by Racl acti-
vation achieved through the CAS/Crk complex could play an
important role in integrin-mediated cell motility. Supporting
this hypothesis, evidence has been obtained that CAS/Crk
coupling promotes cell migration in 2 Rac-dependent manner
[30]. Cellular responses to CAS SD tyrosine phosphorylation
could also result from interactions of the Crk SH3 domain
with other effectors including SOS and C3G, respective
guanine nucleotide exchange factors for Ras and Rapl
[24,31-33], and from recruitment of other SH2-containing
proteins to the phosphorylated SD YxxP sites including
adaptors of the Nck family [34], and the SH2-containing
inositol 5" -phosphatase 2 [35). Some of these interactions
could also contribute to cell motility. For example, Nck
proteins can also stimulate Arp2/3-mediated actin polymer-
ization [29,36], and mouse embryo fibroblasts (MEFs) from
Nekl —/— Nck2 —/— embryos have defects in lamellipo-
dial actin organization and cell motility [37]. In addition to
promoting motility, CAS SD tyrosine phosphorylation has
been implicated in anchorage-dependent cell proliferation
[38] and survival [39~41], transformation by oncogenic Src
[42], and uptake of pathogenic bacteria [43].

Antibodies that specifically recognize sites of protein
phosphorylation have proven to be extremely useful tools
in signal transduction research {44]. Here, we report the
development of antibodies directed against phosphorylated
YxxP tyrosines of the CAS SD and their application toward
understanding integrin signaling mechanisms and cellular
CAS function. Through structure/function studies of FAK
and CAS expressed in FAK ~/— and CAS -/~ MEFs,
respectively, we determined that cellular CAS SD tyrosine
phosphorylation is achieved through both FAK-dependent
and FAK-independent mechanisms. Using immunofluores-
cence microscopy, we determined that activated CAS local-
izes specifically to sites of integrin adhesion and is found in
both mature focal adhesions and nascent focal complexes.
These findings provide convincing new evidence for how
and where CAS functions in integrin control of cell behavior.

52

2. Materials and methods
2.1, Antibodies

Polyclonal antibodies directed against CAS SD YxxP
phosphotyrosines were produced by immunizing rabbits
with one of three synthetic phosphopeptides corresponding
to residues surrounding human CAS YxxP tyrosines 165,
249, or410: FPSPATDL(pY)QV, GPQDI(pY)DVPPVR, and
VVDSGV(pY)AVPPP, respectively, where (pY) indicates
phosphotyrosine. The peptides were synthesized with N-
terminal cysteine residues and coupled to KLH for immuni-
zation. The antibodies were affinity-purified from rabbit
antisera by affinity chromatography steps using protein A
columns to purify immunoglobulins followed by specific
phosphopeptide (immunogen) columns to obtain the pCAS-
165, pCAS-249, and pCAS-410 affinity-purified antibodies
employed in this study. The anti-CAS monoclonal antibody
(clone 21, here designated CAS-TL) and HRP-conjugated
anti-mouse and anti-rabbit IgG antibodies were obtained
from BD Transduction Laboratories. The anti-FAK poly-
clonal antibody C20 was from Santa Cruz Biotechnology.
The anti-vinculin monoclonal antibody ascites fluid (clone
hVIN-1) was from Sigma. Cy3-conjugated anti-mouse IgG
and FITC-conjugated anti-rabbit IgG antibodies were from
Jackson Immunoresearch Laboratories.

2.2. Cells, cell culture, and fibronectin replating

CAS+/+ and CAS — / — MEFs [42], kindly provided by
Hisamaru Hirai (U. Tokyo), were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum. The TetFAK cell lines employed for induc-
ible expression of FAK variants {wild type (WT) or F397]
were maintained and induced as described [45]. The fibro-
nectin-replating experiment was carried out essentially as
described {151

2.3. Site-directed mutagenesis and expression of CAS and
SRC variants

Point mutations were made in mouse CAS cDNA [46] to
convert codons for YxxP tyrosines to encode phenylalanine
(“FxxP mutations”), using sequential PCR steps {47]. To
obtain specific products, primers of 27—29 nucleotides were
designed and the annealing temperature was 59 °C. After
verifying the mutations by sequencing, the cDNA was
subcloned into retroviral vector LZRS-MS-IRES-GFP to
allow expression of the CAS variants in conjunction with
GFP expressed from a bicistronic transcript [48]. Three
successive rounds of viral infection of CAS —/— MEFs
were carried out over a I-week period to increase GFP
expression frequency, then two rounds of FACS sorting for
cells with high GFP expression were carried out to obtain the
cell populations used for study. The WT CAS ¢DNA and two
previously described mutational variants, ASH3 (deieted
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Fig. 2. The pCAS antibodies recognize CAS in an adhesion-dependent
manner. Total cell lysates prepared from CAS —/— and CAS+/+MEFs
that were either growing under normal attached conditions {Att), detached
by trypsin and held in suspension for 30 min (Susp), or replated onto
fibronectin-coated dishes for 15 min (FN-15) or 30 min (FN-30). Replicate
blots containing 15 ug total protein per lane were prepared on nitroceltulose
membranes and probed using either CAS-TL, pCAS-165, pCAS-249, or
pCAS-410 antibodies as indicated.

bodies that specifically recognize phosphorylated YxxP
tyrosines in the CAS SD. Hence, rabbits were immunized
with one of three synthetic peptides containing phosphotyr-
osine residues representing either the 3rd, 7th, or 15th YxxP
motif of human CAS comesponding to residues 165, 249,
and 410 (equivalent to 169, 253, and 414 of murine CAS)
(Fig. 1B and see Materials and methods). The resulting
affinity-purified antibodies were designated “pCAS-165,”
“pCAS-249,” and “pCAS-410.” In initial characteriza-
tions, each pCAS antibody preparation was shown to
recognize, by immunoblotting, epitope-tagged mouse CAS

that had been expressed and immunoprecipitated from COS-
7 cells, while phosphospecificity was demonstrated by loss
of this immunoreactivity upon alkaline phosphatase treat-
ment (data not shown).

To further examine the specificity and experimental
usefulness of the pCAS antibodies, a series of immunoblot
analyses were carried out on lysates prepared from either
CAS+/+MEFS or, as a negative control, CAS —/— MEFs,
First, a fibronectin-replating experiment was carried out to
determine the ability of the pCAS antibodies to specifically
recognize CAS in association with its becoming tyrosine-
phosphorylated in response to integrin-mediated adhesion.
As shown in Fig. 2 (right lanes), each pCAS antibody
recognized a protein band of ~ 130 kDa, indicative of
CAS, from lysates of adherent and fibronectin-replated
CAS-+/+ celis, but gave no signal on lysates prepared from
cells held in suspension. Confirming the identity of the 130-
kDa band as CAS, the pCAS antibodies showed no reactivity
against lysates similarly prepared from CAS —/—MEFs
(Fig. 2, left lanes). Immunoblotting with the CAS-TL
monoclonal antibody that recognizes total CAS protein
confirmed both the lack of CAS expression in CAS /-
cells and the presence of CAS in suspended CAS+/+ cells.
The pCAS antibodies were next evaluated for their ability
to detect increases in CAS phosphotyrosine comtent asso-
ciated with either expression of SrcF529, an oncogenic
variant of mouse Src, or treatment with vanadate which
inhibits cellular tyrosine phosphatases. Although SrcF529
expression in CAS-+/-+MEFs resulted in reduced recovery
of CAS in the lysates as detected by the CAS-TL
antibody, detection by each pCAS antibody was neverthe-
less enhanced relative to cells not expressing SicF529
(Fig. 3A). Vanadate treatment had linle effect on CAS-TL
signal intensity, but resulted in a dramatic increase in
signals obtained with each pCAS antibody (Fig. 3B). Even
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'Fig. 3. The pCAS antibodies are sensitive toward tyrosine-phosphorylated CAS. Total cell lysates prepared Som CAS ~/~ and CAS+/+MEFs were
analyzed by immunoblotting. Replicate blots containing 15 pg total protein per lane were prepared oa nitroceliulose (for A) or PVDF (for B) membranes and
probed using either CAS-TL, pCAS-165, pCAS-249, or pCAS-410 antibodies as indicated. (A) Effect of oncogenic Src expression. CAS —/— and CAS+/+
cells that either expressed or did not express the oncogenic mutant of mouse ¢-Src (SzcF529) were analyzed. (B) Effect of vanadate treatment. Prior to lysis,
cells were either pretreated with 500-uM sodium vanadate for 6 h (VO, +lanes) or lef untreated (VO 4—lanes). Numbers indicate positions of molecular size

markers, in kDa.
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CAS +/+
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CAS-15PxxP
CAS-Y{85F
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CAS-TL

pCAS-165

not treated

Fig. 4. The pCAS-165 antibody recognizes mouse CAS lacking only the
third YxxP tyrosine but not 2 mutant lacking ail 15 ¥xxP tyrosines. Total
cell lysates were prepared from CAS+ +MEFs znd from CAS —/~ MEFs
engineered to stably express either WT CAS, CAS-Y169F in which the
third YxxP tyrosine residue was changed to phenylalanine, or CAS-
15FxxP in which all 15 YxxP tyrosines were changed 1o phenylalanine.
Prior to lysis, cells were either pretreated with 500 uM sodium vanadate
for 6 h (“VOutreated” lanes) or left untreated (“not treated” lanes).
Replicate biots containing 25-ug total protein per lane were prepared on
PVDF membranes and probed using either CAS-TL or pCAS-165 as
indicated.

after vanadate treatment, the pCAS-165 and -249 anti-
bodies showed little or no cross-reactivity with other
proteins, while pCAS-410 recognized another broad band
of ~ 70 kDa. The dependency of pCAS antibody reac-
tivity on CAS expression and cell adhesion, along with the
enhanced reactivity seen upon oncogenic Src expression
and vanadate treatment, demonstrate that each of the three
PCAS antibodies has -specificity for CAS phosphotyrosine
sites.

The pCAS-165 antibody was further characterized to
determine its specificity for phosphorylated CAS YxxP
tyrosines. For this analysis, CAS —/—MEFs were engi-
neered to stably express one of three varfants of the mouse
CAS protein: WT CAS, a CAS mutant (CAS-YI69F) in
which the equivalent of human CAS Tyr-165 was changed
to phenylalanine, or a CAS mutant (CAS-15FxxP) in which
all 15 YxxP tyrosine residues were changed to phenylala-
nine. Immunoblot analysis of whole cell lysates revealed
that the pCAS-165 antibody failed to recognize the CAS-
15FxxP mutant, but still exhibited significant reactivity
toward CAS-Y169F (Fig. 4). Thus, while pCAS-165 is
not strictly specific for the third YxxP site against which
it was raised, this antibody is nevertheless specific toward
phosphorylated CAS YxxP sites. The pCAS-249 and 410
antibodies were also unable to recognize CAS-15FxxP (data
not shown), although these too recognized CAS variants
carrying phenylalanine substitutions comresponding to the
YxxP tyrosine contained in the respective immunogens (see
Discussion). Even though they are not specific for single
sites, the pCAS antibodies nevertheless are highly selective
and sensitive indicators of CAS SD tyrosine phosphoryla-
tion at multiple YxxP sites, and thus useful reagents for
studies on CAS signaling.
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3.2. Regulation of CAS SD tyrosine phosphorylation

Although CAS can directly interact with FAK, studies
have indicated that SFKs, rather than FAK, are primarily
responsible for tyrosine phosphorylation of CAS (see Dis-
cussion). However, it remains unclear if this is achieved
primarily through direct SFK binding to the CAS SBD orifa
second mechanism, whereby the SFK is indirectly recruited
to FAK-associated CAS through the interaction of the SFK
SH2 domain with FAK phosphotyrosine-397, substantially
contributes to CAS tyrosine phosphorylation. Moreover, past
studies detecting CAS phosphotyrosine have relied on gen-
eral anti-phosphotyrosine antibodies, thus yielding signals
not necessarily reflective of YxxP phosphotyrosines. The
pCAS antibodies allow a direct assessment of the mechamsm
of CAS SD tyrosine phosphorylation.

Using the pCAS antibodies, CAS SD tyrosine phosphor-
ylation was examined in CAS —/— MEFs engineered to
stably express either WT mouse CAS, a CAS mutant in
which the FAK-binding SH3 domain was deleted (CAS-
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Fig. 5. FAK-dependent and -independent mechanisms regulate CAS SD
tyrosine phosphorylation. (A) Both the CAS $H3 domsin and the binding
site for the Src SH3 domain are required for maximal SDr tyrosine
phosphorylation, Total cell lysates were prepared from CAS —/— MEFs
engineered to stably express either WT CAS, CAS-mPR in which the
RPLPSPP motif in the Src-binding domain was changed to RAAASPP, or
CASASH3 in which the SH3 domain was deleted. CAS—/~ cells
harboring the retroviral vector with no insert (“vector”™ lanes) served as a
negative control. Prior o bysis, cells were treated with 250 uM sodium
vanadate for 6 h. Replicate blots containing 3.5-10 pg total protein per
lane (adjusted to obtain comparable amounts of CAS protein) were
prepared on nitrocellulose membranes and probed using either CAS-TL,
pCAS-165, pCAS-249, or pCAS-410 antibodies as indicated. (B) FAK
expression enhances CAS 8D tyrosine phosphorvlation. Cells were treated
with 250 uM vanadate for 6 h, then totl cell lysates were prepared from
TetFAK cell lines, either uninduced (“tet +™ lames) or induced by
tetracycline withdrawal (“tet ~ ' lanes) to express either WT FAK
(“TetFAK-WT™ lanes) or the FAK-Y397F mutant (“TetFAK-F397"
lanes). Replicate blots containing 10 ug total protein per lane wers
prepared on nitrocellulose membranes and probed as indicated using
either anti-FAK C20, CAS-TL, pCAS-165, pCAS-249, or pCAS-410
antibodies.
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Crk-associated substrate (CAS) is a tyrosine kinase sub-
strate implicated in integrin contro! of cell behavior
(reviewed in Ref. [20]). CAS contains an N-terminal Src
homology 3 (SH3) domain that binds to FAK and a C-
terminal Src-binding domain (SBD) that includes a binding
site for the SH3 domain of SFKs. Lying between the CAS
SH3 domain and SBD is a substrate domain (SD) character-
ized by 15 Tyr-X-X-Pro (YxxP) motifs. SFKs, either directly
bound to the CAS SBD or indirectly associated with CAS
through a FAK bridge, are thought to phosphorylate many or
all of the CAS SD YxxP tyrosines ([21] and see Discussion).
Once phosphorylated, the SD serves as a docking site for
recruitment of other SH2-containing effectors, including
adaptor proteins of the Crk family {22,23]. The SH3 domains
of Crk family members can interact with DOCK180, leading
to Racl activation [24-27]. Along with its role in forming
focal complexes, Racl stimulates the Arp2/3 complex to
promote actin polymerization driving membrane protrusion
"[28,29]. Thus, iamellipodial extension driven by Racl acti-
vation achieved through the CAS/Crk complex could play an
important role in integrin-mediated cell motility. Supporting
this hypothesis, evidence has been obtzined that CAS/Crk
coupling promotes cell migration in a Rac-dependent manner
[307. Cellular responses to CAS SD tyrosine phosphorylation
could also result from interactions of the Crk SH3 domain
with other effectors including SOS and C3G, respective
guanine nucleotide exchange factors for Ras and Rapl
[24,31-33], and from recruitment of other SH2-containing
proteins to the phosphorylated SD YxxP sites including
adaptors of the Nck family [34], and the SH2-containing
inositol & -phosphatase 2 [35]. Some of these interactions
could also contribute to cell motility. For example, Nck
proteins can also stimulate Arp2/3-mediated actin polymer-
ization [29,36], and mouse embryo fibroblasts (MEFs) from
Nekl —/— Nek2 —/— embryos have defects in Jamellipo-
dial actin organization and cell motility {37]. In addition to
promoting motility, CAS SD tyrosine phosphorylation has
been implicated in anchorage-dependent cell proliferation
[38] and survival [39—41], transformation by oncogenic Src
[42], and uptake of pathogenic bacteria [43].

Antibodies that specifically recognize sites of protein
phosphorylation have proven to be extremely useful tools
in signal transduction research [44]. Here, we report the
development of antibodies directed against phosphorylated
YxxP tyrosines of the CAS SD and their application toward
understanding integrin signaling mechanisms and cellular
CAS function. Through structure/function studies of FAK
and CAS expressed in FAK —/— and CAS —/—MEFs,
respectively, we determined that cellular CAS SD tyrosine
phosphorylation is achieved through both FAK-dependent
and FAK-independent mechanisms. Using immunofluores-
cence microscopy, we determined that activated CAS local-
izes specifically to sites of integrin adhesion and is found in
both mature focal adhesions and nascent focal complexes.
These findings provide convincing new evidence for how
and where CAS functions in integrin control of cell behavior,
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2. Materials and methods
2.1, Antibodies

Polyclonal antibodies directed against CAS SD YxxP
phosphotyrosines were produced by immunizing rabbits
with one of three synthetic phosphopeptides comresponding
to residues surrounding human CAS YxxP tyrosines 165,
249, or 410: FPSPATDL(pY)QV, GPQDI{(pY}DVPPVR, and
VVDSGV{(pY)AVFPPP, respectively, where (pY) indicates
phosphotyrosine. The peptides were synthesized with N-
terminal cysteine residues and coupled to KLH for immuni-
zation. The antibodies were affinity-purified from rabbit
antisera by affinity chromatography steps using protein A
columns to purify immunoglobulins followed by specific
phosphopeptide (irmmunogen) columns to obtain the pCAS-
165, pCAS-249, and pCAS-410 affinity-purified antibodies
employed in this study. The anti-CAS monoclonal antibody
(clone 21, here designated CAS-TL) and HRP-conjugated
anti-mouse and anti-rabbit IgG antibodies were obtained
from BD Transduction Laboratories. The anti-FAK poly-
clonal antibody C20 was from Santa Cruz Biotechnology.
The anti-vinculin monoclonal antibody ascites fluid (clone
hVIN-1} was from Sigma. Cy3-conjugated anti-mouse IgG
and FITC-conjugated anti-rabbit IgG antibodics were from
Jackson Immunoresearch Laboratories.

2.2. Cells, cell culture, and fibronectin replating

CAS-+/+ and CAS — /-~ MEFs [42], kindly provided by
Hisamaru Hirai (U. Tokyo), were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum. The TetFAK cell lines employed for induc-
ible expression of FAK variants [wild type (WT) or F397]
were maintained and induced as described [45]. The fibro-
nectin-replating experiment was carried out essentially as
described [15].

2.3. Site-directed mutagenesis and expression of CAS and
SRC variants

Point mutations were made in mouse CAS cDNA [46] 1o
convert codons for YxxP tyrosines to encode phenylalanine
{*“FxxP mutations™), using sequential PCR steps [47]. To
obtain specific products, primers of 27-29 nucleotides were
designed and the annealing temperature was 59 °C. Affer
verifying the mutations by sequencing, the ¢cDNA was
subcloned into retroviral vector LZRS-MS-IRES-GFP to
allow expression of the CAS variants in conjunction with
GFP expressed from a bicistronic tramscript [48]. Three
successive rounds of viral infection of CAS —/— MEFs
were carried out over a l-week period to increase GFP
expression frequency, then two rounds of FACS sorting for
cells with high GFP expression were carried out to obtain the
cell populations used for study. The WT CAS ¢DNA and two
previously described mutational variants, ASH3 {(deleted
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SH3 domain) and mPR (RPLPSPP in SBD changed to
RAAASPP) [21], were similarly expressed in CAS —/
—MEFs using the LZRS-MS-IRES-GFP vector. Similar
approaches were taken to generate a ¢cDNA encoding the
oncogenic mouse ¢-Src (Src-Y529F), in which the regulatory
C-terminal tyrosine was changed to phenylalanine, and
achieve its expression in CAS —/— and CAS+/+ MEFs,

2.4. Immunoblotting

Cells were washed with phosphate-buffered saline (PBS)
then lysed in RIPA buffer [50 mM Tris-~HCl (pH 7.4), 150
mM NaCl, 5 mM EDTA, 1% nonidet P40, 1% sodium
deoxycholate, 0.1% SDS, 50 mM NaF, 1% aprotinin, and
0.1 mM sodium orthovanadate]. Protein concentrations in
the lysates were determined using the bicinchoninic acid
protein assay (Pierce, Rockford, MD), and equivalent
amounts of total protein were resolved by 7% acrylamide
SDS-PAGE and transferred to nitrocelluiose or PVDF mem-
brane. Membranes were blocked 1-2 h in Tris-buffered
saline containing 0.2% Tween 20 (TBST) and 5% nonfat
dry milk solution, then incubated overnight with primary
antibody made up in the blocking solution (0.2 ug/mi for
CAS-TL and FAK-C20, 0.03 ug/ml for pCAS antibodies).
After extensive washing in TBST, the blots were incubated |
h with HRP-conjugated anti-mouse or anti-rabbit IgG sec-
ondary antibodies, washed extensively in TBST, developed
using enhanced chemiluminescence (Amersham Bioscien-
ces, Piscataway, NJ), and exposed to autoradiographic film.
In some cases, to enhance CAS phosphotyrosine content,
cells were treated with 250500 uM sodium orthovanadate
for 6 h prior to lysis. ' : '

2.5. Cell immunostaining

Cells were plated on glass coverslips coated with 10 pg/
m} human plasma fibronectin and incubated gither 2 or 12 hat
37 °C o allow for attachment and spreading. Cells were then
washed with serum-free media, fixed in 50% methanol/50%
acetone for 5 min at — 20 °C, washed three times with PBS,
and blocked for 1 h with PBS containing 1% bovine serum
albumin (BSA). Immunostaining was then achieved by
incubating the cells for 12 h at 4 °C with PBS containing
1% BSA, anti-vinculin monoclonal antibody (1:1000 dilu-
tion of ascites fluid), and a pCAS affinity-purified polyclonal
antibody (0.3 pg/ml). The cells were then washed three times
with PBS and incubated | h at room temperature in PBS
containing 1% BSA and FITC-conjugated goat anti-rabbit
antibody (1:300 dilution). The cells were again washed three
times with PBS and incubated ] h at room temperature in
PBS containing 1% BSA and Cy3-conjugated goat anti-
mouse antibody (1:300 dilution). After 2 final wash in PBS,
the coverslips were mounted in Vectashield (Vector Labora-
tories, Burlingame, CA) and viewed using a Zeiss Axioskop
2 microscope equipped for epifiuorescence.

3. Results

3.1, Antibodies directed against CAS SD phosphotyrosine
sites

Fig. 1 shows the overall structure of CAS and sequence
of the SD with YxxP repeats aligned. To support studies on
-CAS signaling, we sought to develop phosphospecific anti-

A 8] 100 200 300 400 500 &S00 FOO 800
{ ! i ] ! I | i
e o Substrate Domain Hm
o | Ahl
B 1 (¥-115) DSVYLVPTPS KA
2 (Y-128) Q G L ¥ Q ¥ PGP S POFQSPPAKQTSTFSKQTREHPFESTA
*3 (¥-165) TDLYQVE P G P-GGPA :
£ (¥-179) QDT ¥ QV P P S A GG _
§ (¥-192) HD I Y Q VP P S M DIRSWESTKPPAXVVVETRVIOGYVYEARQRE
6 (¥-234) QDEYDIPRHL LAPGR
* 7 (¥-249) QDI ¥ DV P PV R GLLPSOYG
8 (¥-267) QEVYDTSP P M A VKGENGRDPL
9 (Y«287) LEVYDVPPS V EXGLPPSNH
ig {¥-306) HAV YDV PP 8§ V SKDVPDGPLLR
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Fig. 1. CAS structurai domains and sequence of the SD showing YxxP repeats. (A) Diagram of CAS primary structure showing locations of rmajor domains.
Scale bar indicates amino acid number, (B) Sequence of the human CAS SD, with alignment for the 15 YxxP repeats (bold type). Numbers in parentheses
indicate amino acid position of the subsequent YxxP tyrosine residue. For murine CAS, these numbers would be incremented by 4, owing to an insertion
between the SH3 and SD. Underlined residues are not conserved in murine CAS. Asterisks indicate the three YxxP sites against which pCAS antibodies
were raised,
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ASH3), or a CAS mutant in which the Src SH3-binding site
in the SBD was disrupted (CAS-mPR). Immunoblot analy-
sis indicated that each pCAS antibody exhibited significant-
ly less reactivity toward both CAS-ASH3 and CAS-mPR, in
comparison to WT CAS (Fig. 5A). The loss of pCAS
antibody immunoreactivity was most striking for the mPR
mutant, suggesting that the direct SFK interaction with the
CAS SBD has a major role in promoting CAS SD tyrosine
phosphorylation. But clearly, the CAS SH3 domain is also
required to achieve maximal SD phosphorylation, consistent
with the notion that CAS SD phosphorylation is also
substantially achieved by SFKs recruited to CAS via the
FAK bridge. To further test the role of FAK in CAS SD
tyrosine phosphorylation, we determined pCAS antibody
reactivities on blots prepared from lysates of “TetFAK™ cell
lines. TetFAK-WT and TetFAK-F397 cells express WT FAK
and FAK-Y397F, respectively, upon tetracycline withdrawal

vinculin

pCAS-165

from the culture media. Expression of WT FAK resulted in a
significant enhancement of CAS SD tyrosine phosphoryla-
tion as detected by each of the three pCAS antibodies, while
expression of FAK-Y397F (unable to interact with SFKs)
had no obvious effect (Fig. 5B). Taken together, these
results indicate that CAS SD tyrosine phosphorylation is
substantiaily achieved through two mechanisms: direct SFK
association with the CAS SBD and indirect SFK association
through a FAK bridge.

3.3. Subcellular localization of CAS SD tyrosz‘né phosphor-
ylation

Since vanadate greatly enhances pCAS antibody signals,
cellular CAS SD phosphotyrosine must be rapidly turned
over through actions of tyrosine phosphatases. Thus, at any
given time, only a small fraction of the total cellular pool of

merge

Fig. 6. The CAS 5D is phosphorylated in mature focal adhesionis and nascent peripheral focal complexes. Indirect immunofiuorescence microscopy was used to

- determine subcellular sites of CAS SD tyrosine phosphorylation in CAS++MEFs, as visualized using the pCAS-165 antibody (panels B, E, H; FITC-
comjugated secondary antibody, green color) and co-staining with a monoclonal 2ntibody against vinculin {panels A, D, G; Cy3-conjugated secondary antibody,
red color). Merged images of panels A and B or panels D and E are shown in panels C and F, respectively (areas of co-localization represented by yellow color).
Panels A ~C show an extended region of a cell fixed and stained 12 h after plating on fibronectin. Panels I - F show part of a cell fixed and stained after 2 h on
fibronectin. Panels G and H show the edge of a cell extending into 2 monolayer wound. Note that the pCAS-165 antibody stains mature focal achesions (panels
A-C) and focal complexes at the peripheries of spreading {paneis A -F) and migrating (panels G and H) cells. Scale bars are 10 pm.
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CAS will be competent to engage in phosphotyrosine-
mediated signaling. Knowing the subcellular location of
signaling-competent CAS molecules would provide valy-
able insight into the regulation and biological role of CAS
signaling. Hence, the pCAS-165 antibody was tested for its
ability to recognize CAS by cell immunostaining.

Initially, CAS+/+MEFs were examined after growing
overnight on fibronectin-coated coverslips, allowing the
formation of prominent mature focal adhesions that can be
readily visualized using an antibody against vineulin. The
pCAS-165 antibody stained the mature focal adhesions with
very high specificity as judged by vinculin co-staining (Fig.
6, panels A~C). To determine if phosphorylation of CAS
YxxP tyrosines is associated with cell/matrix adhesions as
they newly form, CAS+/+MEFs were fixed for immunos-
taining soon after plating onto fibronectin while they are still
undergoing the spreading process. Under this ‘condition,
pCAS-165 differentially stained cell adhesion sites, as
compared to the vinculin antibody, with strongest immuno-
reactivity observed in focal complexes at the extreme cell
edges (Fig. 6, panels D—F). While pCAS-165 also stained
adhesions forming under the cell body, this immunoreactiv-
ity was notably weak compared to staining by the anti-
vinculin antibody (Fig. 6, panels D-F). The pCAS-1865
antibody was further used to stain CAS+/+MEFs that had
been allowed to grow to confluency and then “wounded”
by scratching the cell monolayer with a pipette tip. Cells at
the wound edge send out lamellipodial projections as they
migrate in to fill the denuded area, and pCAS-165 promi-
nently stained the focal complexes of such projections (F ig.
5, panels G and H). As a demonstration of immunostaining
specificity, the pCAS-165 antibody failed to stain either
focal adhesions or focal complexes of either CAS —/
— MEFs or these cells expressing the 15FxxP CAS mutant
(data not shown). Thus, signaling events resulting from
CAS SD tyrosine phosphorylation can occur both within
nascent focal complexes as they form along the cell leading
edge as well as in the mature focal adhesions that underlie
the cell body.

4. Discuassion

Phosphorylation by SFKs of YxxP tyrosine residues in
the CAS SD has emerged as a major integrin signaling event
implicated in cell motility. We have developed and exten-
sively characterized novel “pCAS” phosphospecific anti-
bodies directed against CAS SD YxxP phosphotyrosine
sites. The pCAS antibodies were employed to intvestigate
mechanisms and subcellular sites of CAS SD tyrosine
phosphorylation. Qur results indicate that cellular CAS SD
tyrosine phosphorylation is achieved through distinct FAK-
dependent and -independent mechanisms. We further dem-
onstrate that CAS SD tyrosine phosphorylation is observed
exclusively at sites of integrin-mediated cell adhesion,
including both nascent focal complexes formed at the edges

of extending lamellipodia as well as mature focal adhesions
underlying the cell body. 5
The experimental usefulness of phosphospecific antibod-
tes is limited by the extent to which they exhibit specific
binding activity. For each of the three pCAS antibodies,
specificity toward CAS was demonstrated by lack of im-
munoblot reactivity toward lysates from vanadate-treated

‘CAS — /-~ MEFEFs and acquired immunoreactivity upon ex-

pression of WT CAS in these cells. That each pCAS
antibody specifically recognizes CAS SD YxxP phospho-
tyrosine sites was demonstrated by the dramatic increase in
CAS immunoreactivity resulting from vanadate treatment
and, more importantly, the lack of reactivity toward the
CAS-15FxxP mutant. The pCAS antibodies are not strictly
specific toward the phosphorylated YxxP sites against
which they were raised, however. For pCAS-165, this was
evident from the immunoreactivity against the mouse CAS-
Y169F variant (murine Tyr-169 being equivalent to human
Tyr-165) expressed in CAS —/~ cells. Similarly, through
transient expression in COS-7 cells, we have observed that
the pCAS-249 and -410 antibodies recognize CAS variants
containing single phenylalanine substitutions for the YxxP
fyrosines contained in their respective immunogens (L. R.,
N.-Y.S., and S. K. H., unpublished observations). Given the
similarity of the YxxP motifs and flanking sequences, it is
not surprising that the pCAS antibodies are not single-site
specific. Nevertheless, the pCAS antibodies are valuable
reagents for monitoring the signaling capacity of CAS.

In addition to activated CAS, the pCAS-410 antibody
recognizes by immunoblotting a broad protein band of ~ 70
kDa. Based on its electrophoretic mobility, combined with
our observation that pCAS-410 weakly stains focal adhe-
sions in CAS —/~MEFs (P. M. F, N-Y. S., and S. K. H.,
unpublished observation), it seems likely that the ~ 70-kDa
protein represents tyrosine-phosphorylated paxillin. Nota-
bly, the two major tyrosine sites phosphorylated in paxillin,
residues 31 and 118 [49), exist within YxxP motifs. In cell
unmunostaining, the pCAS-249 antibody, in addition to
recognizing adhesion sites, gives a particulate cytoplasmic
staining pattern in both CAS+/+ and CAS —/— MEFs,
indicating that this antibody cross-reacts with a nonfocal
adhesion component in this condition (P. M. F, N.-Y. §,,
and 8. K. H., unpublished observation). _

We employed the pCAS antibodies to investigate the
mechanism of CAS SD tyrosine phosphorylation. Previous
studies have implicated SFKs as being primarily responsi-
bie for CAS SD tyrosine phosphorylation in integrin
signaling [21,50]. Through its SH3 domain, Src binds to
the RPLPSPP motif in the CAS SBD [51], which can
induce Src kinase activity and CAS phosphorylation
[52,53]. Nonetheless, a second mechanism involving
FAK could also contribute to CAS SD tyrosine phosphor-
ylation. FAK could recruit SFKs to phosphorylate the CAS
SD via simultaneous interactions of its proline-rich motifs
with the CAS SH3 domain and its phosphorylated Tyr-397
site. with the Src SH2 domain. Supporting this “FAK-
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bridge” mechanism, expression of a constitutively active
FAK wvariant (CD2FAK) was shown to dramatically elevate
CAS phosphotyrosine content [22], while we have
obtained evidence that the FAK-bridge mechanism is more
efficient in promoting CAS tyrosine phosphorylation in
comparison to SFKs directly bound to the CAS SBD [21].
As judged by pCAS antibody immunorcactivity, CAS
mutants in which either the Src SH3 binding site was
disrupted (CAS-mPR) or the SH3 domain deleted {(CAS-
ASH3) both exhibited significantly reduced CAS SD
phosphotyrosine content as compared to WT CAS. The
effect on CAS SD phosphotyrosine content was much
more striking for CAS-mPR in comparison to CAS-
ASH3, suggesting that direct interaction of SFKs with
the CAS SBD may be the major mechanism of CAS 8D
tyrosine phosphorylation. However, these results must be
considered in Light of CAS SH3 domain multifimctionality.
In addition to FAK, CAS SH3 interacts with tyrosine
" phosphatases PTP1B [54] and PTP-PEST [55], suggesting
a function for this domain as a molecular switch regulating
both CAS phosphorylation and dephosphorylation, Hence,
deletion of the CAS SH3 domain might also be expected to
enhance CAS SD phosphotyrosine content due to lack of
phosphatase binding. Although we treated cells expressing
the CAS variants with vanadate to enhance detection by
the pCAS antibodies, tyrosine phosphatases bound to the
CAS SH3 domain could still have impacted on the
observed pCAS antibody signals as a result of their actions
prior to vanadate treatment or from their incomplete
inhibition. Thus, the role of FAK/SFK complexes in
promoting CAS SD tyrosine phosphorylation could be
more substantial than suggested by the data obtained from
analyzing the CAS mutanis. Indeed, our analysis of Tet-
FAK cells further implicated the FAK/SFK complex as a
major regulator of CAS SD tyrosine phosphorylation. In
these cells, induced expression of WT FAK resulted in a
substantial enhancement of pCAS antibody signals, while
FAK-Y397F expression had no effect. Thus, we conclude
that CAS SD tyrosine phosphorylation is achieved through
SFKs either directly bound to the CAS SBD or indirectly
associated with CAS through a FAK bridge, with both
mechanisms making substantial contributions. Why two
mechanisms exist to achieve CAS SD tyrosine phosphor-
ylation is an interesting question open to speculation. One
possibility is that the different mechanisms target distinct
YxxP sites which could differentially activate downstream
signaling evenits.

Of the three pCAS antibodies, pCAS-165 is best suited
for cell immunostaining studies. Using this antibody to
stain CAS+/+MEFs, we determined that CAS SD tyrosine
phosphorylation occurs exclusively at sites of integrin-
mediated adhesion. Notably, pCAS-165 immunoreactivity
is enriched in focal complexes along the edges of extend-
ing lamellipodiz. This observation supports the notion that
CAS signaling via recruitment of Crk- and/or Nek-family
adaptor proteins could drive lamellipodial extension
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through localized Racl activation at the leading edge. Past
support for this idea has come from biochemical studies
showing enrichment of tyrosine-phosphorylated CAS,
CAS/Crk complexes, and active Rac in pseudopodia
{lamellipodia-like projections) induced by a chemoattrac-
tant [56]. By promoting localized Racl activation at focal
complexes to drive further lamellipodial extemsion, CAS
signaling could act to maintain the direction of movement
in cell motility. This could explain why cells deficient in
FAK signaling have poor directional persistence in cell
motility [57).

In addition to the nascent focal complexes, the pCAS-
165 antibody stains mature focal adhesions. Previous
reports have documented focal adhesion staining by certain
other anti-CAS antibodies raised against unphosphorylated
immunogens [58,59]. Unlike the pCAS antibodies, howev-
er, these antibodies also exhibited considerable staining of
other cellular sites including stress fibers and nuclei [58],
and cytoplasm [59]. The ability of anti-CAS antibodies to
stain focal adhesions is comrelated with their ability to
recognize the tyrosine-phosphorylated protein [58,59].
Immunostaining with the CAS-TL antibody, which shows
no specificity toward tyrosine-phosphorylated CAS, shows
a strong cytoplasmic staining of CAS+/+ MEFs (not seen in
CAS —/ — MEFs) with very little staining of adhesion sites
P M F, N-Y. 8, and 8. K. H,, unpublished observation).
Thus, only a small fraction of CAS may be present in the
adhesive sites where it is subject to tyrosine phosphoryla-
tion. While CAS SD tyrosine phosphorylation in focal
complexes is .implicated in the process of lamellipodium
extension, 4 functional role for this integrin signaling event
in the mature focal adhesions is more open to speculation.
Given that Racl activation of PAK kinases has also been
implicated in focal adhesion turnover [14], it is possible that
CAS SD tyrosine phosphorylation within focal adhesions
could play a role in regulating this process and thus further
stimulate cell motility. Alternatively, CAS signals originat-
ing from mature focal adhesions may be important for cell
survival/proliferation functions of CAS. 1t will be of interest
for future studies to determine if CAS SD phosphorylation
leads to different downstream signals in focal adhesions
versus focal complexes.
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Torsoni, Adriana 8., Priscila M. Fonseca, Daniela P
Crosara-Alberio, and Kleber G. Franchini. Early activa-
tion of pl60TOCE by pressure overload in rat heart. Am J
Physiol Cell Physiol 284: C1411-C1419, 2003. First pub-
lished February 5, 2003; 10.1152/aipeell 00098.2002.—We
investigated the effects of acute pressure overload on activa-
tion of p160™°CK in rat myocardium. Constriction of trans-
verse aorta, controlled to increase peak systolic pressure of
ascending aorta by ~40 mmHg, induced a rapid association
of RhoA with Dbl-3 and p160FCCE, The binding of plGOROCK
to RhoA was rapidly increased, peaking at 30 min {~3.5-fold),
but reduced to lower levels {~1.9-fold) by 60 min of pressure
overload. The activity of immuneprecipitated p160FOCE {4
ward myosin light chain increased ~2.5-fold within 10 min
but decreased to lower levels (~1.6-fold} after 60 min of
pressure overload. Confocal microscopic analysis indicated
that pressure overload induced the formation of aggregates of
p160FCCE and RhoA along the longitudinal axis of cardiac
myocytes. Immuncelectron microscopic anaiysis showed that
pressure overload induced the association of p160FOCK and
RhoA to Z-line, T-fubule, and subsarcolemmal areas. The
rapid activation of p1607°CE by pressure overload and its
aggregation in subcellular structures involved in transmis-
sion of mechanical foree suggest a role for this enzyme in the
mechancbicchemical transduction in the myveardium.

mechanical stress; cell signaling; myocardium

MECHANICAL $TRESS has been implicated as a major fac-
tor responsible for the functional and structural
changes of the myocardium to hemodynamic overload
(6). Although the effects of mechanical stress could be
mediated by activation of mechanosensitive ion chan-
nels or by locally and systemically released growth
factors (16, 17, 29), ihe mechanical input itself may
trigger cellular signaling mechanisms via the inierac-
tion of cells to the underlying exiracellular matrix
through the {ransmembrane integrins (13, 21} Inte-
grins connect to a meshwork of F-actin through bridg-
ing proteins such as vinculin, talin, and «-actinin at
specialized membrane-bound regions known as focal
adhesion complexes (3, 10, 25, 27). This system trans-
mits mechanical stimuli through the elastic coupling to
sites, such as plasma membrane, iniernal organelles,
or nuclens {21}, In addition, integrin clustering leads to
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the recruitment and activation of several signaling
proteins such as focal adhesion kinase (Fak), ¢-Sre,
small G proteins, and MAP kinases to F-actin mesh-
work (4, 28j. These signaling molecules may act as
transducers of the mechanical stimuh into intracellu-
lar signaling events. Accordingly, our previous studies
bave shown (7, 8} that either acute pressure overload
or siretch induces rapid activation {within 35 min} of
the multicomponent signaling complex associated with
Fak in the myocardium of rats. This effect includes the
activation of ERK1/2, involved in cellular functions
such as metabolism, gene regulation, and growth (32},

The assembly of focal adhesion complex, a eritical
step in cellular signaling through Fak, involves multi-
ple steps and pathways and may be regulated by me-
chanical stimuli or soluble factors, such as growth
factors, angiotensin II, and endothelin (3, 10). The
small GTPase Rho has been shown to play a central
role in the reorganization of F-actin and focal adhe-
sions in response io several different stimuli (11, 13).
In cardiac myocytes, RhoA has been shown o be re-
quired for phenotypic changes induced by growth fac-
tors and stretch {1, 5, 12, 19, 22, 30, 31, 35). However,
the signaling mechanisms that mediate these effects
are still unclear. Among the putative Rho effectors are
2 pumber of proiein kinases that bind to and are
activated by Rho (15). ROCK, the most extensively
characterized Rho effector, stimulates cvtoskeletal re-
organization in response to various stmuli (15). In
particular, ROCK has been shown to stimulate myosin-
based contractility by directly and indirectly elevating
phosphorylation of the regulatory myosin light chain
(2, 18, 34). The resulting activation of myosin triggers
myosin filament formation and reorganization of F-
actin (20, 33). Despite the fact that Rho/ROCK path-
way has been suggested to mediate hypertrophie sig-
nals in neonatal cardiac myocytes {12, 19, 36), a clear
demonstration that ROCK is activated as well as the
wdentity of the upstream activators in overloaded myo-
cardium is still lacking. Several lines of evidence indi-
cate that Rho-GTPase activity is regulated by proteins
known collectively as GAPs (GTPase-activating pro-
teins) and GEF's {guanine nucleotide exchange factors).
Although numerous GEFs and enzyme effectors are
capable of stimuiating nucleotide exchange and medi-
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ate the effects of small GTPase Rhod, recent studies
(24, 26) have shown that Dbl is the main activator of
RhoA/ROCK pathway when the stimulus elicits inte-
grin engagement. In this context, it would be relevant
to know whether Dbl is invelved in the activation of
myocardial RhoA/ROCK pathway in response to in-
creased workload.

Thus the aim of the present study was to examine
the activity, expression, and cellular location of
pl60"OCK in the myocardium of rats subjected to acuie
pressure overload. Additional experiments analyzed
the engagement of the upstream activators Dbi-3 and
RhoA on the early activation of p160R°T¥ i the over-
loaded myocardium.

METHODS

Antibodies and chemicals. Polyclonal goat antibody
against p160FOCK, polyclonal rabbit antibody against Dbl-,
and monoclonal mouse antibody against RheA were pur-
chased from Banta Cruz Biotechnology. Myosin light chain
(MLC} was from Calbiechem. Anti-goat and anti-rabbit IgG
biotin-conjugated antibodies, sireptavidin-gold 15 nm {Auro-
probe}, **L-protein A, [v-**P]ATP, and protein A-Sepharose
6MB were purchased from Amersham Pharmacia. TRITC-
phalloidin, FITC-conjugated anti-goat, and all other reagent
grade chemicals were obtained from Sigma.

Experimental animal modal. Acote pressure overload was
obtained by controlled constriction of the transverse aoria,
produced with a micre-Blalock clamp in anesthetized rats as
described previously {8). Briefly, the animals were anesthe-
tized with pentobarbital sodium (50 mgkg rat wi} adminis-
tered via intraperitoneal imjections and maintained on a
temperature-controlled surgical table for periods ramnging
from 5 to 60 min. Supplemental doses of pentobarbital so-
dium were administered along the experimental period, as
necessary. Pulsatile arterial pressure was continuounsly mon-
itered from catheters placed in the carotid and femoral ar-
teries and processed with WINDAQ-PRO data acquisition
software {DATAQ Instruments, Akron, OH). The transverse
aorta was reached by surgical incision at the second left
intercostal space. The micrv-Blalack clamp was adjusted
around the transverse aorta between the right and left com-
mon carotid arteries, and the constrictien was adiusted to
produce stable peak systolic pressure gradients of ~40
mmEg between the ascending and abdominal aorta. Control
rats were sham cperated. At the end of the arterial pressure
monitoring period, the animals were euthanized with a sup-
plemental dose of pentobarbital sodium administered via an
endovenous catheter placed in the right jugular vein. The
thoracie cavity was then opened, and the ventricles were
rapidly removed for Western blot, immunchistochemical, and
immunoelectron microscopy studies. All procedures and the
care of the rats were in accordance with the university's
Guide for the Care and Use of Laboratory Animals,

Adult rot ventricular myocvies. Cardiac myocytes were
isolated from the left ventricle of adult Wistar rats at 160—
186 g by ceilagenase (type IA: Sigma) digestion using a
modified Lengendorff perfasion according o methods previ-
ously described {37}. Briefly, rats were anesthetized, and the
heart was excised, taking care io remove the pericardium.
The acrta was tied onto the cannula, and the heari was
perfused with Ogsaturated HEPES-buffered solution (10
mM HEPES, 118 mM NaCl, 5 mM KO, 1.3 mM
MgS0.-7Hz0, 25 mM NaHCOs, 1.2 mM KHoPO,, 6 mM
glueose, 1 ml of heparin, and 1 mi of Xyloecaine, pH 7.4). After

MYOCARDIAL p160°0CK AND PRESSURE OVERLOAD

2 min, the solution was swilched 1o HEPES-buffered sointion
plus EGTA (4 mM) solution for 10 min, and the heart was
then perfused with enzyme solution for about 20 min
{(HEPES-buffered solution with 0.1% BSA and 300 pg/ml
collagenase). At the end of the digestion, the heart was cut off
the cannula and the atria and aorta were dissected away. On
a sterile petri dish the ventricular fissue was chopped with
small scissors, and the suspension was then filtered through
cotton ganze. The myocyies were placed in 40 ml of Qp
saturated HEPES-buffered solution plas 0.1% BSA plus 2
crescent concentration of Ca®* solution at 37°C. At the end of
this period, the Ca®" concentration was 1.2 mM. The myo-
cytes were double-cenirifuged at 12 g for 10 min each time.
The viability of the isolated cardiac myocytes was 40% as
determined by rod-shaped morphelegy and lack of granula-
tion: or blebs. After isolation, the ventricular myocytes were
immediately transferred to poly-L-lysine-coated glass slides
and then processed for immunohistochemistry.

Tissue preparation for immunoprecipitation. The ventri-
cles were homogenized in 10 volumes of solubilization buffer
(1% Triton X-100, 100 mM Tris-HCIL pH 7.4, 100 mM
Nat»PQ,, 100 mM NaF, 10 mM EDTA, 10 mM NazV0,, 2
mM PMSF, and 0.1 mgfm! aprotinin) at 4°C. The extracts
were cenirifuged at 3,000 g at 4°C for 20 min, and the
supernatant was used for the assays. Protein concentration
was determined with the Bradford dye binding method. An
equal amount of total protein of the supernatants of these
tissues was submitied to immunoprecipitation with specific
antibodies and protein A-Sepharose 6MB.

Protzin gnalysis by immunoblotting. Aliquots of whole
extracts or immunoprecipitated proteins containing an equal
amount of iotal protein were treated with Laemmli sample
buffer and run in SDS-PAGE. The nitroceilulose membranes
with transferred proteins were incubated with specific anti-
bodies and " L.protein A Band intensities were quantified
by optical densitometrv of ihe developed autoradiographs.

Immune complex kingse assay. Serinefthreonine kinase
activity associated with the immune complex of anti-
p160%°CF antibody was measured by using MLC as sub-
strate. The immune complex of anti-pl8089°K antibody was
immunoprecipitated, washed, resuspended, and incubated
with 25 ug of MLO at 30°C for 20 min in 18 1l of kinase buffer
{100 mM HEPES, pH 74, 5 mM MaCls, 5 mM DTT, and 500
#M NasV0,) containing 2 uCi {+%*PJATP. Adding boiling
Laemml sample buffer to the reaction terminated the reac-
tion. After separation by SDS-PAGE, the proteins were
transferred to nitrecellulose membrane and the 3P-laheled
MLC band (20 kDa} was visualized by auioradiography and
quaniified by densitometry.

Immunoflucrescence study. Sections of left ventricle and
freshiy isolated cardiac myocytes from adult rats were dou-
ble-stained with TRITC-phalicidin and anti-ROCK or anti-
RhoA antibodies. The heart was perfused with a washing
solution {PBS, heparin, and lidocaine) and then with 2 10%
sacrose selution in PBS. The lefi veniricle was removed,
{frozen, and stored at —80°C. Cryosections {5 pm} ang freshly
isolated cardiac myocytes were transferred to poly-L-lysine-
coated glass slides and fixed (2% paraformaidehyde in PBS,
pH 7.4}, Nonreactive sites were blocked with 5% nonfat milk
in PBE. The sections or isolated cardiac myocyies were incu-
bated with anti-p160%9°K or anti-RhoA antibodies in 1%
nonfat milk in PBS overnight at 4°C, followed by incubation
with FITCconjugated secondary antibody and TRITC-phal-
loidin and mounted in Vectashield {Vector Laboratories, Bur-
lingame, CA). Immunofluorescence was detected by eenfoeal
laser scanming mieroscopy (CLSM; Carl Zeiss) Double-
stained images from FITC and TRITC channels were simul-
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faneonsly acquired from ihe same area and superimposed.
The same sensitivity of the CLEM was used to compare the
anti-p160%°CE and anti-RhoA staining in myocardial crvo-
sections of the various groups of rats. As negative controls,
cryosections were not incubated with primary antibodies. No
specific staining was observed in the negative control.

Tigsue preporetion for immuanogold laheling. Pieces of
heart {</1 mm} were fixed in a mixture of 4% paraformalde-
hyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH
7.4} at 4°C for 1 h, washed for 45 min with .05 M phosphate
pbuffer (pH 7.4}, and treated with 0.1 M glycine for 1 h. After
being washed as deseribed above, the pieces were dehydrated
shrough graded concentrations of N N-dimethylformamide,
embedded in LR-White resin using gelatin capsules, and
polymerized at —20°C under UV lght for 3 days. Thin sec-
tions were eut with a diamond knife on an ultramicretome
{Leiea Ultracut-UCT) and cellected on 150-mesh nickel grids.
Section staining was performed by floating grids, sections
down, on droplets of the immunclabeling and washing solu-
tions placed on parafilm. All incubations invelving the anti-
bodies were done in moistened chambers. A noncompetitive
blocking step was done with 3% BSA in 0.1 M PBS (pH 7.4}
for 1 h. The incubation with primary antthedy dilated 1:50 in
1% BSA was carried out overnight at 4°C. The sections were
then incubated with anti-goat lgG biotin-conjugated anti-
body diluted 1:300 in 1% BSA for 1 h, followed by an incuba-
tion with streptavidin-geld 15 nm for 45 min. After immuno-
labeling, the sections were stained with 5% uranyi acetate for
5 min. Immunostained sections with anti-p1607°® or anti-
RhoA were examined and photographed in a transmission
electron microscope {LEO 9063 All the experiments were
accompanied by a negative conirol.

Statistical analysis. The data are presenied as means
SE. Differences between the mean values of the densitomet-
ric readings were tested with ene-way ANOVA for repeated
measures and Scheffé’s test. A value of P < (.05 indicates
significant difference.

RESULTS

Acute effects of cortic constriction on kemodynamics.
Acute aortic consiriction produced a peak systolic gra-
dient between the ascending (~170 mmHg) and ab-
dominal {~130 mmEg) aorta of ~40 mmEg, stable
along the 1-h experimental period (Fig. 1). Peak sys-
tolic blood pressure of the anesthetized conirol rats
averaged 131 = 5 mmflg.

Pressure overlond induces the associgtion of Rhod
with Dbl and pI60%°Y% Coimmunoprecipitation ex-
periments were performed with specific aniibodies
against Dbi-3, RhoA, and p160°°“¥ in the myocardial
homogenates obtained from control and overloaded
hearts. Immunoprecipitates obtained with anti-RhoA
and anti-pl60RYCE antibodies were resolved by SDS-
PAGE and immunoblotted with anii-Dbl-3 and anti-
RhoA antibodies, respectively. As indicated in Fig. 24,
pressure overload enhanced the association of Dbl-3
with RhoA. The amount of Dbl-3 detected in the im-
munoprecipitates of RhoA increased to ~150% at 5 min
and to ~250% at 60 min after the beginning of pressure
stimulus. Pressure overload also induced a rapid in-
crease in the association of p160F°“F with Rhoa (Fig.
2B). The amount of RhoA detected in the immunopre-
cipitates of p160%U°Y increased to 180 and 350% at 5
and 30 min after the beginning of pressure stimulus,
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Fig. 1. Systolic gradient across the sortic constriction. Rats (n = 12)
were subjecied to transverse aoriic constriction for periods ranging
from 5 to 80 min, and blood pressure was measured in the ascending
and abdominal sortz simultaneousiy. P < 0.05 compared with
values of control {C) rats.

respectively. After 60 min of pressure overload,
p160FCCE/RhoA association was reduced to lower lev-
els compared with those seen at 30 min but remained
significantly increased compared with values for con-
trol rats. No difference was observed when values of
RhoA detected in immmunoprecipitates of p16089CK gt
60 min were compared with those at 5 and 10 min of
pressure overload. Parallel immunoblotting with anti-
Dbl and anti-RhoA revealed that the amount of these
proteins remained unaltered in the myocardium over
the 60-min period of pressure overload (Fig. 2, A and B,
bottom}.

Pressure overload activates p1607°°K, Load-induced
activation of p160F°CE in the myocardium was tested
with an in vitro kinase assay of the immunoprecipi-
tated pl60FOCK toward MLC, a cellular substrate for
p160"UCE, Az shown in Fig. 34, pressure overload was
followed by a consistent increase of the kinase activity
of anti-p160%°°F immune complex. p160F°°E activity
peaked at 10 min (to ~260%}, remained elevated by 30
min, and reduced o 2 lower level but was still signifi-
cantly elevated at 60 min of sustained stimulus. As
shown in Fig. 3B, the amount of p160%°CY¥ remained
unchanged during the experimental period.

Immunolocalization of p1607°°K {n cardiac myocytes
of rats. p160¥OCK was first localized by laser scanning
microscopy in sections of aduit rat hearts using double-
stained TRITC-phalloidin and anti-pl608CE anti.
body. In longitudinal sections of left ventricle from
control rats, staining was evident in the cardiac myo-
cytes (Fig. 44). In these cells, immunostaining of
P1BOTYCK was observed along the longitudinal axis of
cardiac myocytes with some areas stained as spots
organized regularly in the sarcoplasma (Fig. 4). Pres-
sure overload emhanced the spoit-patiern staining
along the myocytes (Fig. 48). To verify our findings in
rat left ventricular sections, we also determined the
localization of p160F¥°CF in freshly isolated left ventrie-
ular myocytes from adult rat hearts (Fig. 5, A-F).
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Isolated myocytes also showed consistent staining with
anti-p16059C antibody, and the disiribution patterns
of pIB0FCCE cenerally reproduced those seen in left
ventricular sections of control (Fig. 5, A-C) and over-
loaded hearts (Fig. 5, D-F), including the enhanced
aggregation and the number spots of p160FOCK stain.
ing induced by pressure overload.

Experiments were performed with immunogold elec-
iron microscopy of myocardial sections o further ex-
plore the specific location of p160*°°¥ in cardiac myo-
cytes. In sections obtained from conirol hearts, specific
labeling with anti-p1608°CK antihody was found to be
evenly distributed i the sarcolemma and close to the
region of Z lines {Fig. 64). In the sections obtained from

A B
P2 p1BOROG 1 pIEORTIN
Hpdal o Uaoe B prGERIL 56 Wl
388 308
Fig. 3. A: kinase aciivity of the pl160P0CK
immune complex toward myosin light chain
{MLC). p160*9¢K was immunoprecipitated 248
from myocardial homogenates of control
and overloaded (5-60 min! hearts. A repre-
sentative blot of ¥P-labeled ML (fop) and
average values (middle) of plBORCCK da. 188

tected from myocardial homopenates are
shown. B: representative example {top) and
average values (middie} of pIGRROCK frmmy.
noprecipitated from beart homogenates.
*F < (.05 compared with uploaded hearts
{C). #P < 0.05 compared with valuos af 30
min of pressure averioad.

ARBITRARY UNITS (4)
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8 i - E . ]
C & © I £ imin € 5 10 3¢ &b {min}
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Fig. 4. Confocal laser scanning microscopy (CLEM) studies showing the immunolocalization of pl80ROCK (green)

A

and sarcomeric actin {red; phalloidin) in sections of rat left ventricle. A: left ventricular section from a control heart,
showing the distribution of p160°°C°X throughout the sarcoplasma of cardiac myocytes. B: representative exarmple
of p160°°E staining in myoeardial section of beart subjected to a 30-min period of pressure overload, showing the
enhanced spot-patiern siaining {arrows) along the myecytes. C: left ventricular section from 2 control heart,
showing the distribution of RhoA throughowut the sarcoplasma of cardiac myosytes. D: anti-Rho-A staining in the
myocardiure of 30-min sverleaded rat lefl ventricle, showing the enhanced spoi-patiern siaining (arrows) along the

myocytes.

overloaded hearts, clusters of p1608°CE were found at
regions of T tubules and subsarcolemmal areas as early
as b min after the beginning of the stimulus {Fig. 68).
Moreover, in overloaded hearts, p160F°K was found
more frequently at the Z line and intercalated disk
than in sections of control rats as indicated in the
representative examples of Fig. 6, C and D,
Immunolocalization of RhoA in cardiae myocytes of
rats. In sections of left ventricles from control rats,
anti-BRhoA antibody consistently stained cardiac myo-

cytes (Fig. 4, C and D). In overloaded myocardinm,
anii-RhoA staining was seen more frequently as longi-
tudinal aggregates and spots as indicated in the rep-
resentative example of Fig. 4D. In freshly isolated left
ventricular myocytes, anti-RhoA staining was similar
to the patterns of left ventricular sections (Fig. 7, A-F)
and resembled those seen with anti-pl6080°K gnti.
body. Aggregates and spots were more frequently ob-
served in myocytes from overloaded than in those from
control hearts (Fig. 7, D-F).

¥Fig. 5. CLSM studies showing the im-
munciocalization of pl60°°CK (green)
and sarcomeric actin {red: phalloidin)
in isolzted aduolt rat veniricular myo-
cyies. 4: phalloidin staining in isolated
myocytes from control rats. B: repre-
sentative example of anti-plBOHOCK
staining of isolated myocytes from con-
trot rats. O pl60ECCRinhatloidin dou-
ble simining of solsted myocytes from
copirel rais. [): phalloidin staining in
isolated myocyies from 30-min over.
loaded hearts. E; anti-p16070CK giain-
ng. £ pl60¥OCHphalisidin  double
staining of cardiac myocytes isolated
from rat heari subjected to 30 min of
pressure gverioad. Arrows indicate ag-
gregates and spots of anti-pl80BOCK.
specific izbeling.
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Fig. 8. Immunceleciron micrographs of anki-plSHRCCK
staining in rat left ventricle. A: representative exarmple of
pi607OYK staining in the sarcomers and sarcolemma |
rows) in a myocardial section from a control rat. BOM,
extraceliular matrix; mit, mitechondrion; 8, garcolerma,
Magnification, X50,600. B: afier 3 min of pressure gver-
load, note clusters {arrows} of colloidal gold pariicles at
T-tubule-like structure at the periphery of the cell Mag-
nification, X51,700. C and Ir staining of pl6eR0OCK i
30-min overloaded hearis. Localization of p160ROCK a3 7
disks (Z; arrows) and intercalated dises (I arrows). Mag-
nification, X68,500 (£ X55.000 (D).
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Fig. 7. CLSM studies showing the im-
munclocalization of RhoA {green) and
sarcomeric actin {red; phalicidin) in
isolated adult rat wventricular myo-
cytes. A: phalleidin staining in isclated
myocyies from conirel rats. B: anti-
RhoA staining of isolaied myoeytes
from contrel rats. ¢ Rhodfphalicidin
double staining of isolated myocytes
from control rats. I phalloidin stain-
ing with anii-Rbo-4 antibody in iso-
lated myocytes from hearts subjected
fo 30 min of pressure overload. E: anti-
RhoA staining, F: RhoA/phalloidin dou-
ble staining ai 30 min of pressure overs
load. Arrows indicate aggregates and
spots of anti-Rho-A-specific labeling.
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Immunogold electron microscopy of myocardial sec-
tions with anti-RhoA antibody indicated that in hearts
from control rats, Rho-A was frequently seen along the
sarcolemma and in the Z-line regions (Fig. 84). In
sections obtained from overicaded myocardium, anti-
RhoA staining was detected more frequently as clus-
ters at the Z lines and intercalated disks (Fig. 8, B and
) as well as at subsarcolemmal regions (not shown).

DISCUSSION

This study provided evidence that pressure overload
induces a rapid activation of p16089CK in the adult rat
myocardium. Because this activation was paralleled by
increases in p160FCC%/RhoA and RhoA/Dbl-3 associa-
tion, our data also indicate that the rapid activation of
p160RCCE in the myocardium may be mediated by
Dbl-3/Rho-A complex. These functional protein data
were extended to include data provided by immunohis-
tochemistry and immunoelectron microscopic analvsis
on distribution and location of p1608°CE and BheA in
cardiac myocytes. Immunofluorescence confocal micro-
scopic analysis of adult rat left ventricle sections and
freshly isolated adult rat cardiac myocytes showed that
pressure overload enhanced the appearance of aggre-
gates of p180T°CK as well as of RhoA, regularly ar-
ranged on similar regions along the longitudinal axis of
cardiac myocytes. The aggregation of p160®CCE and
RhoA staining in cardiac myocytes of overloaded hearts
were confirmed by the immunogold electron micros-
copy, which showed the appearance of clusters of
p160ROCE and RhoA at specific regions such as the
Z-line, T-tubule-like structures, intercalated disk, and
subsarcolemmal/sarcolemmal areas. Overall, these
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data support the conclusion that load induces a rapid
assembly and activation of Dbl/RhoA/p1608OCK gignal.
ing complex at siructures compromised with force
transmission in adult rat cardiac myocyies.

The finding here thai pressure overload induces
pl6OFOCE a5 well as RhoA to localize and cluster at
specific subcellular structures simultaneously to
p160%P“F/RhoA association detected by coimmunopre-
cipitation assays suggests that their activation is de-
pendent not only on the interaction with upstream
activators but also on their recruiiment to 2 particular
subcellular compartment. p160°°°F contains multiple
domains, including a kinase domain in the NH; termi-
nus followed by a long coiled-coil region in the middle,
that bind RhoA, and then 2 plecksirin homology region
and a Cys-rich zinc finger at the COOH terminus,
which could target thic enzyme 0 membranes and
cytoskeletal aciin (14). Studies performed in distinet
experimental models have confirmed the target of
p160%OCK 19 cytoskeletal proteins (9, 23). The location
at specific subcellular structures might confer to
p160FOCE the ability to contribute to signaling mecha-
nisms involving cell membrane and cytoskeleton. Thus
one could argue that the load-induced activation and
target of p160F“CK and RhoA to the Z line, intercalated
disk, and subsarcolemmal area, structures that stand
and transmit mechanical forces, might indicate a role
for these enzymes in mechancbiochemical transduc-
tion in cardiac myocytes.

Earlier studies have implicated RhoA/p160ROUK sig.
naling complex in stretch and agonist-induced activa-
tion of gene regulation, sarcomerogenesis, and hyper-
trophy of cardiac myoeytes (1, 5, 12, 19, 22, 30, 31, 35).

Fig. 8. lmmuncelectron micragraphs of anti-Rho-A
staining in rat left ventricle. A: representative example
chowing sparse RhoA siaining in the sarcorere and
sarvolermma (arrows) in a myocardial section frem a
control rai. Magnification, X41,217. B: afier 10 wmin of
pressure averload, note clusters (arrow) of eolloidal gold
particles at intercalated disk. Magnification, »40,109.
C: staining of BhoA it 30-min overloaded hearts shows
localization of Rhod at Z disk {arrow). Magnification,
XB85,319.
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Our present data indicating rapid RhoA/p1608BCCK gq.
sociation and activation of p160ROCK at specific sites
suggest that these enzymes play a role in the initial
events triggered by increased workload in cardiac myo-
cytes. Accordingly, p160%°“® has been shown to con-
tribute to several independent features of myocardial
cell hypertrophy, including increase in cell size, sarco-
mere organization, and induction of atrial natriuretic
factor and 3-MHC expression (36). It remains to be
determined, however, whether such pleiotropic effects
are mediated indirectly by the influence of p160BOCK
on stress-induced cytoskeletal organization or by its
direct effect on multiple signaling pathways.

Despite the fact that our findings implicate
p160F9CE on the initial events elicited by the load-
induced Dbi/RhoA activation, they do not rule out a
possible role for other targets or upstream activators of
RhoA in myocardial responses to pressure overload.
Several targets of RhoA have been ideniified besides
pl60ROCE including citron kinase, protein kinase N,
pl40mDia, and rhotekin (13). Although the relative
contributions of the various RhoA downstream effec-
tors are still unclear, it is possible that they play
distinct role on RhoA-activated signaling mechanisms.
In fact, previous studies (22} have demonstrated that
protein kinase N regulates atrial nairiuretic factor
gene transcription in cardiaze myoeytes through a se-
rum response element. On the other hand, it has also
been shown (36) that the Rho/ROCK pathway contrib-
utes to cardiac myocyte hypertrophy induced by w:-
adrenergic agonist via activation of extraceliular sig-
nal-regulated kinases and GATA-4, suggesting that
the effects of RhoA on gene regulation are mediated by
multiple downstream effectors and mechanisms. Inter-
estingly, our present results indicate that the load-
induced p160%C°F activation is transient with a peak
at 30 min of pressure overload, although Dbl/RhoA
association, and presumably RhoA activity, was still
increased at 60 min of pressure overload. This finding
might indicate that after the initial period, when
p160FOCK is the major effector of RhoA, other effoctors
could be activated and play a role in the effects of RhoA
on myocardial respenses to pressure overioad.

In conclusion, we have shown here that p160ROCK ¢
rapidly and transiently activated in the myocardium in
response to pressure overioad. Given the potential ef-
fects of p160™S“K on multiple aspecis of the initial
cellular response to mechanical stimuli such as cy-
toskeletal organization, contractility, and influence on
gene expression, the early activation of p160FCCK in
overloaded myocardium indicates that this enzyme as
well as its upstream activators may occupy a central
position in the ceordination of the initial signaling
mechanisms and adaptive changes triggered by me-
chanieal stress in cardiac myoeytes.

This study was sponsored by grants from Fundaggo de Amparo &
Pesquisa do Estado de 880 Paulo {Proc. 98/11403-7, 99/06088-8) and
Conselhe Naciopal de Deseavolvimento Cientifico ¢ Tecnoldgios
(Proc. 521098/87-1).
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Load-induced focal adhesion kinase activation in the
myocardium: role of stretch and contractile activity
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Domingos, Priscila P., Priscila M. Fonseca, Wilson
Nadruz, dr., and Kleber G. Franchini. Load-induced focal
adhesion kinase activation in the myocardium: role of streich
and contractile activity. Am J Physiol Heart Circ Physiol 282:
H556-H564, 2002; 10.1152/ajpheart.00534.2001.—We in-
vestigated the influence of streich and contractile activity
on load-induced activation of focal adhesion kinase (FAK)
and extracellular sigpal-regulated kinase (EREJ1L/Z in iso-
lated rat hearis. Increases of diastolic pressure from ~0 io
~ 158 mmHg rapidly increased FAK tyrosine phosphorylation
{maximun: 2.3-fold) and binding to ¢-Sre¢ {maximum: 2.8
fold) and Grb2 {(maximum: 3.6-fold). This was paralleled by
activation {meximum: 2.8-fold} and binding of ERKY/2 to
FAK. FAK and ERK12 were immunolocalized at sarce-
lemmal sites of cardiac myocytes and in the nucled, in the
case of ERK1/2. Balloon inflation to raise ventricular pres-
sure in hearts perfused with cardioplegic solution alse acti-
vated FAK and ERK1/2. However, increases in contraciile
activity induced by incressing caleium concentration in the
perfusate (from 0.5 to 5 mM)} did not activate the FAK
multicomponent signaling complex or ERK1/2 in the myoecar-
dium. These results indicate thai sireich rather than con-
tractile activity induces FAK and ERKL/2 activation in the
myocardivm. In addition, the activation and binding of
ERK1/2 to FAK suggest that FAK drives the load-induced
activation of ERK1/2.

eytoskeleton; eell signaling; rat heart

MECHANICAL INPUT PLAYS A MAJOR ROLE in cardiac adaptive
responses to hemodynamic overload (10). In addition to
triggering the force-length mechanism and homeomet-
ric autoregulation, mechanical input activates signal-
ing mechanisms involved in hypertrophic growth of
cardiac myocytes, the hallmark of the myocardial
structural adaptation in response to sustained herno-
dynamic overload (11, 27). How mechanical input is
converted to biochemical signals that induce the myo-
cardial hypertrophic response is still nrot completely
understood. However, increasing evidence supporis
the notion that living cells fransduce and transmit
forces into biochernical signals through specialized fo-
cal sites of the membrane, whereby integrins connect
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the cytoskeleton to the extracellular matrix (8, 16, 17,
23). This includes cardiac and skeletal myocytes,
where the costameres, the counterpari of the focal adhe-
ston complex, connect the sarcolemma to sarcomere Z
fines through cytoskeletal proteins (4, 12, 15, 25, 33,
38). Such structures provide a continuous path for
mechanical signal transfer from the extracellular ma-
trix to the sarcomere, nucleus, and internal organelles.
In addition, many signaling molecules are immobilized
and have their function dependent on the anchorage to
the cytoskeieton, which provides a physical basis for
mechanobiochemical transdection (6, 14, 17).

Among the various signaling molecules involved in
integrin-mediated signaling, focal adhesion kinase
{FAK} has received riuch attention because experi-
mental evidence indicates that it plays a key role in the
cellular effecis elicited by the integrinfeyioskeletal sys-
tem, such as cell growth and gene expression (6, 14).
The precise mechanism that links integrins to FAK
activation is unknown, although it is clear that inte-
grin clustering mediates FAK autophesphorylation,
predominantly at Tyr®®7 (7, 29). After autophosphory-
Iation, additional tyrosine residues of FAK are phos-
phorylated through the action of ¢-Sre, which binds to
FAK at Tyr®®7 via its SH2 domain {7, 29). This leads to
the binding of other 5#2 domain proteins such as
phosphatidylinositol-3-kinase (PISK) (14) and the Grb2/
Sos complex (30), which in turn activate, among others,
the Akt and Ras/mitogen-activated protein (MAP) ki-
nase signal transdoction cascades, respectively (30,
36}. FAK activation has been demonsirated to occur in
isolated cardiac myocytes subjected to pulsatile me-
chanical stretch and in overloaded feline and rat myo-
cardinm (13, 18, 20, 32). With ihe use of an experimen-
tal preparation in which the in situ rat heart was
subjected to controlled pressure overload, we were able
to show that pressure overload elicits rapid activation
of the multicomponent signaling complex associated
with FAK in the rat heart (13). The close relationship
among increased load and FAK/c-Sre activation, FAK/
PI3K/Grb2 association, and the concurrent activation
of Akt and extracellular signal-regulated kinase

The costs of publication of this article were defrayed in part by the
paymeni of page charges. The article musi therefore be hereby
marked “adyertisement” in accordanee with 18 U.8.C. Section 1734
solely to indicate this fact.
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{ERK}1/2, two poiential downsiream effectors of the
FAK maulticomponent signaling complex, indicated
that it may play a role in the earlier myocardiat re-
sponses to increased workload. Although these results
provide evidence that FAK is activated in response to
hemodynamic overload, the fact that they were ob-
tained in an “in situ” preparation preciuded a better
understanding about the nature of the mechanical
forces involved in this process.

Thus the present study was designed to examine, in
an isolated perfused heart preparation, the separate
mfluences of mechanical stimulus, tension develop-
ment, and contractile activity on FAK activation dur-
ing increases in myocardial workload. In addition,
ERK1/2 activation, a downstream effector of FAE, was
studied by using an anti-phospho-specific antibody
against ERK1/2. The relative Importance of myocardial
passive fension and contractile activity on load-in-
duced FAK and ERK1/2 activation were examined by
perfusing isolated hearts with cardioplegic solution
and by increasing calcium concentration (Cag} in the
perfusate, respectively. Furthermore, the localization
of FAK and ERK1/2 in cardiac myocytes were con-
firmed by immunohistochemical analysis of myocardial
sections. Our findings demonsirate that mechanical
siretch, rather than contractile activity, triggers FAK
and ERK1/2 activation during increased myocardium
workload.

METBODS
Antibodies and Chemicals

Antibodies against FAK, ¢-Sre, Grb2, ERK12, phosphory-
lated (Thr®%/Tyr?*)-ERK1?2. and phosphatyrosine were
purchased from Santa Cruz Biotechnology. Affinity-purified
rabbit anti-mouse Ig(G was from Dako. **LJabeled protein A
([*liprotein A), anti-rabbit IgG-hiotin, and streptavidin-
peroxidase were from Amersham. Protein A-Sepharose 8MB
was from Pharmacia. All other reagent grade chemicals were
from Sigma.

Isolated Perfused Heart Preparation

All animals received care in compliance with the principles
of laboratory animal care formulated by the university's
Animal Care and Use Committee. Wistar rats weighing 200
g were anesthetized with pentobarbital sodium (50 mgrkg ip).
After intravenous administration of heparin (500 Hl/kg), the
rats’ chests were opened, and the hearts were rapidly excised
and mounted on & nonrecireulating LangendorfT perfusion
apparatus. Retrograde perfusion waz established at a pres-
sure of 70 mmHMy with oxygenated normothermic HEPES
buffer (pH 7.4) centaining {in mM) 20 HEPES, 187 NaCl, 1.2
MgSO,, 5 ECL, 1.5 CaCle, and 16 p-ghacose. In experiments
performed to analyze the influence of changes in contractile
activity on FAK activaiion, Caqg of HEPES buffer was in-
creased from 0.5 mM to0 1.5, 3.0, and 5.0 mM. To evaluate the
contribution of passive tension-streich on FAK activation,
the hearts were perfused with a cardioplegic solution eon-
taining (in mM} 20 HEPES, 127 NaCl. 15 ECL, 1.2 Mg8Q,,
1.5 CaClz, and 16 p-gluccse; pH 7.4. A small Suid-filled latox
balloon commected o a polyethylene-50 tube was positioned
into the left ventricular chamber and connected to a pressure
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transducer calibrated to & mercury manometer for ventricu-
lar pressure monitoring. The pressure signal was amplified
{GP4A General Purpose Amplifier, Stemiech), digitized using
an analog-to-digital converter, and visualized on a personal
computer loaded with Windaq software (DATAQ). Data were
stored on a disk for off-line analyses. Pressure was recorded
at different intraveniricular volumes accerding to the proto-
sols described in Bxperimental Design,

Tissue Homogenization

After the pressure recording session, the heart was rapidly
removed from the perfusion apparatus, and the left ventricle
was minced coarsely and homogenized in ~10 volumes of
sohubilization buffer 1% Triton X-100, 100 mM Tris-HCl (pH
7.4}, 1080 mM sodium pyrophosphate, 100 mM sodium fuo-
ride, 10 mM EDTA, 10 mM sodium vanadate, 2 mM phenyl-
methylsulfonyl fluoride, and 0.1 mg/m! aprotinin] at 4°C with
a Polytron operated at maximum speed for 36 s. The extract
was centrifuged at 10,000 g at 4°C for 30 min, and the
supernatant was used for the assay. Protein concentration
was determined with the Bradford dye-binding method. The
supernatant was treated with Laemmli sampie buffer con-
taining 100 mM dithiothreitol heated in a boiling water bath
for 4 min and then resolved on SDS-PAGE (8% big-acryl-
amide) in 2 Bio-Rad miniature gel apparatus {Mini-Protean,
Bic-Rad Laboratories; Richmond, CA). Equal amounts of
total protein were used for all samples.

Protein Analysis by Immunoblotting

Aliquots of whole extracts or immunoprecipitated proteins
with specific antibedies and protein A-Sepharose were
treated with Laemmll sample buffer containing 100 mM
dithiothreitol and heated in a boiling water bath for 4 min,
after which they were subjected to SDS-PAGE 8% big-acryi-
amide) in a Bio-Rad miniature gel apparatus (Mini-Protean).
Electrotransfer of proteins from the gel to nitroceliuicse
membrane was performed for 90 min at 120 V{constant) in a
Bio-Rad miniature transfer apparatus {Mini-Protean). Non-
specific protein binding fo the nitrocellulose membrane was
reduced by preincubating the filter overnight at 4°C in block-
ing buffer (5% nonfat dry mitk, 10 mM Tris, 150 mM NaCi,
and 0.02% Tween 20). The nitrocellulose membrane blot was
meubated with anti-FAK, anii-Sre, anti-phosphotyrosine, anti-
Grb2, anti-ERK1/2, or anti-phosphorylated $RK1/2 antibodies
diluted in 10 mi of blocking buffer (3% BSA instead of nonfat
dry milk) evernight at 4°C and then washed for 80 min in
blocking buffer without milk or BSA. The blots were subse-
quently incubated with 2 uCi (®5fiprotein A (30 uCi/pg) in
10 m! of hiocking buffer for 2 h at room temperature and then
washed again for 30 min as described above. 2 []protein A
bound to the specific antibodies was detected by autoradiog-
raphy using preflashed Kodak XAR film (Eastman Kodak:
Rochester, NY) with Cronex Lightring Plus intensifying
sereens (DuPont; Wilmington, DE) at —80°C for 24 h. Band
intensities were quantified by optical densitometry (model
GS 300 densilometer, Hoefer Scientific Instruments; San
Francisco, CA) of the developed autoradiographs.

Tissue Preparction for Morphometry
and Immunohistochemistry

The ventricles were fixed by overnight immersion with 4%
paraformaidbeyde in 0.1 M phosphate buffer, pH 7.4, and
processed to inclusion in Histotec (Merck). Sections used for
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morphometric analysis of cardiac myocytes were stained with
hematoxylin-eosin. Sections {for immunchistochemistry (5
wm thick} were transferred to pely-L-lysine-coated glass
slides. The endogencus peroxidase activity was blocked by
treatment with 0.023% Hz0sin 0.1 M phosphate-saline buffer
{(PBR]) at room temperature, for 30 min. The sections were
preincubated in blocking buffer (5% nonfat dry mitk e 0.1 M
PBE) for 45 min at room itemperature, followed by overnight
incubation with the primary sntibodies anti-FAK (1:100 di-
Tation) and anti-ERK1/2 (1:75 dilution) at 4°C. The sections
were extensively rinsed in 0.65 M PBS and incubated with
biotin-conjugated secondary antibodies {1:300 dilution) for
2 h at 25°C. After sections were washed as above, they were
incubated with strepiavidin-peroxidase complex {3:500 dilu-
tion) for 45 min a2t reom temperature, rinsed again, and then
subijected to freshly prepared diaminobenzidine (0.5 mgfmb
containing HzO2 {0.8%) for 5 min. The sections were then
counterstained with hematoxylin and treated with lithium
carbonate. Secondary antibody specificity was tested in a
series of pesitive and negative control measurements. In the
absence of primary antibodies, application of secondary an-
tibodies (negative controls) failed o produce any significant
staining.

Experimental Design

Group I: digstolic-sysiofic pressure refationship. Afver the
baseline pressure-recording period {15 min}, the volume of
the balloon positioned inte the left ventricle of each beating
heart was increased to raise the diastolic pressure from ~0
mmHg tc ~5, 10, or 15 mmig for 10 min. In contrel hearts,
the balloon pressure was maintained at the baseline level for
10 min more. After this period, the hearts were rapidly
removed and processed for Western blotting and histology.

Group 2: perfusion with cordioplegic solution. In this pro-
tocol, the hearts were perfused with a cardioplegic solution.
The balloen positioned into the lefi veniricle was filled to
maintain its pressure at 0 mmbg for 15 min. After this
period, the balloon was forther inflated to raise the filling
pressure to ~ 3, 10, or 15 mumHg for 10 min more before the
hearts were removed and homogenized for Western bletting.

Group 3: changes in Cap In this group, the hearts were
prepared as described for group I, but they were perfused
with buffers containing Cap of ~0.5, 1.5, 3.0, and 5.0 mM.
Diastolic pressure was maintained at ~0 mmHg along the
925-min experimental period. After this period, the hearis
were rapidly remeoved and processed for Western blofting.

Statistical Analysis

Data are presented as means * SE. Differences between
mean values were tested with one-way ANOVA for repeated
measures and Bonferroni’s multiple-range test. P < .05 was
considered significant.

RESULTS

Increases in Diastolic Pressure Activate FAK
Multicomponent Signaling Complex and ERK1/2
in Rat Myocardium

The functional parameiers and the diameters of car-
diac myocytes of perfused hearts in which diastolic
pressure was raised from ~0 to ~13 omHg are shown
in Fig. 14 and Table 1. Increases of diastolic left ven-
tricular pressure produced the expecied increases of

LOADING SIGNAL TRANSDUCTION IN THE MYOCARDIUM

left ventricular systolic pressure, with no significant
effect on spontaneous heart rate or on the rate of
systolic pressure increase or decrease. The increases in
ieft ventricular diastolic pressure were paralleled by
reductions in the diameter of cardiac myocytes, indi-
cating that these cells were progressively stretched by
the increasing balloon inflation (Table 1). Moreover,
the increases in the left ventricular diastolic and svs-
tolic pressures induced by the left ventricular balicon
inflation were accompanied by increases in the tyrosine
phosphorylation of FAK (Fig. 1B). Increases in dia-
stolic pressure from ~0 to ~5 mmnHg, which increased the
systolic pressure by ~15 mmByg and reduced the cardiac
myocytes diameter by ~15%, were accompsanied by a
twofold increase in the amount of tyrosine-phosphory-
lated FAK (Fig. 1B). Modest additional increases of
FAK tyrosine phosphorylation were observed with bal-
loon inflation to increase diastolic pressure to ~10 and
~15 mam¥lg.

FAK autophosphorylation at Tyr®™7 recruits and ac-
tivates c-Src, which is responsible for further tyrosine
phosphorylation of FAK at residues Tyr®>*>577, Tyr®¢*,
and Tyr™% (§, 9, 14, 29, 30). This elicits further recruit-
ment of signaling molecules such as Grb2, PI3K, and
paxillin, resulting in the formation of a multicompo-
nent signaling complex linked to various cellular fune-
tions. As shown in Fig. 1C, the load-induced FAK
iyrosine phosphorylation was accompanied by an in-
crease in the amount of c-Src coimmunoprecipitated
with FAK, indicating 2 load-induced binding of ¢-Sre to
FAK. This was also paralleled by increases in the
binding of Grb2 to FAK (Fig. 1D).

Grb2 potentially links the FAK signaling complex to
the Eas/ERK1/2 pathway, related to gene regulation
and cell growth. The load-induced activation of ERK1/2
was demonstrated by consistent increases in the
amount of ERK1/Z detected with a specific antibody
against phosphorylated (Thr®®%Tvyr®®-ERK1/2 in the
homogenates of hearts subjected to increased diastolic
pressure (Fig. 24} The link between FAK and ERK1/2
aciivation was further demonstrated by the load-de-
pendent coimmunoprecipitation of FAK and ERK1/2
and phosphorylaied ERK1/2 shown in Fig. 28,

Immunochistochemical analysis indicated that myo-
cardial FAK protein was localized mainly in cardiac
myocytes (Fig. 34). At higher magnification (Fig. 38),
FAK immunoreactivity appeared along the sarco-
lemma of cardiac myocytes and also in spots regularly
distributed at the sarcoplasm, resembling the distribu-
tion of T-tubules. Immunchistochemical staining was
also performed to determine the localization of ERK1/2
in the myocardimm. As shown in Fig. 3, C and D,
ERK1/2 protein was localized at the nuclei of cardiac
myocytes, but a consistent sarcolemmal and sarcoplas-
mic localization was also deiected The distribution
pattern of ERK1/2 in the cardiac myocytes, resembling
the FAK distribution pattern, suggests the colocaliza-
tion of FAK and ERK 12 both at the sarcoplasmic and
sarcolemmal sites.
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Effect of Myocardial Passtve Tension/Stretch on FAK
and ERK1/2 Activation

Because increases in left ventricular diastolic pres-
sure increased systolic pressure, it was not possible, in
beating hearts, to distinguish between myocardial
stretch and contractile activity as the major determi-
nant of load-induced FAK and ERK1/? activation. To
test for the abilify of increases in passive tension/
stretch to activate these enzymes, we performed exper-
iments in arrested hearts. As indicated in Fig. 44,
raising intraventricular pressure in these hearts still
increased FAK tyrosine phosphoryiation as well as the
binding of ¢-Sre (Fig. 48} and Grb2 (Fig. 4C) to FAK

Fig. 1. Load-induced activation of the
foeal adhesion kinase (FAKY multicom-
popeni signaling tomplex in the iso-
lated perfused rat heart. A: graphic
showing the diastolic’peak systolic
pressure relationship of iselated per-
fused rat hearts {n = 7). B: represen.
tative biots (top} of Irmmunoprecipi-
tated (IPY FAK from myocardial
extracts stained with apti-FAK and
anti-phosphoiyrosine (anti-aPy) anti-
bodies. Increases in diastolic/peak sys-
tolic pressure above the baseline val-
ves {0/81 mmHg) was accompanied hy
increases in the amount of FAK ty-
rosine phespherylation, whereas the
amount of FAK remained constant.
The graphic (bottom) shows the aver-
age values of the increases in FAK ty-
rosine phosphorylaticn as  percent
changes compared with baseline val-
ues {100%) obiained by densitometric
readings of blois (r = 7). C: represen-
taiive blot {top} and average values
(hottom} of the amount of c-Src coim-
muanoprecipitaied with FAK from ho-
mogenates of hearts subjected to in-
creaging workload n = 7. D:
represeataiive biot (top} and average
values (dortem) of the amount of Grb2
cotmmunaprecipitated with FAK (n =
7 hearts). P < 0.05 compared with
control values. IB, immunoblotting.

15 {mmii

Moreover, myocardial stretch was followed by ERK1/2
activation (Fig. 54) and binding to FAK (Fig. 5B).

Effects of Increases in Contractile Activity on FAK
and ERK1/2 Activaiion

Te examine whether increases in myocardial con-
tractile activity alone are able to activate myocardial
FAK and ERK1/2, experiments were performed in
which the isolated hearts were perfused with different
Cap in the perfusate buffer. As shown in Fig. 84,
increases in the perfusate Cay from 0.5 to 5 mM in-
duced progressive increases in systolic pressure. This
occurred while the diastolic pressure was maintained

Table 1. Functional parameters and diameters of cardiae myocytes of perfused hearts in which diastolic

pressure was raised from ~0 to 15 mmHg

Diastolbe Pressure, mmMy

9 k) p 15
SBystolic pressure, mmig 81x4 98+ 5% 112-6* 129+ 5%
Drastolic pressure, mmbg =45 407 10z 1* 14=1%
Heart rate, beats/min 265 % 17 275 =185 2688+ 12 250+20
+dP/di, mmHg/s 1L7I7+92 1,516 -89 1,973~ 114 2,068+ 120
—dP/dt, mmHgis 1152 =53 1,428 + 02 1,378x62 1,400 80
Myocyte diameter, nr g+0.4 T 0.5% PR Bk i iy 58=x08*

Values are means = SE. +dP/df and —dP/ids, rate of lefi ventricular pressure rise or decrease, respectively. *F < (.05 compared with

control valges,
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Fig. 2. Load-induced extracellular sie- A
nal-regulated kinase (ERK1/2 achiva-

tion in iselaied perfused rai hearis. A:

representative Mots (fopd of the amount B etk
of ERK1/2 and activaied ERK1/2 de-

tected by anti-ERK1/2 and anti-phos- :
phorylated (The®¥Twr?0-ERKIZ P- I8 aptiP-Trk
ERK) in the homogenates of hearts
subjected to increasing workload. The
graphic (bottom} represents the average
values of the increases iz P-ERKL2 as
percent changes compared with baseline
valoes {(100%} obiained by densitomet-
ric readings of blois {n = 8. &: repre-
sentative blots {top) of ERK1/2 and
P-ERX1/2 coimmunoprecipitated with
FAK from homogenates of rat hearts
subjected 1o increasing workload. The
graphic {bottom) represents the aver-
age values (n = 6) of experiments of the
increases in P-ERKVZ2 evimmunopre-
cipitated with FAK. *P - 0.05 com- 8
pared with control values. ¢
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at 0 mmilg. Western blot analysis of FAK tyrosine immunoprecipitated FAK in the homogenates of hearts
phosphorylation showed that increases in contractile perfused with different Cag. Besides the lack of FAK
activity were not accompanied by FAK activation (Fig. multicomponent signaling complex activation, in-
6B). In addition, no change could be demonstrated in  creases in contractile activity alone could not activate
the amount of ¢-Src and Grb2 (Fig. 6C) associated with ERKL/2, as indicated by the absence of changes in the

Fig. 3. Myocardial distribution of FAK
and ERK1/2. A and B: localization of
FAK protein (arrowheads! ag seen
longitudinal and transversal myofiber
sections. FAK staining was detected
predominantly st sarcolemimal sitfes,
but spots are also observed regularly
distributed in the sarcoplasma. £ and
D ERK1/2 protein localization {arrow-
heads and arrows) in longitudinal and
transversal myocardial sections. The
staining for this protein was delected
in the myocyte puciel, but it was aso
found at sarcolemmal and sarcoplas-
mic sites in a disiribution simiar to
that of FAK. Magnification, X 1,150,
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Fig. 4. Effect of increases ia jeft ventricular pressure in isolated rat hearts perfused with a cardioplegic solution
in the activation of the FAK mullicomponent signaling complex. 4: representative blot (zop) and average values
(bottom; n = B} of FAK tyrosine phosphorylation detected with anti-Py in the homogenaies of arrested hearts
subjected 10 increasing pressuve by the balloon inflation. B: representative blot (fop) and average values (bottom; n =
€) of the amount of ¢-Sre colmmunoprecipitated with FAK from homogenates of arrested hearis subjected to increasing
passive tension. C: representative blot {top) and average values {dottom; n = 8) of the amount of Grb2 coimmu-
noprecipitated with FAK from homogenates of arrested hearts suljected to increasing passive tension. *P < 0.05
compared with the values observed in hearts maintained with diastolic preasure of 6 mmHg (control values).

amount of ERKI/2 detected by the phospho-specific
antibody (Fig. 6D,

DISCUSSION

The present study examined the mechanical factors
contributing to load-induced activation of the FAK
multicomponent signaling complex in the myocardiam
ofisolated perfused rat hearts. The results showed that
the activation of the Frank-Starling mechanism in-
duced by increases in left ventricular diastolic pressure

A B
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3 33
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g 18 e
£ Ewm:
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Z 0 Z @
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B

elicited activation of the FAK multicompenent signal-
ing complex, as indicated by the load-induced FAK
tyrosine phosphorylation and binding to c-Src and
Grb2. Immunohistochemical analysis of myocardial
sections confirmed that most of the myocardial FAK
was localized in cardiac myoeyies. The relative influ-
ences of increases in passive tensionfstretch and con-
tractile activity on the activation of the FAK multicom-
ponent signaling complex were assessed by comparing
the effects of increases in passive tension/stretch in

Fig. 5. Effect of increases ip left ven-
tricular pressure in isolated rat hearts
perfused with a cardioplegic solution in
ithe aciivation of ERK1/2. A: represen-
tative bloi (top) and average values
{bottorm; » = B} of the amount of acti-
vated ERK1/2 detected by anti-P-
ERKL/2 (The®%Tyr*% in the homoge-
naies of arrested bearts subjected to
increasing passive tension. B: repre-
sentative blots {fop) and average val-
ues (botiom; » = 6} of P-ERK1/2 coim-
munoprecipitated with FAK from
homogenates of rais subjected o in-
creasing passive tepston. P < (.05
compared with control values.

e

b1

i swil

AfP-Heart Circ Physiol = VOL 982 « FEBRUARY 2002 o www.aipheart.org

i76



HE62

LOADING SIGNAL TRANSDUCTION IN THE MYOCARDIUM

Hreawmt
A B omira xS RDe
HWoantia Py | 12550
166, & 380, :

§ 18 _jr 220

£ g
Fig. 6. Effect of increasing contractile & 2 B9; if}—” ’ = 140
activity in the aciivation of FAK and J I ! A E _ e
ERK1/2. A: graphic showing the aver- % / - :
age values (n = 5) of peak systelic 2 435— o b ;02
pressure in hearts perfused with 2 { -
HEPES buffer with increasing caleium 65 _ N 3
coneentration (Gae). Blots {20} and av- 85 1S &8 58 ek 1A & A8

erage values {boftom) representing the
amount of FAK, its tyrosine phosphor-
ylation (B}, GrbZ association with FAK
{C}, and P-ERK1/2 {[}} are shown from
hearts perfused with tnereasing Cag.
P < (.05 compared with control val-
ues.

hearts perfused with a cardioplegic solution with those
of increases in contractile activity induced by raising
Cap in the perfusion buffer. Increases in the myocar-
dial passive tension/stretch activated the FAK multi-
component signaling complex to the same levels as the
ones observed in beating hearts after the activation of
the Frank-Starling mechanism. However, increases in
contractile activity induced by increases in Cap were
unable to activate this signaling system. In addition, it
was shown that load-induced FAK activation was ac-
companied by a simulianeous activation of ERK1/2 and
binding of ERKVZ and activated ERK1/2 to FAK
These effects were also related to increases in myocar-
dial passive tension/streich rather than fo its contrac-
tile activity. These results indieate that FAK activation
drives, at least partially, the load-indueced activation of
ERK1/2. This notion was strengthened by the demon-
stration that FAK and ERK1/2 are similarly distrib-
uted at sarcolemmal and sarcoplasmic sites of cardiac

myocytes.
Mechanical Stress and FAK Activation

Activation of the FAK multicomponent signaling
compiex induced Dy increases in mechanical input o
myoccardial cells might be mediated by a number of
factors, namely, the engagement and activation of ¢y~
toskeletal proteins associated with the cytoplasmic do-
mains of iniegrins, release of auteerine/paracrine fac-
tors, or stretch-induced activation of ion channels (5,
17, 21, 28, 4D). However, studies in cells in culture

showing the strict dependence of FAK activation by
mechanical stimuli on integrin engagement and cy-
toskeletal integrity favor the hypothesis that the inte-
grinfcytoskeletal complex is the dominant mechanism
of FAK activation in cells subjected to mechanical
stress (31, 35). Aceordingly, in our previous study (13),
we showed a rapid binding of FAK to B-actin, simulta-
neous with its activation in the myoccardium of rats
subjected to acute pressure overload. Moreover, our
demonstration here that FAK is chiefly distributed
along the sarcolemma, at sites resembling the cos-
tameres, further supports the hypothesis that the in-
tegrinfcytoskeleton complex is centrally involved in the
activation of myocardial FAK in response to mechani-
cal stimuli

Biochemical evenis that precede FAK activation
might be sensitive to mechanical events related to
inereases in passive fension, stretch, rate of increases
in local tension, or contractile activity. The prevailing
hypothesis suggests that integrins may respond to me-
chanical stress and activate FAK by inducing the ex-
posure of its Tyr®™” phosphorylation site to its kinase
domain. Occupation of integrin receptors by extracel-
halar matrix proteins is one mode of inducing autophos-
phorylation of Tyr®™7 (22, 34). Otherwise, activation of
FAK via growth factors or other mediators is thought
to ocour via activation of transmembrane receptors
{14). Presently, we have shown that FAK sctivation is
related to events occurring when the myocardium is
subjected to passive tensionfstreich but not to contrac-
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tile activity or the rate of increases in systolic tension.
However, the experimental model used in the present
study did not allow distinction befween the offects of
tension per se and stretch as the factor responsible for
FAX activation. Mechanical stretch or tension applied
directly to the extracellular domain of integrins results
in increased protein tyrosine phosphorylation, cy-
toskeletal stiffening, and the activation of downstream
signaling pathways, suggesting that integrins can
function as mechanotransducers (31, 33, 42, 43). Stud-
ies in iracheal smooth muscle, however, have sug-
gested that muscle length rather than tension is the
primary stimulus for mechanosensitive regulation of
FAK activity (37).

Cardiac myocytes are normally subjected to cvelic
changes in load. In this regard, a recent study (39) has
shown differences in the activation of signaling mech-
anisms in response to load and stretch during systolic
and diastolic phases of the cycle. Different phenotypic
responses were ohserved in cardiac myocytes subjected
to stretch during the contraction or relaxation phase of
the cycle. Possible differences in the efficiency of load-
Induced FAK activation by stretch of the myocardial
cell during systole or diastole were not explored in the
present study and remain an open guestion.

Load-Induced Activation of ERK1/2 Via FAK
Multicomponent Signaling Complex

Experiments showing a load-dependent association
of FAK {o Grb2, ERK1/2, and phosphorylated ERK1/2
to FAK and a similar distribution of FAK and ERK1/2
at sarcoplasmic and sarcolemmal sites indicated that
FAK activation may function as an upstream activator
of ERK1/2 in cardiac myocytes. This hypothesis was
strengthened by our results showing that load-induced
EREK1/2 activation is also dependent on myocardial
stretch or increases in passive fension rather than on
contractile activity. These resulis are in accord with
the results of previous studies (2, 3, 8, 9, 13, 26, 41, 44)
that showed load-induced activation of ERK1/2 in the
myocardiwm and cardiac myocytes. They also agree
with recent evidence showing that activation of
ERK1/Z may be controlled by cellular adhesion via
integrins/FAK activation (1, 24). However, in addition
to mechamnical stimuli, ERK1/2 can be activated by a
wide variety of different stimuli acting through diverse
receptor families, including hormones and growth fac-
tors, vasoactive peptides, transforming growth factor-
B-related polypeptides, inflammatory cytokines of the
tumor necrosis factor family, and environmental
stresses such as osmotic shock, ionizing radiation, and
ischemic injury (19). Alternatively, the integrin/cy-
toskeletal/FAK mechanism might collaborate in the
enhancement of growth factor activation of the ERK1/2
pathway by utilizing the actin network as a scaffold
and FAK as a coactivator (1, 24}, However, the relative
contribution of FAK to ERK1/2 activation via the inte-
grinfcytoskeleton system to load-induced myocardial
hypertrophy remains unclear.

H563

ERK1/2 are implicated as important regulators of
cardiomyocyte hypertrophic growth in culture. The
early activation of ERK1/2 in cardiac myocytes has
been suggested to coniribuie to the reexpression of
fetal ventricular genes (e.g., atrial natriuretic factor,
S-myesin heavy chain, and skeletal muscle a-actin).
More recently, studies (5) have shown that permanent
activation of the ERK1/2 pathways in transgenic mice
lines with cardiac-restricted expression of an activated
MAP or ERK kinase (MEK)1 ¢DNA developed concen-
tric hypertraphy. This indicates that the MEK1-
ERK1/2 signaling pathway stimulates a physiological
hypertrophic response associated with augmented car-
diac function and pariial resisiance to apoptotsis. The
relative importance of integrin/FAK to these mecha-
nisms is ubknown.

In conclusion, our results provide further argument
for a role of FAK in the early myocardial responses to
mechanical stimuoli. The demonstration here that
stretch or passive tension alone instead of increases in
contractile activity can activate FAK and its down-
stream effectors is compatible with the appealing hy-
pothesis that load-induced FAK activation in myocar-
dial cells could be linked to the integrin/cytoskeletal
signaling cornplex. Furthermore, experiments showing
that stretch- or passive tension-induced binding of
FAK to Grb2, ERK1/2, and activated ERK1/2, and also
a common localization of these enzymes at the sarco-
lemma and sarcoplasma of cardiac myocytes, indicate a
linkage between load-induced FAK and ERK1/2 acti-
vation during mechanicsl overload. Whether this path-
way is critical for load-induced hypertrophy in the
myocardium deserves further study.

This study was supporied by Fundacis de Auxilis 2 Pesquisa do
Estado de S0 Paule Orant 98/114-7 and Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico Grant 521098/97-1.
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Expression and Distribution of NOS1 and NOS3 in the
Myocardium of Angiotensin II-Infused Rats

Rosa C. Tambascia, Priscila M. Fonseca, Patricia D.C. Corat, Heitor Moreno, Jr,
Mario J.A. Saad, Kieber G. Franchini

Abstract—Siudies have indicated 2 complex functional interaction between angiotensin (Ang) II and NO in the heart. The
purpose of the present study was to examine the protein expression and tssue distribution of NO synthases | (NOSI)
and 3 (NOS3) in the myocardium of rats that underwent continuous infusion of Ang II at 2 different rates (10 and 40
ng - kg™ - min™") for 6 days. Mean arterial pressure increased by =15 mm Hy in rats infused with Ang IT at 40 ng -
kg - min™", but it remained close to the values observed in saline-infused rats (=110 mm Hg) when Ang II was infused
at 10 ng - kg™ - min~". The protein expression of a 160-kDa NOST and & 135-kDa NOS3 were found to increase
(=200%) in the myocardium of rats infused with both subpressor and pressor doses of Ang 1. Immunohistochemistry
studies showed that NOS1 and NOS3 are differentially expressed m myccardial cells. NOSI was detected in cardiac
myocytes and in smooth muscle cells of small and large coronary arteries, whereas NOS3 was detected in the
endothelium and in perivascular and interstitial tissues, but NOS3 was not detected in cardiac or smooth muscle celis.
Ang IT infusion enhanced the tissue immunoreactivity of both isoforms in their specific locations but did not change the
distribution throughout the myocardium, Myocardium staining with anti-angiotensin type 1 (AT,) receptor antibody
indicated that AT, receptor is expressed in cardiac myocyies, coronary smooth muscle cells, and interstital and
perivascular tissues. Ang I infusion did not change the proiein expression and distribution of AT, receptor in the
myocardium. These resulis indicate that long-ierm increases in the circulating levels of Ang II modulate the protein
expression of NO31 and NOS3 and, consequently, the function of the local myocardial NO system. (Hypertension.
2001:37:1423-1428.)

Key Weords: angiotensin [ ® niiric oxide m nitric oxide synthase o heart @ myocardium

Ang}‘otensin {Ang) U modulates cardiac function and
cellular growth in response to physiological and patho-
logical processes.’ Many of the short- and long-term effecs
of Ang I on cardiac fonction and sfructure are due to ifs
direct action on cardiac myocyies, vascular smooth muscle
cells, and cardiac fibroblasts. These effects are mediated
through at least 2 different types of receptors, which am
broadly distributed in cardiac celis.? However, some of the
cardiac effects of Ang I} ocowr through the mduction and
release of paracrine/amtocrine factors. such as tmnsforming
growth factor-3; and endothelin-1.5# In this context, in recent
vears, experimental evidence has mdicated that Ang [T and
NO influence each other by mteracting at various levels of
regulation.5¢ This may have implications not only for the
cardiac functions directly influenced by these factors but also
for the pathogenesis of processes such as myocardial ische-
mia and fibrosis.

In general, Asg [ and NO exert antagonistic effects in
cellular function and growth®? The cellular mechanigms
responsible for this amfagonism are not clear. In some
systems, this interaction scems fo be 2 simple summation of

the effects of Ang H and NG.”® Apg 1l is able to activate the
NO system by inducing the secretion of NO in small and large
coronary arteries. Because NO attenuates the vasoconstrctor
effect of Ang 11, this can cause a negative feedback system to
epit the stipulation by Ang I1.¥ The antagonism of NO on
Ang I effects is also seen n the growth effect of Ang Il on
carthac fibroblasts '*

The mutaal regulatory influence of Ang I and NO seems
o extend to gene regufation. Siudies performed in angioten-
sinogen gene-knockout mice and m rat adrenal medulla
suggest that Ang II inhibifs the expression of NO synthase
(NOS)L.'M12 In rats, however, long-term infusion of high
doses of Ang H increases the expression of NOSI and NOS3
in the renal cortex but reduces NOS1 expression in the renal
meduila® The influence of Ang II on the regulation of the
constitutively expressed isoforms of NOS in the myocardium
remains virtuaily mmexpiored.

Thus, the present study was designed to examing the effect
of long-term increases in coculating levels of Ang 11 on the
expression, and the cardiac tissue distribution of the consti-
tutive isoforms of NOS (e, NOS! and NOS3). Experiments
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were also performed to examine the protein expression and
the tissue disiribution of angictensin type ! {AT,) receptors in
the left ventricle of rats treated or not treated with Ang I1.

Methods

The experiments were performed on male Wistar rats {270 1o 300 g
obtained from animal facilities of the State University of Campinas
{Campinas, SP, Brazil). Al procedures foifowed the university’s
guidelines for the use of antmals in experimental studies.

Antibodies and Chemicals

Rabbir polyclonal antibodies raised against NOS1, NOS3. and AT,
were purchased from Santa Cruz Bioteshnology. '“I-abeled protein
A was from Amersham. Ang I was fom Calbiochem. All other
reagent grade chemicals were from Sigma.

Rat Instrumentation and Arterial
Pressure Monitoring
Al surgical procedures were performed under aseptic conditions.
Ras were anesthetized with a mixture of ketamine {78 mg/kg body
wt IM} and dizzepam {6 mg/kg body wi IM) and maintzined at 37°C.
Tygon-tipped polyvinyl cannulas were placed in the lower abdomi-
nal aoria and inferior vena cava troughout the femoral artery and
vein, respectively. The canmulas were exteriorized & the back of the
neck in a 25-cm length of staindess steet spring ¢0.5-cm diameter)
atmched o 2 swivel {(Inswech) at the top of an individual cage that
aliowed the anbmal to move Feely in its cage while being mfused.
The animals received single doses of antibiotic {Pentabidtice Veter
indrio, 100 mg/ke body wi) and were alfowed o recover for § days
before the swudy. During this period, 6.9% saline was infused
continuously through the venous catheter at a rate of 0.5 mI/k. After
this period, saline was substitated for Ang ¥ solutions in 2 different
concentrations (10 and 49 ng - kg™ - min™'} in the expernmental
animals, whereas control animals continued o receive anly saline.
Arterial pressure was monitored daily for 6 days for a I-howr
period from 3:00 1 4:00 #v. The amplified signal was beat-to-beat
recorded and sampled at 106 Hz with WINDAQ-PRO data acquisi-
tion software (DATAQ Instruments).

Tissue Homogenization

At the end of day 6 of Ang It mfusion, the animals were anesthetized,
hearts were rapidly removed, and the venmicles were minced
coarsely and homogenized in ~10 volomes of solubilization buffer
(1% Triton-X 100; 300 mmol/L Tris-HC! (pH 7.4); 100 mmol/,
sodiurn pyrophosphate; 100 mmol/L sodium flucride; 10 mmol/L
EDTA; 10 mmol/l. sodium vanadate; 2 mmol/l. PMSF; and 0.1 mg
aprotinan/mE) ar 4°C with the polytron operated at maximum speed
for 30 secands. The exiracts were centrifuged at 10 600g at 45C for
30 minutes. and the supematant was used for the assay, Protein
concentrations were determined with the Bradford dve binding
method. The supernatant was treated with Laermmli’s sample huffer
coniaining 160 mmol/L dithiothreitol and heated in 2 boiling water
bath for 4 minutes and then subjected to SDS-PAGE (8% bis-acrel-
amide) in a Bio-Rad miniature gel apparams (Mini-Protean, Bio-Rad
Laboratories). An equal amount of total prowin was used for all
sampies. Electrowansier of proteins from the gel to nitrocelhulose
membrane was performed for 90 minutes at 120V {comstant}.
Protein Analysis by Immunoblotting

The niwocellulose membrane was preincabated in biocking buffer
{5% nanfat dry milk, 10 mmolL Tris, 150 mmol/L NaCl, and 0.02%
Tween 20) overnight at 4°C. The membrane was then incubated with
anb-NOST, ant-NOS3, or anti-AT; receptor antibodies dituted = 18
mi of blocking buffer {3% BSA instead of nonfar drv mifk)
overnight at 4°C and washed for 60 mimstes in blocking buffer
without milk or BSA. The blots were subsequenty incabated with 2
pCi of Pl-labeled protein A {30 uCiiug) in 10 mb of blocking
buffer for 2 hours at room temperatare, and then washed again for 39
minutes as described above. “IHabeled protein A bound to the

82

MAP {(mmHg)

19051

Figure 1. Efiects of a 6-day infusion of Ang U and safine (n=7)
on mean arierial pressure (MAP)L Ang If was infused at rates of
10 {n=8) and 40 ng (=7} - kg™ - min™", "P<0.05 vs values of
satine-infused rats.

specific antibodies was detected by autoradiography, Band intensi-
Hes were quantified by optical densitometry of the developed
antoradiographs.

Tissue Preparation for Immunohistochemistry

Rars were heparinized, deeply anesthetized with peatobarbizal so-
dium, and euthanized with = lethal dose of lidocaine. The ventricles
were fixed by overnight immersion with 4% paraforrmaldehyde in 6.1
moll. phosphate buffer. pH 7.4, and processed to inclusion in
Histoter {Merci). Sections {5 ua} were cansferred 1o poly-L-lysine-
cozted glass slides. The endogenous peroxidase acivity was blocked
by reatment with 0.03% H:0, in 0.1 mol/L PBS at room tempeTatire
for 30 munutes. The sections were preincubated in blocking buffer
(5% nonfat dry milk o 0.1 mol/L PBS) for 45 minutes ar 37°C,
followed by overnight incubation with the primary antibodies anti-
NOS1, anti-NOS3, and azt-AT, {1:50) at 4°C. The sections wereg
extensively rinsed in (.05 mol/L PBS and incubated with peroxidase-
conjugated secondary antibodies (1:100) for 2 hours at 25°C, After
washing as above, sections were subjecied for 5 minutes to freshly
prepareq dizninobenzidine that contained H.G, (0.5%). Secondary
antibody specificity was tested in a series of positive and negatve
controf measurements. In the absence of primary antibodjes, appli-
cation of secondary antibodies {negative conwols) failed 50 produce
any significant staining.

Statistical Metheds

Data are mean + SEM of absolute (arterial pressure} or percent (blots)
values. Differences among mean values were tested with a 2-way
ANOVA for repeated measurements. Bonferront's nakiiple-range
iest was used as & post hoc analysis if the probability from the F resr
was <{.05.

Resuits

Effect of Ang 11 Infusion on Arterial Pressure
Figure | summarizes the effects of safine and Ang IT infusion ™
on mean arterial pressure over the course of a 6-day period
(saline, n=7; 10 ng - kg™ - min™ Ang I, n=%; 40 ng - kg™
min” Ang II, 8=7). The mean arterial pressure of saline-
nfused rats remained stable at ~1[10 mm Hg during the
experimenial period. No significant change was observed in
mean grierial pressure of rats infused with Ang 1T at 10 ng -
kg™ min™, but rats infused with Ang 1 at 40 ng - kg™t -
min~’ showed a sustained increase in mean arterial pressure
of =~ 13 mm Hg compared with safine-infused rats.

Effect of Ang I Infusion on Myocardial
Expression of NOS1, NOS3, and AT,

Representative Western blots and the average values (n=35)
of densitometric readings of blots obined with anti-NOS1
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Figure 2. Ang [ enhances the profein expression level of NOST and NOSS. Representative blofs and average values (5 experiments) of
myocardial expression of NOS1, NOS3, and AT, receptor in saline- (S} and Ang li-infused rats. NOS1 and NOS2 incicate isoforms 1

and 3 of NOS. "P<0.05 vs values of saline-infused rats.

and anti-NOS3 antibodies are shown it Figure 24 and 2B.
Single bands of 160 and 135 kDa were observed in blots of
myocardial homogenates stined with anti-NOS1 and anti-
NQOS3 antibodies, respectively. Infusion of Ang I increased
the protein expression levels of both NOS! and NOS3 by
~200%. Ang Il infused at 10 and 40 ng - kg™' - min™
produced similar increases in the protein expression levels of
NOS1 and NOS3.

A gimgle 60-kDa band was observed in Western blots of the
myocardium homogenates stained with anti-AT. amtibody
(Figure 2C). Comparable protein expression levels of AT,
receptor were observed in saling- and Ang [f-infused rats.

Effect of Ang ¥ Infusion on Myocardial
Distribution of NOS1, NOS3, and AT,

Figure 3 shows the NOSI stainmg in the left ventricle of
saline- (Figure 3A and 3C) and [0 ng - kg™ - min™ Ang
fl-infused rats (Figure 3B and 3C). NOS! smining was
detected i cardiac myocytes (Figure 3A and 3B, arrows) and
in the smooth muscle cells of small and large coronary
vessels (Figure 3C and 3D, arrows and asterisks). No signif-
icant staining for NOS1 was detected in the endothelium or in
the perivascular fissues (Figme 3C and 3D). Remarkable
increases of NOSI staining intensity were observed in cardiac
myocytes and in the smooth muscle cells of ¢coronary arteries
of rats infused with Ang Ii. This effect was similar for Ang [
infused at rates of 10 and 40 ng - kg™ - min™’ (datz not
shown}.

NOS3 staining was detected (Figure 4A and 4B) in the
endothelium {arrowheads) and in perivascular and mterstitial
tissues {asterisks} of myocardial small znd large coronary
arteries. Virtually ne reaction product was detected within the
media of coronary arteries (Figure 4A and 4B) or cardiac
myoceyites (date not shown), Infusion of Ang I increased the
staiming intensity of both the perivascular and nterstitial
tigsues and apparently left the endothelium smining up-
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changed Again, this effect was similar for both Ang I
infusion rates (data net shown).

Figure 5A and B shows the AT, receptor staining in the
myocardivm of saline- and Ang Il-infused rats. AT, receptor
was detected in cardiac myocytes {arrows), I the smooth
muscle cells of small and large coronary arteries (amow-
heads), and i the perivascular and mterstitial tissues. No
remarkable difference in the intensity or the distribution of
the signal was detected in saline- or Ang li-infused rats {data
not shown),

Discussion
The present study showed that long-term infusion of Ang I
enhances the protein expression of NOS{ and NOS3 m the rat
myocardium. This effect was not dependent on the pressor
gffect of Ang II because similar increases in the myocardial
NOSI and NOS3 protein levels were found in rats infised
with subpressor and pressor doses of this hormone. Myocar-
dial smining with specific smtibodies against NOS! and
NOS3 confirmed and extended the observation of Western
blot experiments to show that NOS1 and NOS3 are differen-
tiaily expressed in myocardial cells. NOS! was detected in
cardiac myocytes and in smooth muscle cells of small and
large coronary atteries, but it could not be detected in the
endothelium or perivascular and interstitial tissues, However,
NOS3 was detected W the endothelium and perivascular and
intersiitial tissues, but it was not detected in cardiac myocytes
oF in coronary smooth muscle celis. Ang II nfusion enhanced
the tissue nmunoreactivity for both NOS1 and NOS3 in their
specific locations, but it did not change the distribution of
these isoforms i myocardial structures. Finally, the myocar-
dium staining with anti-AT, antibody indicated that the AT,
receptor, the major effector of cardiac effects of Ang 11, 1s
expressed i cardiac myocytes, smooth muscle cells of
coronary vessels, and perivascular and inferstitial tissue.
These data are compatible with the notion that Ang I
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Figure 3. Light profomicrographs of sections of teft ventricle from rats intused with saline (A, ©) and Ang Ul {10 ng - kg™ - min
stained with anti-NOS1 antibody. These are representative examples of 5 diffierent expenments. A, Cardiac myocytes demonstating a
light positive staining in safine-imfused rats. B. Cardiac myocyles of a rat subjected to Ang it infusion, showing a marked staining for
NOST arrows). G, A large coronary artery of a rat infuses with saling, demonstrating a light staining of sreooth muscle cells {farrows). D,
High magnification of a large coronary artery of Ang ll-infused rat, demonstrating an imense staining of smocth muscle cells {asierisks).
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Figure 4. Myocardial distribution of NOS3, A, Representative
exampte of a coronary artery of 3 saline-infused rat. NOS3
staining is observed in endothelium {arrowheads} and in parivas-
cular tissue {astevisks). B, Representative exampie of a cororary
artery of a rat treated with Ang 11 10 ng - kg™" - min™™). NOS3 is
also cbserved in the endothelium and perivascular tissue
{mrrowheads and asterisk}.

modulates the protein expressiop of NOS! and NOS3 and,
consequently, the fimction of the NO system in the myocar-
dial cells.

Although the results of the present study indicate that Ang
Il may regulate the expression of NOS1 and NOS3 in the rat
myocardium, the mechanisms rosponsible for this phenome-
non were not explored in the present study. However, because
the effects of Ang IT on NOS! and NOS3 protetn expression
were demonstrated o be independent of the pressor effect of
this hormone, it is reasomable 1o ascribe the enhanced expres-
sion of these NOS isoforms to the action of Ang U on
myocardial cells, either directly or indirectly through the local
release of autocrine/paracrine factors.

The mechanisms for the regulation of NOSI and NOS3
expression in the myocardium are virmally wknown, How-
ever, the NOS] promoter region has cis-acting elements such
as AP-2, transcriptional enhancer factor-1, cAMP response
binding element, and puclezr factor-xB, whersas NOS3
promoter region has Spl, GATA, and cAMP-responsive
element.’® Accordingly, Ang II regulates the activity of
transcription factors such as nuclear factor-xB and GATA-4
in vascular smooth muscle cells and cardizc myvocytes,
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Figure 5. Represeniaiive examples of myocardial distribution of
ATy receptors in saline-infused rats. A, immunostaining of car-
diac myocytes {amows). B, immunosiaining of vascular smooth
muscle of a coronary arlery arrowheads).

respectively.'41¥ These mechanisms could be implicated in
the regulation of NOSI and NOS3 expression during Ang I
infusion. In addition, Ang Il upregulates the cardiac expres-
sion of various growth factors such a3 transforming growth
factor-B,, platelet-derived growth factor, and fibroblast
egrowth facior, which potentially can induce gene expression,
nchuding the constinmtive isoforms of NQS. 13

Although NGSI and NOS3 are known o be expressed in
the heart, the celiular distribution of these 2 isoforms is stil]
not clear ’> The anatomic distribution and physiological roles
of NOS1 in the heart have been the subjects of relatively few
teports to date. Early reports indicated that NOSI is ex-
pressed exclusively in the myocardial neuvons. ' More recent
studies, however, demonstrated that cardisc myocyles, in
addition to the neurons, indeed sizin for NOS1."7 Our present
data show that in addition to cardiac myocytes, NOSI is also
expressed in smooth muscle cells of coronary arteries. This
localization af NOS! in cardiac and smooth muscle cells may
indicate a fissue-specific reguiation. Accordingly, it is now
wall accepted that cardisc, skeletal, snd smooth muscle cells
express aNOSI, an elongated spiice varjamt of NOS1.#09
‘Whether or not the product detected in the present study is the
gNOSI soform needs further study.
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The results of the present study show & remarkable differ-
ence in the distribution of NOS and NOS3 in the myocardial
cells, In addition to the expected endothehal locaten of
NOS3, it was also detected in the interstitial and perivascular
tissues. Increases in the staining produced by Ang H mfusion
were easily detected in the mterstitial and perivascular tis-
sues, but no stining could be detected in the endothelivm.
The reason for the absence of detectable changes in the NOS3
staining in the endothelium could be related to the narrow
space occupied by the endothelial cell, which makes conclu-
siops difficult in regard to chamges in NOS3 expression by
immunohistochemical analysis. The increases of NOS3 pro-
tein expression in cardiac interstitial and perivascular tissues
induced by Ang I could be due to the well-known effect of
angiotensin II on interstitial tissue proliferation and fibrosis,

NOS3 was not detected in significant amounts in cardiac
myocytes. Although this result agrees with some of the early
studies, it contrasts with more recent studies showing that
cardiac myocytes indeed express NOS3.77 The reason for this
discrepancy is not clear but could be related o amtibody
specificity against certzin isoforms of NOS3 i cardiac
myocyies.

Finally, we have shown that AT, receptor is also expressed
in cardiac and vascular smocth muscles, as well as in
interstitial and perivascular tissues, the structures in which the
increases in protein expression of NOSI and NOS3 were
detected. This suggests that Ang Ii conld enhance NOS 1 and
NOS3 expression vig AT, receptor. However, the mediation
via the angiotensin fype 2 receptors is also possible.

In conclusion, the present study demonstrates that Jong-
term infusion of Ang Il is accompanied by an increase in the
protein expression of NOSI and NOS3 in the cells of rat
myocardium, independent of changes in arterial pressure. The
present data also provide evidence that NGS1 and NOS3 are
differentially distributed in cardiac myocytes, coronary ves-
sels, and interstitial tissue and that these NOS isoforms are
upregulated by Ang H i these specific locations. The Aag [
upregulation of NOS! and NOS2 in myocardial cells could
account for the impairment of the direct confractile and
growth effects of this hormone on vascular smooth muscle
cells, cardiac myocytes, and fibroblasts when plasma or tissne
jevels of Ang II are increased. This may favor functions such
as local blood flow, modulation of oxygen consumption, and
inhibition of fibroblasts, vascular smoeth muscle cells, and
cardiac myocyte growth effects of Ang I
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