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Arrazoado. A Quinase de Adesdo Focal (FAK) ¢é ativada e contribui para a regulacdo da
sinalizagdo que determina as alteracOes fenotipicas de cardiomidcitos estimulados
mecanicamente. A regulacio da atividade da FAK é complexa e depende de mecanismos
intramoleculares e da cooperagdo com a tirosino-quinase Src. H4 evidéncias de que a
tirosino-fosfatase SHP-2 contribui para a regulacdo do nivel de fosforilacdo em residuos de
tirosina e, portanto da atividade da FAK em midcitos ventriculares de ratos neonatos em
cultura (MVRNSs). Este estudo objetivou examinar se a SHP-2 modula o nivel de
fosforilacdo da FAK em MVRNs. Examinamos se em MVRNSs controle (i.e. ndo submetido
a estimulo mecanico), a atividade da SHP-2 contribui para o baixo nivel de fosforilagdo em
tirosina da FAK e se em MVRNs submetidos a estimulos mecanicos a inibi¢ao da atividade
da SHP-2 paralela a dissociagdo FAK/SHP-2 exerce papel permissivo na elevacdo da

fosforilagao da FAK.

Material e Métodos. Utilizou-se modelo de sobrecarga pressora por coarctacdo da aorta
em ratos (miocardio-VE) e estiramento in vitro em MVRNs. As abordagens experimentais
incluiram técnicas de imunoprecipitacdo, western blot, imunohistoquimica, atividade de
tirosino fosfatase in vitro, expressao de SHP-2 recombinante e avaliacdo da expressdao do

gene da cadeia pesada de beta-miosina (3- miosina).

Resultados. A coarctacdo da aorta (miocardio-VE) e o estiramento (MVRNs) aumentaram
a fosforilagdo da FAK no residuo tirosina 397, em miocardio-VE (200%) e em MVRNs
estirados (75%). A FAK imunoprecipitada de amostras controles, encontrou-se associada a
SHP-2 e o estimulo mecanico acompanhou-se de redu¢do dessa associagdo, no miocardio
(60%) e em MVRNSs (84%). Experimentos com imunohistoquimica e microscopia confocal
demonstraram co-localizagdo da FAK e da SHP-2 em MVRNSs controle. Ocorreu redugao
da atividade de tirosino-fosfatase em imunoprecipitados de anticorpo anti-FAK (25%) e
anticorpo anti-SHP-2 (25%) de miocardio-VE de animais submetidos a coarctacdo da aorta,
e anti-FAK (20%) e anti-SHP-2 (40%) de MVRNSs estirados. A SHP-2 recombinante foi
capaz de reduzir (70%) in vitro a fosforilacdo da FAK ativada por estimulo mecanico.
Ocorreu aumento (125%) da quantidade de FAK fosforilada em MVRNSs controles tratados
com TFMS (inibidor seletivo da atividade da SHP-2); naqueles submetidos ao estiramento,

o aumento em relacdo aos MVRNs estirados, mas ndo tratados com TFEMS, foi menor
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(40%). Ocorreu paralelamente, diminui¢ao (40%) da associacdo FAK/SHP-2 e aumento da
expressdo do gene fetal da cadeia pesada da £ - miosina (110%) em MVRNs tratados com
TEMS; Os MVRNSs tratados concomitantemente com TFMS e PP2 (inibidor farmacol6gico

da FAK), apresentaram atenuagdo desse aumento (25%).

Conclusao. Os dados sugerem que a SHP-2 modula o nivel de fosforilagdo da FAK em
MVRN:Ss, exercendo papel inibitério na ativagdo da FAK, contribuindo para o seu baixo
nivel de fosforilacio em MVRNs e miocdrdio na auséncia de estimulo mecanico. A
diminui¢do da associacio FAK/SHP-2, da atividade especifica da SHP-2 em MVRNs ou
miocdardio submetidos a estimulos mecénicos e o aumento da fosforilagdo da FAK mediante
tratamento dos MVRNs com TFMS, indicam que a reducdo da atividade da SHP-2 e da
associacdo a FAK, € um importante mecanismo que colabora para o aumento de
fosforilagdio da FAK em MVRNs submetidos a estimulos mecanicos sustentados. O
aumento da expressdo da cadeia pesada da £ — miosina conseqiiente a inibi¢do da atividade
da SHP-2 e a atenuacdo desse aumento, perante a concomitante inibi¢do da atividade da
FAK, corrobora nossa hipétese de que a SHP-2 modula a ativacio da FAK em
cardiomidcitos, influenciando a reprogramagdo gé€nica caracteristica da ativacdo da

sinaliza¢do hipertréfica, por estimulo mecanico.
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Mechanical forces drive changes in cardiac myocyte function and structure that occur in
response to hemodynamic overload. Focal Adhesion Kinase (FAK) has been implicated in
the sensing and transduction of mechanical forces into biochemical events in cardiac
myocytes. This study was performed to examine whether the protein tyrosine-phosphatase
SHP-2 plays a role in baseline and stretch induced FAK activation and signaling in cultured
neonatal rat ventricular myocytes (NRVMs).NRVMs were subjected to cyclic stretch up to
60 min, studied by coimmunoprecipitation, immunoblotting, tyrosine-phosphatase activity
assay, RT-PCR, and used in assays utilizing recombinant SHP-2 catalytic domain. Analysis
was extended to NRVMs treated with Shp2 inhibitor TFMS and with FAK/Src Inhibitor
PP2. FAK had a relatively low basal level of phosphorylation at Tyr397 in non-stretched
NRVMs. Cyclic stretch (1HZ, 10%) induced rapid and sustained (up to 60 min) increases
in phosphorylation of FAK at Tyr397. The results of coimmunoprecipitation assays
indicated that FAK and SHP-2 are associated in non-stretched NRVMs, but cyclic stretch
markedly reduced (to 25% and 60% after 10 and 60 min, respectively) the amount of
SHP-2 recovered from the anti-FAK antibody precipitates. The tyrosine phosphatase
activity of the anti-SHP-2 immunocomplex taken from non-stretched cardiac myocytes was
relatively high, but it was markedly reduced (to~60% after 10 and 60 min) in samples of
stretched cells. The recombinant PTP domain of SHP-2 was demonstrated to be able to
dephosphorylate the native FAK immunoprecipitated from NRVMs. The inhibition of
SHP-2 activity by the pharmacological inhibitor TFMS markedly increased FAK
phosphorylation at Tyr397 in non-stretched NRVMs to levels comparable to those seen in
stretched cells. Treatment with TEMS lasting for 4h was accompanied by a marked increase
(to ~200) the expression of beta-myosin heavy chain mRNA in non-stretched NRVMs.
This effect was attenuated by ~25% in NRVMs simultaneous treated with the FAK/Src
inhibitor PP2.In conclusion, the present data demonstrated that the basal FAK
phosphorylation at Tyr397 is modulated by SHP-2 and that inhibition of SHP-2 during
cyclic stretch has a permissive role on FAK activation by mechanical stress. Our results
also establish the tight regulation of FAK phosphorylation by SHP-2 as a potential
counter-regulatory signaling in the control of the hyperthophic genetic program in cardiac

myocytes.
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A hipertrofia cardiaca € frequentemente interpretada como uma resposta
adaptativa a sobrecarga das camaras coracdo. Quando instalada, determina o
restabelecimento da tensdo na parede das camaras sobrecarregadas. (Grossman, Jones &
McLaurin,1975; Sodomisha & Izumo, 1997; Russell, Mothagh, Ashley, 2000;
Frey et al , 2004). No entanto, paradoxalmente, a presenca de hipertrofia isolada ou
associada ao remodelamento do ventriculo esquerdo, independente da doenga primdria que
os tenha originado, sdo fatores de grande impacto na evolugdo clinica e progndstico de

pacientes cardiopatas (Levy . et al., 1990; St. John. Sutton. M. et al.,1994).

Sobrecargas hemodindmicas prolongadas sdo causa e também conseqiiéncia de
doencgas que acometem o coracdo (Katz ; 1990). Tensdes geradas durante o ciclo cardiaco
podem ativar mecanismos de crescimento hipertréfico nas células do miocardio, em
especial nos midcitos cardiacos (Sadoshima, Izumo, 1997; Omens, 1998). A hipertrofia dos
cardiomidcitos € caracterizada pelo aumento do tamanho celular, da sintese de proteinas do
sarcomero e daquelas associadas as diversas organelas e citoesqueleto extra-sarcomérico

dos cardiomidcitos (Frey . et al; 2004).

Virios fatores humorais como peptideos vasoativos, catecolaminas, citocinas e
fatores de crescimento podem contribuir para o desenvolvimento da hipertrofia cardiaca,
porém o estimulo mecanico € considerado o fator mais relevante na induc@o da hipertrofia
do miocardio decorrente de sobrecarga mecanica (Chien , Olson, 2002; Knoll, Hoshijima,
Chien. 2003). Estiramento e aumento de tensdo passiva, decorrentes de sobrecargas
mecanicas, sdao considerados fatores importantes para a ativacdo de mecanismos
adaptativos  estruturais e funcionais do miocdrdio nas doencas cardiacas

(Katz; 1990; Sadoshima , Izumo, 1997; Omens, 1998).

Forcas mecanicas localizadas ativam mecanismos de sinalizagdo em
cardiomidcitos, levando a inducdo da expressio de programas génicos especificos,
relacionados ao remodelamento estrutural e funcional do miocardio (St. John. Sutton.
M. et al.,1994; Lammerding, Kamm, Lee; 2004). Isto inclui a expressdo proteinas
sarcoméricas e extra-sarcoméricas proprias da vida fetal. Quando sustentado, o estimulo

mecanico contribui para a degeneragdo e morte dos midcitos cardiacos, além do
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estabelecimento da fibrose miocérdica que, em conjunto, resultam em remodelamento e

faléncia cardiacas (Katz, 1990; Chien, 1999; Lammerding, Kamm, Lee; 2004).

O termo mecanotransducio pode ser definido como a resposta bioquimica da
célula ao estimulo mecanico (Lammerding, Kamm, Lee; 2004). Esta definicdo tem como
base a percep¢ao de for¢as mecanicas originadas do ambiente extracelular que, por sua vez,
sdo transduzidas para o interior da célula através da geracdo de sinais bioquimicos. Esses
sinais, entdo, ddo origem a respostas apropriadas que levam a alteracOes na estrutura e

funcdo celular (Samarel ; 2005).

A mecanotransdu¢do no cardiomiécito € um processo particularmente
complexo. Estas células respondem tanto a for¢as mecanicas externas, como também a
forcas intrinsecas geradas no sarcomero dos cardiomidcitos, que sdo transmitidas para
células adjacentes e para a matriz extracelular. Sinais originados de estimulos mecanicos
afetam a regulacdo do desempenho cardiaco e também dos mecanismos envolvidos na
proliferacao, diferenciacdo, crescimento e sobrevivéncia celular (Samarel, 2005). Assim, o
entendimento das bases celulares e moleculares do processo de mecanotransducdo ¢é

relevante no concernente a compreensao da func¢do e estrutura do coragdo sadio ou doente.

Evidéncias obtidas em modelos experimentais € em formas especificas de
miocardiopatia de origem genética indicam que o citoesqueleto dos cardimidciotos tem
funcdo importante na transducdo de eventos mecanicos em eventos bioquimicos
(Sussman, McCulloch , Borg, 2002; Epstein, Davis, 2003, Peng. et al, 2005). As regides de
contato entre estruturas do citoesqueleto sarcomérico e nao-sarcomérico de cardiomidcitos
e elementos da matriz extracelular, conhecidas como costimeros, sdo consideradas como
potenciais sitios de transducdo de sinais mecanicos em sinais bioquimicos
(Sussman, McCulloch, Borg, 2002; Epstein, Davis, 2003; Lammerding J, Kamm,
Lee; 2004; Samarel ,2005).

Dentre as proteinas sarcoméricas, citam-se as responsaveis por ligar os
filamentos a linha Z e a prépria linha Z, que € responsdvel pela sustentacdo e ancoragem
das proteinas contréteis. O citoesqueleto extra-sarcomérico inclui filamentos de actina e

filamentos intermedidrios que conectam sarcOmeros paralelo entre si com o sarcolema e
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com membranas de organelas intracelulares. O citoesqueleto extra-sarcomérico inclui os
microtibulos, que estabelecem conexdes longitudinais entre as estruturas sub-celulares dos
midcitos cardiacos (Scopacasa, Teixeira, Franchini; 2003). Como sustentam e ancoram as
estruturas sub-celulares, as proteinas do citoesqueleto sofrem tensdo e se deformam
podendo servir como transdutores de for¢a nos midcitos cardiacos (Sussman, McCulloch,

Borg, 2002; Epstein, Davis, 2003).

7

Também importante, no contexto da mecanotransdugdo, € a capacidade do
citoesqueleto de ancorar e controlar a atividade de moléculas sinalizadoras que, uma vez
ativadas, podem coordenar a expressdo génica e as respostas fenotipicas a estimulos

mecanicos (Burridge, Chrzanowaska-Wodnicka, 1996; Janmey, 1998).

Demonstramos anteriormente (Franchini et al.; 2000) que a quinase de adesao
focal (FAK — Focal Adhesion Kinase), se expressa em abundancia no miocardio, sendo
rapidamente ativada por estimulos mecanicos. Esta molécula sinalizadora foi originalmente
descrita (Hanks et al., 1992; Schaller et al., 1992) em células em cultura como uma proteina
tirosina quinase localizada nos sitios de adesdo ao substrato, o que despertou o interesse de
caracterizd-la como um sinalizador envolvido na mecano-transducdo entre o ambiente e as
células. Virios estudos tém relacionado a FAK a hipertrofia cardiaca (Nemoto, Sheng, Lin,
1999; Seko et al., 1999; Pham, et al., 2000; Kuppuswamy, 2002; Aikawa et al., 2002;
Torsoni et al., 2003 a ; Yi, et al. , 2003; Nadruz et al., 2005; Torsoni et al., 2005;
Peng et al, 2006) bem como ao processo de remodelamento cardiaco

(Mansour et al., 2004).

Em nossos estudos iniciais também demonstramos que a FAK estd associada a
fracdo dos filamentos de actina ndo-sarcomérica dos midcitos cardiacos e que sua ativacao
acompanha-se de ativacdo de vias de sinalizacdo celular envolvidas no crescimento
hipertréfico e de outras vias envolvidas na sobrevivéncia celular. Em coragdes isolados
(Domingos et al.; 2002), verificamos que a ativacdo da FAK ¢é determinada pelo

estiramento passivo do miocérdio, mais do que por tensdes ativas.

A ativacdo da FAK depende da auto-fosforilacio do residuo de tirosina
397 (Tyr397) no dominio N-terminal da molécula (Polte, Hanks,1995; Calalb, Polte,
Hanks, 1996; Franchini et al., 2000; Torsoni, 2003). A Tyr397 fosforilada recruta outra
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tirosino-quinase conhecida como Src, que, uma vez ativada fosforila os residuos
Tyr576-577 da FAK, incrementando sua atividade (Calalb, et al., 1995; Owen et al., 1999;
Webb et al., 2004). A ativacdo local da FAK também promove recrutamento e agregacao
(“clusters”) de outras moléculas de FAK, amplificando o sinal do complexo protéico. A Src
ativada também promove a fosforilagdo de residuos adicionais da FAK como a Tyr 925,
responsavel por ativar vias de sinalizacdo envolvidas no crescimento celular. Esta
seqliéncia de ativagdo da FAK, bem como a estreita cooperagdo entre FAK e Src,
inicialmente demonstradas em outros tipos celulares, foi confirmada, em nossos estudos
anteriores, em cardiomidcitos em resposta a estimulos mecanicos (Franchini, 2000;

Domingos, 2002; Torsoni, 2003).

Demonstramos que o estiramento aplicado diretamente em cardiomidcitos de
ratos neonatos provoca a ativacdo da FAK (Torsoni, 2003). Neste estudo também
demonstramos que a ativagdo da FAK por estiramento nao depende da ativacio de fatores
pardcrinos, o que indica ser a ativacdo da FAK, pelo estiramento, dependente de
mecanismo intrinseco do midcito ligado diretamente ao estimulo mecanico. Esta idéia foi
confirmada em estudo recente do nosso laboratério (Fonseca et al., 2005) que demonstrou,
através de sondagens com sistema de duplo-hibrido, ensaios de ‘“pull-down” e
imunohistoquimica, a associacdo direta entre a FAK com a regido C-terminal da cadeia
pesada de miosina, bem como a dependéncia desta associacdo para a ativagdo da FAK pelo
estimulo mecanico em cardiomidcitos. Verificamos, que a ativacdo da FAK é acompanhada
pela formacgao de agregados dessa molécula (clusters) e pela translocacao destes agregados,

para outros sitios sub-celulares como a linha Z, os costameros e ntcleo.

Também demonstramos (Torsoni et al., 2003 a; Nadruz et al., 2005;
Torsoni et al., 2005), que a ativacdo da FAK por estiramento em midcitos cardiacos tem
papel critico na regulacdo da re-expressao de genes do programa fetal induzida por
estimulo mecénico. Existe ampla constatagdo experimental (Schaub et al., 1997; Hoshijima,
Chien, 2002) de que a re-expressio do programa génico fetal € essencial para o
estabelecimento das modificacdes fenotipicas do miocardio observadas na hipertrofia e

remodelamento cardiacos. A demonstracdo da importancia da FAK para a expressdo de
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ANF em resposta ao estiramento indica o potencial desta enzima como elemento de

controle das alteracoes fenotipicas dos cardiomidcitos induzidas por estimulos mecéanicos.

Em conjunto, os resultados de nossos estudos anteriores indicaram que a FAK
comporta-se como transdutor de estimulos mecanicos em sinais bioquimicos no miocérdio.
No entanto, ainda ndo estdo esclarecidos vérios aspectos, tanto dos mecanismos que
iniciam, como dos mecanismos que contribuem para a sustentagdo da ativagdo da FAK em
cardiomidcitos submetidos a estimulos mecanicos. Neste contexto, um dos aspectos
intrigantes revelados em estudos anteriores (Fonseca et al., 2005) € o fato de a FAK
translocar-se de seu sitio na banda A do sarcomero, onde estd associada com a por¢ao
C-terminal da cadeia pesada de miosina, para outros sitios subcelulares em resposta a
estimulos mecanicos. Tanto os mecanismos envolvidos na translocacio como o0s
mecanismos responsdveis pela sustentacdo da fosforilagdo em tirosina e,
conseqiientemente, da atividade da FAK apds a translocacdo subcelular, sdo totalmente

desconhecidos.

Hipoétese

Temos como hipétese que a elevada fosforilacdo da FAK em residuos de
tirosina e, presumivelmente sua elevada atividade, em cardiomidcitos submetidos a
estimulo mecanico agudo e sustentado €, em parte, devida a supressdo da atividade de

tirosino-fosfatases.

Esta hipdtese encontra sustentacio em diversas evidéncias experimentais
obtidas em outros tipos celulares que mostram que a atividade da FAK ¢é regulada por sua
associacao com a tirosino-fosfatase SHP-2 (Lin et al. ; 2004) que é capaz de desfosforilar a
FAK em sitios de tirosina especificos (Tsuda, 1998; Feng, 1999; Manes et al., 1999;
Wang. et al., 2005).

Ha demonstracdes anteriores de que a inativacdo da SHP-2 leva a um aumento
na fosforilagdo e, conseqiientemente, ativacio da FAK (Yu et al, 1998;

Wichert G.von. et al. , 2003). H4 evidéncias também de que a regulacdo da ativacdo da
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FAK por estimulo mecanico via integrina/citoesqueleto depende da modulagdo da atividade

da SHP-2 (Wichert G.von. et al. , 2003).

Estudos em células epiteliais gastricas mostraram que € ativagdo enzimdtica da
SHP-2 que controla diretamente os niveis de fosforilacdo da FAK nos casos de gastrite,
ulcera péptica e adenocarcinoma gastrico infectados por Helicobacter Pylori CagA
(Tsutsumi et al; 2006). Em células ndo cardiacas, existe ampla constatacio experimental do
papel da SHP-2, na montagem/ desmontagem e amadurecimento dos complexos de adesdo
bem como nos processos de motilidade celular, organizagcdo do citesqueleto e miogénese,
muitas vezes, através da modulacdo da atividade da FAK (Yu et al., 1998;
Manes et al, 1999; Oh E.-S. et al, 1999; Masato, 2000; Wichert G.von. et al. , 2003;
Kontaridis et al. ;, 2004; Wang. et al., 2005). A ativagdo da SHP-2 também esta envolvida
com o mecanismo de apoptose em cardiomidcitos, através da desfosforilacio em Tyr da

FAK (Rafiq et al.; 2006).

A SHP-2 € uma enzima citosélica ubiqua, da superfamilia das proteinas
tirosino-fosfatases (PTPs) que pertence a sub-familia das SHPs, proteinas altamente
conservadas, cuja caracteristica principal € possuir dois dominios SH2 na regido
amino-terminal (N-SH2 e C-SH2) ligados em série com o dominio catalitico PTP.
(Figura. 1) (Neel, Gu, Pao; 2003). O dominio catalitico PTP possui especificidade para

hidrolisar residuos de tirosina fosforilados.

Por possuir dois tipos de dominios que podem se ligar a residuos de tirosina
fosforilados dos substratos, a SHP-2 participa de diversas vias de sinalizacdo (Feng, 1999;
Neel, Gu, Pao, 2003; Stoker, 2005), incluindo vias envolvidas na hipertrofia miocardica

(Nakaoka et al.; 2003).

A influéncia da SHP-2 sobre os cardiomidcitos ainda ndo estd bem elucidada.
Sabe-se que pacientes com a Sindrome do Leopardo desenvolvem miocardiopatia
hipertréfica, e que na Sindrome de Leopardo ocorre uma reducio da atividade da SHP-2
(Woywodt, 1998). Ja em pacientes com a Sindrome de Noonan, na qual a atividade da
SHP-2 estd aumentada, o miocdrdio se apresenta com espessura diminuida quando

comparado ao normal (Tartaglia, 2005). Assim se faz necessdrio o entendimento da
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participacdo da SHP-2 nos mecanismos de sinalizacdo do cardiomidcito, em especial dos

mecanismos que envolvem mecanotrasducdo e génese da hipertrofia cardiaca.

Figura 1- Estrutura linear de uma proteina Shp. (Modificado de NEEL B.G, GU H.,
PAoO L., 2003)
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O presente estudo foi planejado para avaliar:

1) se a atividade da SHP-2 contribui para a manutencao de niveis reduzidos de
fosforilacdo em tirosina da quinase de adesdo focal em cardiomidcitos nao

submetidos a sobrecarga

2) se a modulagdo da atividade da SHP-2 pelo estimulo mecanico contribui para
a fosforilacdo da FAK em cardiomidcitos submetidos a estimulos mecanicos

agudos e sustentados.
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Nos experimentos do presente estudo foram utilizadas amostras de miocardio
de ventriculo esquerdo de coragdes de ratos e midcitos ventriculares de ratos neonatos
(MVRN) submetidos a estiramento in vitro. Detalhes sobre os procedimentos e técnicas
utilizadas foram descritos em publicacdes anteriores (Franchini et al., 2000;
Franchini, 2003; Domingos et al., 2002; Torsoni et al., 2003 a; Torsoni et al., 2003 b;
Nadruz et al., 2003 a; Nadruz et al., 2003 b; Nadruz et al., 2005; Torsoni et al., 2005).

Reagentes. No presente estudo foram utilizados meio de cultura DMEM, soro
equino, soro fetal bovino da Gibco BRL Co. Pancreatina foi adquirida da Sigma,
colagenase tipo II da Worthington. Proteina A/G plus e anticorpos policlonais anti-Fak
(C-20) e anti-cSrc (B-12), e monoclonais anti-SHP-2 (SC40), foram adquiridos da Santa
Cruz Biotechnology (USA). Anticorpos policlonais anti-pSrc*'® e anti-pFak *’ da
Biosource International (USA). Kit de quimioluminescéncia foi adquirido da Pearson
(USA). Anticorpos secundarios marcados com fluor6foros ALEXA  para

imunohistoquimica foram adquiridos da Molecular Probes (Inc.).

3.1- Tirosino-Fosfatase SHP-2 Recombinante

A construcdo da tirosino-fosfatse SHP-2 recombinante foi cordialmente cedida
pelo Dr. Eugene Chin do departamento de Patologia e Laboratério de Medicina, da
Faculdade de Medicina da Universidade de Brown, Providence, RI, USA (Tong, 2002). De
acordo com os autores (Tong, 2002) o gene foi inserido em vetor de expressdo pGEX-3T

(Amersham Biosciences), resultando na construgdo, com atividade confirmada.

3.2- Animais

Foram utilizados ratos Wistar, fornecidos pelo Centro de Bioterismo da
Unicamp (CEMIB), Campinas-SP, com peso entre 200e 250g e ratos Wistar neonatos de
1-2 dias de vida.
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3.3- Isolamento e estiramento de midcito ventricular de ratos neonatos

Detalhes da técnica de extracao e estiramento de miocitos ventriculares de ratos
neonatos (MVRN) foram descritos anteriormente (Torsoni et al., 2003 a; Nadruz et al.,

2003 a).

Os coragdes foram retirados de ratos neonatos Wistar (1-2 dias), cortados em
4 pedacos e submetidos a digestdo branda em solugdo tampao de ADS ( 6,8g de NaCl,
4,76g de Hepes Salt, 0,12g de NaH,POg, 1g de glicose, 0,4g de KCI e 0,10 MgSO4 H,O
g.s.p 100ml p/ ADS 10X e 1000ml para ADS 1X, pH 7,35) com colagenase/pancreatina,
centrifugac¢do a 3000 rpm, 37°C, por 5 minutos e pré-plaqueamento em placa de petri de
vidro. Apds 6 ciclos de digestdo e pré- plaqueamento, os cardiomidcitos foram separados
em gradiente de Percoll por centrifugagdo, por 30 min, 3000 rpm, 37 °C. Apds a separagio,
as células foram colocadas em meio de cultura DMEM (Dulbecco’s Modified Eagle’s
M¢édium) enriquecido com 5% de soro fetal bovino e 10% de soro eqiiino e acrescido de
1% de antibidtico (penicilina/estreptomicina) e 100uM de Bromodioxiuridina. As células
foram plaqueadas em placas com base de silicone recoberta com colageno tipo I (Bioflex)
para estiramento a vacuo biaxial ciclico em Sistema Flexercell 3000T (Flexercell
International, USA). Antes do estiramento, as células permaneceram em cultura com meio
DMEM enriquecido com soros por 36- 40 horas. Ap6s o meio de cultura foi trocado por
DMEM sem adi¢do de soro no qual as células permaneceram por, no minimo, 24 horas

antes de serem estiradas.

Material e Métodos

56



Figura 2- Representacdo esquematica do aparato utilizado para estiramento mecanico em

células cardiacas isoladas.

3.4- Modelo animal de sobrecarga de pressao

Logo apdés a monitorizagdo hemodinadmica (descrita a seguir), a cavidade
toracica foi aberta no segundo espaco intercostal esquerdo, a aorta tordcica transversa
dissecada e um “clamp” de prata (diametro interno - 50um) foi colocado na croga da aorta
entre o tronco braquiocefalico e a artéria carotida comum esquerda produzindo aumento da
resisténcia ao fluxo sanguineo e conseqiiente sobrecarga de pressao no coragdo. A cavidade
toracica foi fechada e os ratos mantidos anestesiados. Foram estudados os ratos em
periodos que variaram de 10 minutos a 1 hora ap6s constriccdo da aorta. A sobrecarga de
pressdo foi considerada satisfatéria quando o “clamp” produziu um aumento de
40 a 50mmHg na pressdo sistolica da aorta ascendente (mensurada através da artéria
cardtida direita) sem induzir a uma queda significativa nos niveis pressoricos da aorta
abdominal (mensurada através da artéria femoral) (Figura 3). Os animais controle foram
submetidos a cirurgia ficticia, com abertura da cavidade toracica, porém sem colocagdo do

clamp de prata.
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Figura 3- Exemplos de registros de pressdo arterial obtidos em experimento de coarctagao

da aorta.

3.5- Monitoriza¢ao hemodinamica

Os ratos foram anestesiados por via intraperitoneal com mistura de cetamina
(Ketalar, Parke-Davis, Brasil) e diazepam (Unido Quimica Farmacéutica Nacional S/A,
Brasil). Esta mistura foi administrada na propor¢io de 10mg de cloridrato de cetamina para
0,07mg de diazepam, e a dose aplicada foi de 0,3mL/100g de peso corporal do animal. Em
seguida, os animais foram colocados em mesa cirurgica aquecida a 38°C e submetidos a
monitorizagdo da pressdo arterial através de insercdo de cateteres de polietileno
(PES0 — Clay Adams, Parsipany, EUA) nas artérias carotida direita e femoral direita, os
quais estavam acoplados a transdutores de pressado COBE (Arvada, CO, EUA). O sinal da
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pressao arterial foi amplificado por um amplificador GP4A  Stemtech
(Stemtech, Milwaukee, WI, USA). Este se comunicava a um conversor analdgico-digital,
conectado a um computador contendo o programa WINDAQ-PRO (DATAQ Instruments,
Akron, OH, EUA) para monitoragdo hemodindmica continua e gravacdo de dados. Os

sinais foram gerados a uma frequéncia de amostragem de 100Hz e gravados em canais

individuais (Figura 4).
C(:’n:(?;rt::‘t;r ) =——— Transdutor de
WINDAQ-PRO pressao
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prata
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Figura 4- Representacdo esquematica do modelo utilizado nos experimentos in vivo.

3.6- Western Blot

Detalhes da técnica de Western Blot foram descritos anteriormente
(Franchini et al.; 2000). Resumidamente, amostras de miocéardio de ratos ou MVRN foram
homogenizadas em tampao de solubilizacdo. Os extratos resultantes foram submetidos a
SDS-PAGE e as proteinas especificas identificadas através de anticorpos especificos e

quimioluminescéncia em membranas de nitrocelulose.
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3.7- Imunoprecipitacio e preparacao de extratos totais

Coragdes rapidamente removidos, cortados em pequenos pedagos e
homogeneizados imediatamente em aproximadamente 10 volumes de tampdo para
homogeneizagdo (Triton X-100 1%, Tris-HCl 100mM (pH 7,4), pirofosfato de sédio
100mM, fluoreto de s6dio 100mM, EDTA 10mM, ortovanadato de sodio 10mM, PMSF
2mM e 0,1mg/ml de aprotinina) a 4°C usando um homogeneizador tipo Polytron PTA 20S
(modelo PT 10/35; Brinkmann Instruments, Westbury, NY, EUA) operado em velocidade
maxima por 30 segundos. Os extratos foram centrifugados a 11000 rpm a 4°C por
20 minutos e o sobrenadante utilizado para a andlise por extrato total e imunoprecipitagao.
A determinagdo de proteina foi realizada pelo método de BIURETO. Para o protocolo de
imunoprecipitagdo, foi feita a reacdo do sobrenadante com 10ug de anticorpos primarios,
estando as amostras mantidas sob agitagdo leve na camara fria durante a noite. 50ul de
Proteina A-Sepharose 6MB foram acrescentados a cada amostra, mantendo-as sob agitacao
na camara fria por mais duas horas. Apods centrifugagao por 20 minutos a 11000 rpm a 4°C,
o sobrenadante foi desprezado, e o precipitado submetido a lavagem por 3 vezes com
tampao de lavagem para imunoprecipitado (Tris-HCI 100mM, pH 7,4, EDTA 1mM, Triton
X-100 0,5%, ortovanadato de sédio 2mM). Os mesmos procedimentos foram realizados
com MVRN, diferindo apenas no que diz respeito a extracdo, pois foram extraidos da placa
de silicone, homogeneizados com passagens repetidas por seringa de insulina e as proteinas

dosadas pelo método de Lowry.

3.8- Ensaio de Atividade Fosfatase in vitro

Coragdes rapidamente removidos, cortados em pequenos pedagos e
homogeneizados imediatamente, em aproximadamente 1,5 volumes de tampao de lise para
fosfatase (EDTA 5mM, Tris-HCl 20mM, PMSF 2mM, EGTA 1mM, NaCl 130mM e
aprotinina) a 4°C usando um homogeneizador tipo Polytron PTA 20S (modelo PT 10/35;
Brinkmann Instruments, Westbury, NY, EUA) operado em velocidade méxima por
30 segundos. Logo em seguida, foi adicionado 10% de Triton do valor adicionado de

tampao (150ul) e a amostra foi mantida por, no minimo, 40 min em gelo. Apds, os extratos
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foram centrifugados a 11000 rpm a 4°C por 20 minutos ¢ o sobrenadante utilizado para a

analise por imunoprecipitacao.

A dosagem de proteina foi realizada pelo método de BIURETO (20ul do
sobrenadante + 1000ul do Biureto). A leitura foi feita em espectrofotometro a 540nm,
depois de reservar as amostras no escuro por 15 minutos. Para o protocolo de
imunoprecipitagdo, foi feita a reacdo do sobrenadante com 10ug de anticorpos primarios,
estando as amostras mantidas sob agitacdo leve na camara fria durante a noite. 40ul de
Proteina A-Sepharose 6MB foram acrescentados a cada amostra, mantendo-as sob agitacao
na camara fria por mais duas horas. Apods centrifugagdo por 15 minutos a 11000 rpm a 4°C,
o sobrenadante foi desprezado, e o precipitado foi submetido a lavagem por 3 vezes com
tampao de lavagem e ensaio para fosfatase (400ul por amostra) (Hepes 100mM, pH 7,6,
NaCl 150mM, EDTA 2mM, DTT 1mM, BSA 0,5 mg/ml). O precipitado (amostra) foi
ressuspendido em 50ul de tampao de lavagem e ensaio para fosfatase e em seguida a ele foi
adicionado o peptideo especifico fosforilado no residuo tirosina 527 (pp60 “*" C-terminal
phosphoregulatory peptide- Thr- Ser- Thr Glu- Pro— Giln- Tyr (PO3H;)- Gln- Pro- Gly-
Glu- Asn- Leu- BIOMOL Research Laboratories; USA) numa quantidade adequada para

concentracdo final de 200ul. A amostra foi incubada 1hora a 30°C.

Apos a incubagdo, uma aliquota de 40pl foi transferida para uma placa de Elisa
(placa de 96 pogos), a qual foi adicionada 100ul do reagente Biomol Green
(Reagente for Phosphatase Detection; BIOMOL Research Laboratories, USA). A
Absorbancia foi medida ap6s 30 minutos da adi¢do do Biomol Green, em aparelho Leitor
de Elisa (Labsystems Multishlan MS, Uniscience do Brasil), a 595nm. Os mesmos
procedimentos foram realizados com MVRN, diferindo apenas no que diz respeito a
extracdo, pois foram extraidos da placa de silicone, homogeneizados com passagens

repetidas por seringa de insulina e as proteinas dosadas pelo método de Lowry.

3.9- Imunocitoquimica e avaliacio com microscopia confocal

A andlise imunocitoquimica das proteinas foi realizada utilizando-se MVRNSs.
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Os MVRNs foram fixados com paraformaldeido 4%, sacarose 4% e triton 0,6%
em PBS 0,1M, pH 7,4, por 15 minutos em temperatura ambiente. As células fixadas foram
pré-incubadas em tampao de bloqueio (leite desnatado 3%, triton 0,6% em PBS 0,1M) por
45 minutos em temperatura ambiente, seguido por incubagdo com anticorpos primarios
(anti-FAK e anti- SHP-2) durante a noite a 4°C. O material foi lavado com PBS 0,IM e
incubado por 2 horas a 25°C com os seguinte anticorpos secundarios: goat anti rabbit Alexa
flior®; apds, as laminas foram montadas. Os sinais positivos foram visualizados por
microscopia confocal a laser (Zeiss LM510). Na auséncia de anticorpos primarios, o uso de

anticorpos secundarios (controle negativo) ndo produziu marcagdo significativa.

3.10- Obtencao, expressdo e purificacado do sitio ativo da tirosino-fosfatase SHP-2

recombinante (PTP-GST)

A construgao contendo o gene do sitio ativo da tirosino-fosfatase SHP-2
(PTP-GST) foi gentilmente cedida pelo Dr. Eugene Chin do departamento de Patologia e
Laboratorio de Medicina, da Faculdade de Medicina da Universidade de Brown,
Providence, RI, USA (Tong, 2002). Nos foi enviado, disperso em papel de filtro. O
plasmideo pGEX-3T (Figura 5) possue um gene de selecdo de crescimento de bactérias
para ampicilina. Esse material contendo a constru¢do foi ressuspenso em tampao TE
(Tris-EDTA, pH 8) a 65°C durante cinco minutos, com a finalidade de extrair a construcao
fixada no papel, e armazenado-a a —20°C. Para garantir uma quantidade suficiente ¢ um
estoque permanente, a PGEX-3T foi transformada em bactéria de clonagem E. coli DH5-q,
por eletroporacdo, obtendo com isso uma cultura permanente de bactérias capaz de produzir

em grande quantidade a construcdo de interesse.

Para expressdo e obtencdo da proteina tirosino-fosfatase SHP-2 recombinante
(PTP-GST), as bactérias de clonagem transformadas foram plaqueadas em meio
Luria- Bertani-agar-ampicilina para obtengdo de colonias isoladas. Foi feito entdo um
pré-indculo das colonias em meio liquido Luria-Bertani-ampicilina, permanecendo em
crescimento over-night a 37°C. No dia seguinte verteu-se um pequeno volume (10 mL) do

pré-indculo em 500 mL de meio liquido de cultura Luria-Bertani-ampicilina e este
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incubado a 37°C, sob agitacdo, por aproximadamente 4 horas. A monitoragdo do
crescimento Otimo das bactérias foi feita pela leitura da densidade optica (OD), em
espectrofotometro (600nm), de pequenos volumes retirados de hora em hora do meio.
Atingida a OD de 0,5-0,6 (representativo de crescimento 6timo bacteriano), foi adicionado
0,ImM de IPTG (agente indutor artificial) pra inducdo da expressio da proteina
recombinante, permanecendo por mais 4 horas sob agitacdo. Apos esse tempo, o meio de
cultura foi entdo centrifugado a 5000 rpm por 10 minutos para separacdo do pellet
bacteriano. Estes foram coletados e lisados enzimaticamente por lisozima, termicamente
através de uma alternancia de ciclos (6) de congelamento em nitrogénio liquido e
descongelamento em banho a 42°C, e mecanicamente por sonicacdo (trés pulsos de
ultra-som de intensidade méxima, por 10 segundos). O homogenato resultante foi
ultra-centrifugado a 23000 rpm por 45 minutos. O sobrenadante (fracdo soluvel) foi
coletado e purificado através de incubacdo deste com beads de GST (Glutathione Sepharose
™ 4 Fast Flow — Amersham Biociences) por 4 horas; apos, essa suspensio foi centrifugada
a 3000 rpm por 20 min e o precipitado (proteina recombinante (PTP-GST) + beads de GST)
foi coletado e armazenado a -80°C em tampdo contendo SmM de DTT, 50mM pH 7,4
Hepes, 150mM NaCl e 10% Glicerol . Toda comprovacao da indugdo e expressdo da
proteina foi obtida por eletroforese da fracao soluvel, resultante de cultura bacteriana nao
induzida e induzida com IPTG, bem como a comprovagdo da purificacdo feita com o
precipitado purificado, em gel de poliacrilamida a 12%. A banda de proteina visualizada
correspondente @ PTP-GST ¢ aquela situada entre a faixa de 50 a 75 KDa, sendo menos

intensa para a nao induzida (ver Figura 13).

Material e Métodos

63



1

Bal | Jerase
.}_‘__.-"'- J‘;ﬂ'd __--\f\f"n\\

—~ ",
3 e j h
Pacs— ko '|_ T {\\\\ \*\

{ ™, ™,
g 7*‘“‘ pei nasm?smr \\\ *?‘:H

I’Ia-:.

Figura 5- Representacdo esquematica de um vetor de expressao plasmidial p-GEX

3.11- Ensaio enzimatico com tirosino-fosfatase SHP-2 recombinante (PTP-GST)

A atividade do sitio catalitico da SHP-2 (PTP-GST) foi avaliada em Leitor de
Elisa. A mistura reacional (100uL) foi composta de tampao contendo 100 mM de Hepes,
pH 7,6, 150 mM NaCl 20mM EDTA, 1mM DTT, 0,5 mg/ml de Albumina Bovina, , e
diferentes concentragdes de SHP-2 recombinante (proteinas purificada- PTP-GST). A
reacdo foi iniciada com a adigdo, a mistura, de 200uM de peptideo pp60 ™, conforme
protocolo de Atividade Fosfatase descrito, e conduzida a 30°C por 1 hora. Aliquotas
(40 pL) foram retiradas e transferidas para a placa de 96 pocos na qual a reagdo foi
paralisada através da adi¢dao de 100 pLL de Biomol Green. Decorrido o tempo de 30 minutos
apos a paralisagdo, foi a realizada a leitura de absorbancia das amostras em Leitor de Elisa
no comprimento de onda de 595 nm. A partir da leitura das amostras, uma curva da
atividade da proteina recombinante (Figura 16) foi construida e uma concentracdo de

proteina adequada de trabalho pode ser estipulada.
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3.12- Ensaio de Desfosforilacio da FAK pelo Sitio Ativo Recombinante (PTP-GST) da

tirosino-fosfatase SHP-2

Para a realizagdo do ensaio de desfosforilacdo, a FAK foi imunoprecipitada de
extratos de ventriculo esquerdo de coracdes de ratos Wistar controle e coarctado por

60 minutos.

Os imunoprecipitados de FAK foram incubados com 3ug do sitio ativo
recombinante da SHP-2 (PTP-GST) em 60ul de tampao contendo 50mM Hepes pH 7,0,
20mM NaCl e ImM DTT, por 20 minutos a 30 °C . Apés a incubagio os imunoprecipitados
de FAK foram lavados trés vezes com o tampao de lavagem contendo 0,4 mM PMSF,
50mM Tris- HC1 ,150mM NaCl, 1 mM EDTA, 1mM EGTA, 25mM NaF, SmM NaP ,ImM
Ortov , 0,1mg/ml Aprotinina, ImM DTT e 1% Triton X- 100 .

Em seguida procedeu-se com protocolo de Western Blot, usando anticorpo

anti-fosfotirosina 397 da FAK (Ren et al.; 2004).

3.13- Tratamento de cardiomiodcitos de ratos wistar neonatos, isolados e em cultura
com inibidor especifico da SHP-2 bis(4-Trifluorometilsulfonamidofenil)-1,4-

diisopropilbenzeno (TFMS)

Os MVRNs foram extraidos e cultivados conforme descrito na seccao de
materiais e métodos e tratados com inibidor seletivo da SHP-2 (TFMS- diluido em DMSO

10mg/ml), na concentracdo de 1,8 uM, , por 45 minutos.

Em seguida procedeu-se com protocolo de extracao destas células e de Western

Blot, usando anticorpo anti-fosfotirosina 397 da FAK .

3.14- RT- PCR

Cardiomiocitos isolados e em cultura foram extraidos e homogeneizadas em TRIzol e o
RNA total foi isolado por precipitagdo com isopropil como descrito anteriormente
(Nadruz Jr W. et al., 2003). Uma aliquota de 100 ng de RNA total foi usada para a sintese

de cDNA com sistema de pré-amplificagdo Superscript (Life Technologies) de acordo com
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o fabricante. O cDNA foi amplificado por PCR com Tag DNA polimerase com
oligonucleotideos derivados dos genes, [-miosina (5'-
CCAACACCAACCTGTCCAAGTTC-3' and 5'-TGCAAAGGCTCCAGGTCTGAGGGC-
3) e gene da -actina (5'-TTCTACAATGAGCTGCGTGTGGCT-3' and
5-GCTTCTCCTTAATGTCACGCACGA-3"). Os oligonucleotideos foram sintetizados
pela Life Technologies. As condi¢des de amplificagdo consistiram de 25 ciclos como
descrito: desnaturacao a 95°C por 1.30min, anelamento a 47°C (-Actina) e (B-miosina) por
30seg, e extensdao a 68°C por 2 min. Os produtos da PCR foram fracionados pelo tamanho
por eletroforese em gel de agarose 2%. Apds os géis foram corados com Brometo de Etideo
e as bandas de DNA visualizadas em um trasluminador de UV. As amplificacdes foram

feitas com os dois primers simultaneamente (multiplex).

3.15- Analise Estatistica

Os dados foram apresentados em forma de médias e erro padrdo. Diferengas
entre valores médios de dois grupos foram testadas através do Teste T de Student e
diferencas entre trés ou mais grupos foram testadas por andlises de variancia (ANOVA)
sendo o teste post hoc o de Bonferroni. Valores de p < 0,05 foram considerados

significantes.

Material e Métodos

66



RESULTADOS

67

i}



4.1- Efeito da sobrecarga pressora aguda no miocardio sobre a expressio e

fosforilacao da FAK em residuo de tirosina 397

Inicialmente, foram realizados experimentos utilizando-se a técnica de Western
Blot para determinar os niveis de expressdo e fosforilagdo da FAK no ventriculo esquerdo
de ratos controle ou submetidos a coarctacdo da aorta. Extratos totais de ventriculo
esquerdo controle ou submetido a sobrecarga pressora aguda (10, 30 e 60 minutos) foram
separados por eletroforese em gel de SDS-poliacrilamida. As proteinas separadas no gel
foram entdo transferidas para membranas de nitrocelulose, que foram entdo incubadas com
anticorpo policlonal contra a por¢do carboxi-terminal da FAK e com anticorpo

fosfo-especifico contra a forma fosforilada da FAK em sua tirosina 397.

Conforme demonstrado na Figura 6, o estimulo mecanico ndo produziu
alteragdes significativas na expressdo da FAK quando as amostras de VE submetidos a
sobrecarga foram comparadas as amostras controle. No entanto, ocorreu aumento
expressivo da quantidade de FAK reconhecida pelo anticorpo fosfo-especifico
anti-FAK-397 nas amostras de coragdes submetidos a sobrecarga pressora. Resultados
semelhantes foram obtidos em estudos anteriores de nosso laboratério (Franchini, 2000;

Fonseca et al. , 2005)
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Figura 6- Immunoblotting representativo das quantidades totais de FAK em miocardio de
ratos submetidos a sobrecarga pressora aguda por 10, 30 e 60 minutos.Grafico e
Immunoblotting representativo da fosforilacdo de FAK em residuo de tirosina
397 em miocardio de ratos controle e submetidos a sobrecarga pressora aguda

por 10, 30 e 60 minutos. Valores percentuais médios (n = 4).

* p <0,05 comparado a amostra controle

4.2- Efeito da sobrecarga pressora aguda sobre a expressio da SHP-2 e sobre a

associacao entre a FAK e a SHP-2 em miocardio de ratos

Para determinar os niveis de expressdao da SHP-2, extratos totais obtidos de
ventriculos esquerdos controle e submetidos a sobrecarga pressora aguda (10, 30 e
60 minutos) foram separados por eletroforese em gel de SDS-poliacrilamida. Membranas
de nitrocelulose com as proteinas transferidas foram incubadas com anticorpo monoclonal

contra a por¢do carboxi-terminal da SHP-2.

Para avaliar a associacdo entre a FAK e a SHP-2 utilizamos a técnica de
imunoprecipitacao. As proteinas foram imunoprecipitadas com anticorpo anti-FAK e as

proteinas separadas em gel de SDS-poliacrilamida. As membranas com as proteinas
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imunoprecipitadas foram entdo incubadas com anticorpos monoclonais contra a por¢ao
C-terminal da SHP-2. Como demonstrado na Figura 7, o estimulo mecénico ndo produziu
alteragdes significativas nos niveis de expressdo da SHP-2. No entanto, a constricdo da
aorta causou uma tendéncia a diminuicao da associa¢do entre a FAK ¢ a SHP-2 constatada

pela diminuig¢do do conteido de SHP-2 nos imunoprecipitados de FAK.
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Figura 7- Immunoblotting representativo das quantidades totais de SHP-2 em miocérdio de
ratos controle e submetidos a sobrecarga pressora aguda por 10, 30 e 60
minutos. Grafico e Imunnoblotting da associagdo entre FAK e SHP-2 em
miocérdio de ratos controle e submetidos a sobrecarga pressora aguda por 10, 30

e 60 minutos. Valores percentuais médios (n = 4).

4.3- Efeito do estiramento sobre a expressao e fosforilacio da FAK em MVRNs

Apesar de ser um bom modelo para a avaliagdo de mecanismos de sinalizagao,
a utilizagdo de miocardio obtido de ventriculo esquerdo submetido a sobrecarga de pressao
apresenta restricoes quanto a especificidade do tipo celular envolvido e a influéncia de
fatores externos aos cardiomidcitos. Assim, experimentos adicionais foram realizados para
avaliar se a associacdo FAK/SHP-2 e a atividade da SHP-2 sdo reguladas pelo estimulo
mecanico em cardiomiocitos de ratos neonatos mantidos em cultura (Torsoni et al.; 2003;

Torsoni et al.; 2005).
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Neste experimento foram utilizados MVRNs sobre placa de silicone. Grupos
diferentes de placas foram submetidos a estiramentos controlados pelo periodo de 10, 30 e
60 minutos. As células, controle e estiradas, foram coletadas e seus extratos processados
para a realizacdo de experimentos com a técnica de western blot com anticorpos anti-FAK e
fosfo-especifico anti-FAK-397. Para determinar os niveis de expressao e fosforilacdo da
FAK, os extratos totais obtidos de MVRNs controle ou daqueles submetidos ao estiramento
(10, 30 e 60 minutos) foram separados através de eletroforese em gel de
SDS- poliacrilamida e transferidos para membranas de nitrocelulose as quais foram entdo
incubadas com anticorpo policlonal contra a por¢do carboxi-terminal da FAK, com

anticorpos fosfo-especificos da FAK.

Conforme demonstrado no grafico da Figura 8, o estimulo mecénico aplicado
sobre o0s MVRNs em placa de silicone, assim como no modelo animal, ndo produziu
alteracdes significativas na expressdo da FAK quando as amostras provenientes de células
submetidas ao estiramento foram comparadas as controle. No entanto, o estimulo mecanico
causou uma tendéncia ao aumentou a fosforilacdo da FAK em tirosina 397, conforme ja
demonstrado em trabalhos anteriores do nosso laboratério (Torsoni et al.; 2003;

Torsoni et al.; 2005; Nadruz et al., 2005)
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Figura 8- Immunoblotting representativo das quantidades totais de FAK em MVRNs
submetidos a estiramento por 10, 30 e 60 minutos.Gréafico e Immunoblotting
representativo da fosforilagdo de FAK em MVRNSs, controle e submetidos a

estiramento por 10, 30 e 60 minutos. Valores percentuais médios (n = 4).
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4.4- Efeito do estiramento sobre a expressao da SHP-2 e sobre a associacao entre FAK
e SHP-2 em MVRNs

Neste experimento extratos de MVRNs (controle e estirados) foram utilizados
para imunoprecipitagdo e western blot com anticorpos anti-FAK e anti-SHP-2. Para
determinar a expressao da SHP-2, extratos totais obtidos de MVRNs controle ou daqueles
submetidos a estiramento (10, 30 e 60 minutos) foram separados em gel de
SDS-poliacrilamida e transferidos para membranas de nitrocelulose, que foram entdo
incubadas com anticorpo monoclonal anti-SHP-2. Para a avaliacdo da associacdo entre a
FAK e a SHP-2, extratos totais foram incubados com anticorpos contra a por¢ao C-terminal

da FAK, obtendo-se assim os imunoprecipitados (IP) de FAK.

Como demonstrado no grafico da Figura 9, o estiramento aplicado diretamente
sobre os cardiomidcitos ndo modificou a expressdo da SHP-2, porém, resultou em uma
diminui¢do acentuada da associagdo entre a FAK e a SHP-2, constatada pela reduc¢ao do
conteudo de SHP-2 nos imunoprecipitados (IP) de FAK, assemelhando-se ao resultado

observado em modelo de rato submetidos a constric¢do aguda da aorta.
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Figura 9- Immunoblotting representativo das quantidades totais de SHP-2 em MVRNs
controle e submetidos a sobrecarga pressora aguda por 10, 30 e 60 minutos.
Grafico e Imunnoblotting da associagdo entre FAK e SHP-2 em MVRNs
controle e submetidos a sobrecarga pressora aguda por 10, 30 ¢ 60 minutos.

Valores percentuais médios (n = 4).

* p <0,05 comparado a amostra controle.
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4.5- Avaliacao da localizacdo da FAK e da SHP-2 em MVRNSs controles e submetidos

a estimulo mecanico

A atividade e fun¢do de proteinas de sinalizagdo guardam relagdo estreita com
sua localizagdo em estruturas sub-celulares. Técnicas de imunohistoquimica associadas a
microscopia confocal permitem ndo apenas localizar proteinas em sitios sub-celulares, mas
também avaliar a co-localizacdo de proteinas que cooperam entre si em vias de sinalizagdo
celular. Para a avaliagdo da localizagdo da SHP-2 ¢ da FAK, os MVRNs foram extraidos,
fixados em laminas, duplamente marcados com anticorpos anti-FAK e anti-SHP-2 e

analisados com microscopia confocal.

Para a execucdo desse experimento, os MVRNs foram extraidos, isolados e
cultivados conforme protocolo descrito na seccdo de materiais e métodos Apds a extracao
os cardiomidcitos foram fixados em laminas revestidas com poli-L-lisina e submetidos a
reagoes de marcagdo com anticorpos especificos contra a FAK e SHP-2. A analise das
células foi realizada por microscopia confocal de fluorescéncia. Os resultados deste
protocolo permitiram definir a localizagdo sub-celular de SHP-2 e sua relagdo com a

localiza¢ao da FAK.

Como mostrado na Figura 10, em cardiomio6citos controle, a FAK
(marcagdo vermelha) e a SHP-2 (marcacdao verde) se co-localizam (marcagcdo amarela -

sobreposi¢ao verde / vermelho).
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Figura 10- Imagem de microscopia confocal de fluorescéncia de MVRNSs controle .
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4.6- Efeito da sobrecarga pressora aguda, por coarctacao da aorta, sobre a atividade

de tirosino-fosfatase de imunopreciptados de anticorpo anti-FAK e anti-SHP-2

Extratos de ventriculo esquerdo de ratos controle ou submetidos a coarctagdo da
aorta pelo periodo de 60 minutos, foram imunoprecipitados com anticorpo anti-FAK e
anti-SHP-2. Os imunoprecipitados bem como amostras de extrato total foram submetidos a
ensaios de atividade de tirosino-fosfatases in vitro com substrato especifico. Os resultados
destes experimentos permitiram avaliar, de forma direta, a atividade de SHP-2 e de outras

tirosinos fosfatases em cardiomiodcitos e sua associacao com a FAK.

Como demonstrado no grafico da Figura 11, a atividade de tirosino-fosfatase
associada ao imunoprecipitado de anticorpo anti-FAK diminuiu (25%) nas amostras de
animais coarctados por 60 min; 0 mesmo ocorreu nos imunoprecipitados de anti-SHP-2 de
amostras de animais coarctados por 60 min, nos quais a atividade de tirosina-fosfatase
diminuiu (25%) quando comparada a dos imunoprecipitados de amostras controle,
conforme demonstrado no grafico da Figura 12. A atividade de tirosino-fosfatase de
extratos totais de coracdo controle € a de coragdes submetidos a coarctacdo da aorta foram

semelhantes (resultados ndo mostrados).
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Figura 11- Grafico representativo da atividade tirosino-fosfatase associada ao
imunoprecipitado de anticorpo anti-FAK em miocardio de ratos controle e
submetidos a sobrecarga pressora aguda por 60 minutos.Valores percentuais

médios (n = 3).
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Figura 12- Grafico representativo da atividade tirosino-fosfatase associada ao
imunoprecipitado de anticorpo anti-SHP-2 em miocardio de ratos controle e
submetidos a sobrecarga pressora aguda por 60 minutos. Valores percentuais

médios (n = 3).

4.7- Efeito do estiramento de MVRNs sobre a atividade de tirosino-fosfatase de

imunoprecipitados de anticorpos anti-FAK e anti-SHP-2

Os extratos totais de MVRNs controle e estirados pelo periodo de 10 e
60 minutos, foram imunoprecipitados com anti-FAK e anti-SHP-2. Os imunoprecipitados
foram submetidos a ensaios de atividade de tirosino-fosfatases in vitro com substrato
especifico. Os resultados destes experimentos permitiram avaliar, de forma direta, a
atividade de SHP-2 e de outras possiveis tirosino-fosfatases em cardiomiocitos e sua

associacao com a FAK.

Conforme pode ser visto na Figura 13, as amostras de cardiomidcitos estiradas
por 60 min apresentaram uma atividade de tirosino-fosfatase associada ao imunoprecipitado

de anti-FAK menor (20 %) quando comparadas as amostras controle.

Os resultados apresentados na Figura 14 indicam uma diminui¢do substancial
da atividade de tirosino-fosfatase dos imunoprecipitados de anticorpo anti-SHP-2 em
amostras de MVRNs estirados por 10 minutos (40%) e 60 minutos (35%) em relacdo as

amostras controle.
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Figura 13- Grafico representativo da atividade tirosino-fosfatase associada ao
imunoprecipitado de anticorpo anti-FAK em MVRNs controles e
submetidos ao estiramento mecanico por 60 minutos. Valores percentuais

médios (n = 5).

* p <0,05 comparado a amostra controle.
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Figura 14- Grafico representativo da atividade tirosino-fosfatase associada ao
imunoprecipitado de anticorpo anti-SHP-2 em MVRNs controles e
submetidos ao estiramento mecanico por 10 e 60 minutos. Valores

percentuais médios (n = 4).

*p < 0,05 comparado a amostra controle.

Resultados

77



4.8- Expressao e ensaio de atividade enzimatica da tirosino-fosfatase SHP-2 (sitio

catalitico ativo recombinantePTP-GST)

Para avaliar a hipétese de que a SHP-2 participa na regulacdo do nivel de
fosforilagdo da FAK em tirosina, realizamos ensaios com o dominio catalitico PTP
recombinante da tirosino-fosfatase SHP-2. A Figura 15 mostra gel representativo da

expressao e purificagdo da proteina recombinante PTP-GST.

Para confirmar a atividade da proteina recombinante, bem como para
determinar a concentragdo oOtima de trabalho, foram realizados ensaios de atividade de
tirosino-fosfatase com a proteina recombinante purificada. Como indicado na Figura 16, os
ensaios com PTP-GST recombinate indicaram consumo do substrato (peptideo fosforilado
pp60 ) acrescentado ao meio de reagdo em concentragdo fixa de 200uM de forma

concentragdo enzima dependente.

PTP-GST PTP PTP Marcador
Purificada Induzid Nio Induzid

v i 72 kDa

Figura 15- Foto de gel de poliacrilamida 12% de eletroforese por SDS-Page para analise da

expressdo da enzima recombinante PTP-GST. DHSa- pGex-3T: homogenato

do lisado bacteriano de E. coli DH5a nao induzido e induzido contendo

plasmideo e precipitado purificado.
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Figura 16- Grafico representativo do comportamento enzimatico da proteina recombinante.
Notar ao aumento linear da atividade da enzima, proporcional a sua
concentragdo no meio; ¢ o ponto de saturacdo da atividade para a dada
quantidade de substrato, que se deu em torno de 3pg de quantidade de enzima

para 200uM de substrato.

4.9- Efeito da atividade enzimatica da SHP-2 sobre a fosforilacio da FAK - Ensaio de
desfosforilacao da FAK in vitro pelo PTP-GST

Para a realizagdo do ensaio de desfosforilagdo foram realizados experimentos
utilizando-se técnicas de imunoprecipitagdo e western blot para determinar os niveis de
expressdo e fosforilagdo da FAK, bem como da expressdo da SHP-2. Para a avaliagdo do
efeito enzimatico da SHP-2 sobre a fosforilagdo da FAK, extratos totais obtidos de
ventriculo esquerdo controle ou daqueles submetidos a sobrecarga aguda por 60 minutos,
foram incubados com anticorpos contra a por¢ao C-terminal da FAK, obtendo-se assim os
imunoprecipitados de FAK. Os imunoprecipitados de FAK foram incubados com PTP-GST
recombinante e a reacdo neutralizada com tampao de lavagem. Em seguida, as proteinas da
reacdo foram separadas através de eletroforese em gel SDS-poliacrilamida e western blot

com anticorpo anti-FAK, anti-fosfo-especificos FAK 397.
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Conforme demonstrado no Grafico da Figura 17, os niveis de fosforilagao da
FAK diminuiram de forma expressiva nas amostras tratadas com a proteina recombinante
(PTP) em relacdao aos controles (ndo-tratados), evidenciando que a SHP-2 tem atividade
enzimatica sobre a FAK hipofosforilada (miocéardio ndo submetido ao estimulo mecanico) e
hiperfosforilada (miocardio submetido ao estimulo mecanico) obtida do miocardio de ratos.

Nao houve alteragdo das quantidades totais de proteinas no ensaio.

IP: Fak
IB: Fak g » = 125kDa
IB: Fald & % > 125kDa
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Figura 17- Immunoblotting representativo das quantidades totais de FAK e Immunoblotting
e grafico representativo da desfosforilagdo da FAK pelo PTP-GST in vitro em
extrato de miocérdio de ratos controle e submetidos a sobrecarga mecanica por

60 minutos. Valores percentuais médios (n = 4).

* p < 0,05 comparado as amostras controle.

4.10- Efeito do tratamento de MVRNs com TFMS sobre atividade de

tirosino-fosfatase de imunoprecipitados de anticorpos anti-SHP-2

Para a avaliacdo da efetividade da inibi¢dao da atividade enzimatica da SHP-2
pelo inibidor seletivo TFMS, foram utilizados MVRNSs, controle e tratados com TFMS na
concentragdo de 1,8 uM, por 45 minutos. Os extratos totais d¢ MVRNs controle e tratados

com TFMS foram imunoprecipitados com anti-SHP-2. Os imunoprecipitados foram
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submetidos a ensaios de atividade de tirosino-fosfatases in vitro com substrato especifico.
Os resultados destes experimentos permitiram avaliar, de forma direta, a inibi¢do da

atividade de SHP-2 pelo inibidor seletivo, conforme demonstrado no grafico Figura 18.

100+

754

50
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Figura 18- Grafico representativo da atividade tirosino-fosfatase associada ao
imunoprecipitado de anticorpo anti-SHP-2 em MVRNSs controles e tratados

com TFMS. Valores percentuais médios (n = 4).

* p <0,05 comparado a amostra controle.

4.11- Efeito da inibicao farmacolégica da atividade enziméatica da SHP-2 in vitro sobre
a fosforilacao da FAK

Para a avaliagdo do efeito da inibicdo da atividade enzimatica da SHP-2 sobre a
fosforilacdo da FAK foram utilizados MVRNSs controle e estirados por 10 e 60 minutos. Os
cardiomiocitos foram tratados com TFMS (inibidor seletivo da SHP-2) na concentragao de
1,8 [IM, por 45 minutos. Em seguida, os extratos totais dos cardiomidcitos tratados ou nao
com TFMS foram separados através de eletroforese em gel SDS-poliacrilamida e

submetidos a western blot com anticorpos anti-fosfo-FAK Tyr-397.

Conforme demonstrado no Grafico da Figura 19, os niveis de fosforilagao da
FAK no residuo de tirosina 397 aumentaram expressivamente nas amostras controles

tratadas com TFMS, em relacdo as células controle (ndo-estiradas) nao tratadas,
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evidenciando que a SHP-2 tem atividade regulatdria sobre os niveis de fosforilagdo da FAK
em cardiomiocitos de ratos. Ocorreu também aumento na fosforilagdo da FAK no residuo
tirosina 397 nas amostras estiradas por 10 e 60 minutos tratadas com TFMS em relagdo as
amostras estiradas ndo tratadas. O aumento, no entanto foi menor ja que a fosforilagdo da
FAK nos cardiomiocitos ja aumenta significativamente apos o estiramento. Nao houve

alteracdes na expressao de FAK nas amostras.

IB Fak - se R ) .. 125kDa

3001
200+
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Figura 19- Immunoblotting e grafico representativo da fosforilacdo da FAK em residuo de
tirosina 397 - MVRNSs controle e estirados por 10 e 60 minutos, tratados ou nao

tratados com TFMS. Valores percentuais médios (n = 4).

*p < 0,05 comparado a amostra controle.

4.12- Efeito da inibicao da atividade enzimatica da SHP-2 in vifro sobre a associacao

FAK /SHP-2

Para a avalia¢do do efeito da inibi¢do da atividade enzimatica da SHP-2 sobre a
associacdo FAK/SHP-2, foram utilizados MVRNs controle e tratados com TFMS
(inibidor seletivo da SHP-2) na concentracdo de 1,8 uM, por 45 minutos. Os extratos totais
foram incubados com anticorpos contra a por¢do C-terminal da FAK, obtendo-se assim os

imunoprecipitados de FAK. Em seguida os extratos totais dos cardiomidcitos tratados ou
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ndo com TFMS foram separados através de eletroforese em gel SDS-poliacrilamida e

submetidos a western blot com anticorpos anti-SHP-2.

Conforme demonstrado, no Grafico da Figura 20, hd uma tendéncia a
diminui¢do da aassociacdo FAK/ SHP-2 nas amostras tratadas com TFMS em relacdo as
células controle (ndo-estiradas) ndo tratadas, sugerindo que a atividade da SHP-2 tem papel

regulatdrio sobre a associagdo FAK/SHP-2 em cardiomidcitos de ratos.

IP: Fak .
R i 75kDa

1B: Shp-2

100,

Unidades Arbitrarias

c TFMS

Figura 20- Immunoblotting representativo das quantidades totais de SHP-2 em MVRNs
controle e submetidos ao tratamento com TFMS. Grafico ¢ Imunnoblotting da
associacdo entre FAK e SHP-2 em MVRNs controle ¢ submetidos ao
tratamento com TFMS. Grafico representativo da associagao FAK/SHP-2 em

MVRNSs controles e tratados com TFMS. Valores percentuais médios (n = 4).

4.13- Efeito do tratamento de MVRNs com inibidor farmacolégico da FAK (PP2)
sobre atividade de tirosino-fosfatase de imunoprecipitados de anticorpos
anti-SHP-2

Para a avaliagdo da efeito do tratamento de MVRNs com PP2, sobre a atividade
enzimatica da SHP-2, foram utilizados MVRNs, controle e tratados com PP2 na

concentracdo de 1,8 uM, por 4 horas. Os extratos totais d¢ MVRNSs controle e tratados com
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PP2 foram imunoprecipitados com anti-SHP-2. Os imunoprecipitados foram submetidos a
ensaios de atividade de tirosino-fosfatases in vitro com substrato especifico. Os resultados
destes experimentos permitiram avaliar, de forma direta, a influéncia do uso de um inibidor
da FAK sobre a atividade de SHP-2 em MVRNSs, conforme demonstrado no grafico
Figura 21.

100 -

Unidades Arbitrarias

Figura 21- Grafico representativo da atividade tirosino-fosfatase associada ao
imunoprecipitado de anticorpo anti-SHP-2 em MVRNs controles e tratados

com PP2. Valores percentuais médios (n = 2).

4.14- Efeito da inibicao da atividade enzimatica da SHP-2 pelo tratamento de MVRNs

com TFMS sobre a expressao génica de B-miosina

Para a avaliag¢ao do efeito da inibi¢cdo da atividade enzimatica da SHP-2 sobre a
expressdo de genes marcadores de hipertrofia, como o da [-miosina, foram utilizados
MVRNSs controle e tratados com TFMS (inibidor seletivo da SHP-2) na concentragdo de
1,8 uM, por 4 horas. Conforme demonstrado na Figura 22, houve aumento substancial na
expressdo do gene da [-miosina quando a atividade da SHP-2 foi inibida
farmacologicamente. Em adi¢do, houve atenuagdo desse aumento quando a atividade da
SHP-2 foi inibida simultaneamente a inibi¢ao farmacologica da atividade da FAK através

do tratamento dos MVRNs com PP2.
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Figura 22- Gréfico e gel representativos da PCR da expressdo génica da B-miosina em
MVRNSs controle e submetidos ao tratamento com TFMS, PP2, e com TFMS

+ PP2. Valores percentuais médios (n = 6).

*p < 0,05 comparado a amostra controle.
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No presente estudo examinamos o papel da atividade tirosino-fosfatase SHP-2
na modulacao dos niveis de fosforilacdo em tirosina da FAK, em MVRNs submetidos ou

ndo a estimulo mecanico (estiramento).

Nossos resultados mostraram que a FAK no estado basal (hipofosforilada),
presente em cardiomidcitos ndo estirados encontra-se associada & SHP-2 e que mediante ao
estimulo mecanico, que sabidamente aumenta a fosforilacdo em tirosina da FAK, ocorreu
reducdo da associagdo FAK/SHP-2. Complementando esse dado, experimentos, nos quais
foram utilizadas técnicas de imunohistoquimica, mostraram a co-localizagdo da FAK e da
SHP-2 em cardiomidcitos isolados e em cultura de ratos neonatos (MVRNSs) controles
(ndo estirados). Estes resultados sugerem que o aumento da fosforilagdo em tirosina da
FAK, induzido pelo estimulo mecanico, deva-se, pelo menos em parte, a dissociacdo do
complexo FAK/SHP-2. No intuito de avaliar se a associacdo FAK/SHP-2 tem relagdo com
o estado de ativagdo da SHP-2, realizaram-se experimentos nos quais foi verificada a
atividade de tirosino-fosfatase de imunoprecipitados de anticorpo anti-FAK e anti-SHP-2,
de extratos totais de ventriculo esquerdo (VE) de ratos controle ou submetidos a sobrecarga
pressora e também de MVRNs controle ou submetidos ao estiramento. Verificou-se que na
situacdo controle (no VE ¢ em MVRNs), na qual a FAK e SHP-2 estdo associadas, ha
atividade de tirosino-fosfatase relacionadas ao imunoprecipitado de anticorpo anti-FAK e
anti-SHP-2 e que nos imunoprecipitados obtidos de extratos totais de VE e de MVRNs
submetidos ao estimulo mecanico, a atividade de tirosino- fosfatase relacionada a ambos

imunoprecipitados estava relativamente diminuida.

Juntos, estes primeiros dados que mostram que a dissociacio FAK/SHP-2
ocorre mediante estimulo mecanico e que esta dissociagdo ¢ acompanhada da redugdo da
atividade de tirosino-fosfatases, sugerem uma relacdo entre a atividade da SHP-2 e sua

associa¢ao com a FAK.

O mecanismo pelo qual a SHP-2 exerce sua fun¢cdo, bem como seus alvos
especificos na célula, ainda ndo estdo bem elucidados. Nossos achados colocam em pauta
0s mecanismos responsaveis pela regulagdo da atividade da SHP-2 em cardiomidcitos e seu

papel no controle de cascatas de sinalizagdo.
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A regulacao da atividade da SHP-2 ¢ feita através de um mecanismo de ligacao
e recrutamento da SHP-2 por proteinas que possuem sitios de Tyr fosforilados ou dominios
ligantes como os SH2, que se ligam aos residuos de tirosinas fosforilados da cauda
C-terminal da SHP-2. No estado basal o dominio N-SH2 interage com o dominio PTP, em
forma de “loop” prevenindo o acesso do substrato ao sitio catalitico. A ativagao da SHP-2
tem sido descrita como dependente da ligacdo de uma proteina fosforilada em residuo de
tirosina nos dominio N-SH2. (Hof. et al, 1998; Feng, 1999; Neel, Lu, Pao, 2003). De
acordo com esse modelo a relativa atividade basal alta da SHP-2 vista em MVRNs ndo
estirados poderia ser devida ao recrutamento e ligagdo da SHP-2 a complexos de proteinas
fosforiladas em tirosina. Proteinas de sinalizagcdo adaptadoras, como Gabl
(ligante associado 1 a Grb2) e a SHPS-1 (receptor glicoproteico), sdo conhecidos substratos
da SHP-2 (Madruga et al, 1996). Por exemplo, a proteina adaptadora Gabl que pode ser
fosforilada em residuos de tirosina por multiplos receptores e ndo receptores
tirosino-quinase, tem sido vista como interativa com a SHP-2 e mediadora dos efeitos dessa
em cardiomiocitos (Nakaoka et al.; 2003), sendo que a SHP-2 torna-se muito ativa quando
ligada a fosfo-tirosina, e particularmente quando ligada a Gabl (Madruga et. al, 1996;
Feng, 1999; Cunnick et al, 2000; Ren et al.,2004)

Contudo, a demonstracao deste trabalho de que o tratamento dos cardiomidcitos
ndo estirados com PP2 reduz a atividade associada ao imunoprecipitado de anti- SHP-2,
pode indicar que a alta atividade fosfatase basal relativa da SHP-2 vista nessas células, esta
relacionada com a ativacdo local desta fosfatase, quando ligada a FAK fosforilada, pois
apesar, do aumento da fosforilagdo da FAK ocorrer em resposta ao estimulo extracelular,
esta mantém no estado basal, certo nivel de fosforilagdo e atividade (Abedi, Dawes and

Zachary; 1995)

Propomos que a dissolugdo da ligacdo existente entre FAK e SHP-2 ocorra
mediante ao estimulo mecanico, induzida por uma mudanca conformacional, ou pela
desativagao da SHP-2 através de um mecanismo de autodesfosforilagdo; O fenomeno de
outodesfosforilacdo ¢ caracteristico dessa enzima quando ndo associada a uma proteina

ligante (Lu, Shen, Cole, 2003; Araki, Nawa, Neel, 2003).
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A dissociacao FAK/SHP-2 permite que a FAK aumente sua autofosforilagao no
residuo tirosina 397. Assim € possivel que a baixa fosforilagdo da FAK em MVRNs nao
estirados, deva-se a a¢do enzimatica de fosfatase da SHP-2 e que a dissociacdo dessas duas
moléculas seja suficiente para que a FAK se auto-fosforile. Resultados obtidos em estudos
nos quais foram realizados ensaios de desfosforilagao da FAK pelo sitio ativo recombinante
da SHP-2 (PTP-GST), corroboram a idéia de que a SHP-2 possivelmente regule a
fosforilacdo da FAK de forma direta, através da ag¢do fosfatase. Vimos que o PTP-GST foi
capaz de desfosforilar a FAK nativa, em seu residuo de tirosina 397, in vitro, sugerindo que

0 MEeSMmMo possa OCOTTer in Vivo.

Nossos estudos mostram que, mediante inibigdo farmacologica da atividade da
SHP-2, a fosforilagio da FAK em tirosina 397 aumenta em MVRNs nao estirados.
Mostramos ainda que a inibicdo da atividade da SHP-2 potencia a fosforilagdo da FAK
induzida pelo estiramento em MVRNs. O uso do inibidor farmacolégico da SHP-2 causou
também uma diminui¢do da associagao FAK/SHP-2 em cardiomiodcitos nao estirados. Esses
dados reforcam ainda mais a hipdtese de que a associacio FAK/SHP-2 tem relacdo com o
estado de atividade da SHP-2 no cardiomiocito e que esta Ultima exerce papel regulatorio
negativo sobre os niveis de fosforilagdo da FAK. A redugdo da atividade da SHP-2 e da
associacao com a FAK, muito provavelmente, tem um papel permissivo e prolongador da

fosforilagao e ativacdo da FAK em cardiomidcitos submetidos ao estimulo mecanico.

Sugere-se que a intensa ativagdo da FAK pelo estimulo mecanico, seja
dependente do recrutamento e agregagdo da FAK e da Src, que adicionalmente incrementa
a atividade da FAK através de transfosforilagdo desta e pelo recrutamento de moléculas
adicionais de FAK para regides subcelulares especificas, dos cardiomidcitos
(Franchini, 2000; Domingos, 2002; Torsoni, 2003). Nesse sentido, pode-se supor que em
cardiomidcitos ndo estirados, o nivel basal de fosforilagdo do complexo FAK/Src, ainda
que baixo, poderia promover o recrutamento e ativacdo da SHP-2, que por sua vez, entdo,

preveniria a agregacdo e ativagdo acentuada da FAK.

Dado o estimulo mecanico, a ativagao simultdnea de grande quantidade de
moléculas de FAK e a dissociagdo da SHP-2 do complexo FAK/Src poderia exercer um

papel permissivo no prolongamento da fosforilacao da FAK.
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O presente estudo pontua a possibilidade de que a redug¢do da atividade
fosfatase da SHP-2 em MVRNSs estirados estd de alguma forma relacionada com a redugdo
de sua associagdo com a FAK e presumivelmente a proteinas regulatdrias ndo conhecidas.
Estudos futuros serdo necessarios para a confirmag¢ao desse mecanismo. Dessa maneira ¢
possivel que a influéncia basal negativa da SHP-2 sobre a fosforilagdo da FAK seja
dependente de um mecanismo regulatorio iniciado pela fosforilagdo local do complexo

FAK/Src e o pronto recrutamento da SHP-2.

Estudos anteriores do laboratério mostraram que a ativacdo da FAK
acompanha-se da inducdo da re-expressdo de genes fetais, marcadores moleculares de
hipertrofia cardiaca, como o do ANP e da cadeia pesada da B-miosina e que a inibigao da
atividade da FAK através do tratamento de MVRNs com PP2 reduz a indugdo da expressao
desse genes pelo estimulo mecanico (Torsoni et al., 2003a; Torsoni et al., 2005)
Experimentos de RT-PCR de MVRNs tratados com TFMS demostraram aumento de
expressao do mRNA do gene proprio da vida fetal, da cadeia pesada da B-miosina. Assim,
sugerimos que a interferéncia na sinalizagdo celular que envolve a SHP-2 tem impacto
sobre a reprogramagdo génica caracteristica da sinalizagdo dos mecanismos envolvidos na
génese da hipertrofia cardiaca. Objetivando verificar se esse impacto foi mediado por
alteragdes na ativacdo da FAK, causadas pela inibicdio da SHP-2, tratou-se
concomitantemente, os MVRNs nao estirados, com PP2 e TFMS. Vimos entdo, uma
atenuacdo da indu¢do da expressdo de B-miosina., mediante a inibi¢ao da FAK simultanea a
da SHP-2. Dessa forma, pode-se afirmar que a SHP-2 controla a atividade da FAK em
cardiomiocitos, € que esse mecanismo regulatorio, tem impacto sobre a re-expressao de

genes fetais marcadores de hipertrofia cardiaca.

Dado que a FAK ¢ um importante regulador da expressdo génica induzida por
estimulo mecanico, serdo abertas perspectivas de que o controle da atividade de SHP-2
possa influenciar de forma decisiva a resposta de cardiomidcitos ao estimulo mecanico.
Serd importante, neste caso, entender os mecanismos responsaveis pela reducdo da
atividade da SHP-2 induzida pelo estimulo mecanico, bem como o0s mecanismos
responsaveis pela redugdo na associagdo FAK/SHP-2. A interferéncia em tais mecanismos
poderia contribuir para a inibi¢do da hipertrofia de cardiomidcitos, sendo potencialmente

util como abordagem terapéutica em doengas cardiacas.
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Com base em nossos achados, podemos concluir que:

A atividade SHP-2 regula a atividade da FAK em cardiomidcitos, modulando
seus niveis de fosforilacdo, sendo importante na manutencdo do estado hipofosforilado da
FAK em células ndo estiradas e na manutencdo do estado hiperfosforilado da FAK em
células estiradas, influenciando a reprogramacdo génica caracteristica da ativacdo da

sinalizacdo hipertréfica, pelo menos em parte, através do controle da atividade da FAK.
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Torsoni, Adriana S., Talita M. Marin, Licio A. Velloso, and
Kleber G. Franchini. RhoA/ROCK signaling is critical to FAK
activation by cyclic stretch in cardiac myocytes. Am J Physiol Heart
Cire Physiol 289 H1488 -H1496, 2005. First published May 27,
2005; doi:10.115Zaipheart. 006922004 —Focal adbesion  kinase
(FAK) has been shown to be activated in cardiac myvocytes exposed to
mechanical stress, However, details of how mechanical stimuli induce
FAK activation are vokonown. We investigated whether signaling
events mediated by the RhoA/Rho-associated coiled coil-containing
kinase (ROCK) pathway are involved in regulation of stretch-induced
FAK phosphorylation al Tyr®” in neonatal rat veniricular myocyles
(NRVMSs). inmunostaining showed that RhoA localized to regions of
myofilaments alternated with phalloidin (actin) staining. The results of
colmumunoprecipitation assays indicaled that FAK and RhoA are
associated in ponstretched NRVMs, but cyclic stretch significantly
reduced the amount of RhoA recovered from anti-FAK immunopre-
cipitates, Cyclic stretch induced rapid and sustained {(up o 2 Iy
increases in phosphorylation of FAK at Tyr™7 and ERK1/2 at Thr*™%/
Tyr*™. Blockade of RhoA/ROCK signaling by pharmacological in-
hibitors of RhoA (Closiridinm botwlinum C3 excenzyme) or ROCK
(Y-27632, 10 pmol/l, 1 h)y markedly attenvated streteh-induced FAK
and ERK1/2 phosphorylation, Similar effects were observed in cells
treated with the inhibitor of actin polymerzation cylochalasin D,
Transfection of NRVMs with RhoA antisense oligonucleotide atten-
uated stretch-induced FAK and ERK1/2 phosphorylation and expres-
sion of B-myosin heavy chain mRNA. Similar resulls were seen in
cells transfected with FAK antisense oligonucleotide. These findings
demonstrate that RhoA/ROCK signaling plays a crocial role in
streteh-induced FAK phosphorylation, presumably by coordinating
upstream events operationally linked to the actin cytoskeleton.

mechamical stress; hypertrophy,; cell signaling

INCREASED BIOMECHANICAL STRESS can drive changes in cardiac
myocytes that are implicated m myocardial hypertrophy and
failure (7, 19). Numerous signal transduction pathways have
been shown to be activated in cardiac myocytes subjected to
mechanical stimuli (35). Signals originating from multiple
pathways converge infracellularly, leading to altered gene
expression and protein synthesis, which result in the hypertro-
phic growth of cardiac myocytes. However, the mechanism by
which mechanical forces are sensed and converted to biochem-
ical signals remains largely unknown, Recent developments in
this field indicate that the integrity of structures such as the Z
disk, costamere, and intercalated disk is critically important to
the ability of cardiac cells to appropriately respond to mechan-
ical stress (4, 11, 21, 32, 37, 41). It has been hypothesized thal
such structures participate in monitoring of mechanical force
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and in communication of strain to signaling molecules in
cardiac myocytes (12, 29, 37).

Focal adhesion kinase (FAK), a tyrosine kinase linked to
integrin signaling (15, 24, 42), has been shown to be rapidly
activated by mechanical stimuli in cardiac myoeytes (2, 5, 9,
12, 13, 23, 34, 39). Several lines of evidence support a role for
FAK in the regulation of early gene transcription in response to
hypertrophic agonists and mechanical stress (10, 22, 28, 38,
39, indicating that this kinase may coordinate the convergence
of multiple signaling pathways invelved in the hypertrophic
growth of cardiac myocytes. However, the molecular mecha-
nism responsible for FAK activation by mechanical siress in
cardiac myocytes remains elusive. We recently showed (12,
39) that FAK activation by mechanical stress is accompanied
by its aggregation at myofilaments, Z disks, and costameres,
implying that this kinase might be directly activated by me-
chanical stress in cardiac myocytes. On the other hand, FAK
activation in neonatal rat ventricular myocytes (NRVMs) by
agonists such as endothelin has been demonstrated (16) to be
dependent on activation of the RhoA/Rho-associated coiled
coil-containing protein kinase (ROCK) signaling pathway,
which drives the assembly and rearrangement of actin fila-
ments. The demonstration that cytochalasin D, a potent inhib-
itor of actin polymerization, markedly attenuated endothelin-
induced FAK phosphorylation (16) revealed the importance of
the assembly of actin filaments in FAK activation by this
agonist. Similarly, FAK activation by mechanical stress has
been suggested to depend on a cooperative interaction with
actin filaments (13, 39, 40), raising the possibility that FAK
activation by mechanical stimuli may also be dependent on
RhoA/ROCK signaling. Further support for this idea is pro-
vided by data (20, 40) indicating that RhoA and ROCK, similar
to FAK, are rapidly but transiently activated by mechanical
siress in cardiac myocytes. However, the role of RhoA/ROCK
in activation of FAK by mechanical stress in cardiac myocytes
has not been established.

Thus, to gain insight into the activation of FAK by mechan-
ical stress in cardiac myocytes, we tested the hypothesis that
the RhoA/ROCK signaling pathway plays a role in stretch-
induced FAK activation imn NRVMs. By preventing RhoA/
ROCK signaling through pharmacological inhibition with C3
exoenzyme or transfection with the RhoA antisense oligonu-
cleotide or the ROCK-specific inhibitor Y-27632, we showed
that RhoA/ROCK signaling is critical to stretch-induced FAK
activation as well as to regulation of stretch-induced expression
of B-myosin heavy chain (3-MHC) in cardiac myocytes.

The costs of publication of this article were defrayed in part by the pay ment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 11.8.C. Section 1734 solely to indicate this fact.
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MATERIALS AND METHODS

Reagents. Bioflex (Flex I) collagen culture plates were obtained
from Flexcell International (catalog no. 35-P-1001C, type I); protein
A conjugated with '2°1 from Du Pont-New England Nuclear; Dul-
becco’s modified Eagle’s medium (DMEM), horse serum, and fetal
bovine serum from GIBCO BRL; pancreatin and angiotensin II (ANG
IT) from Sigma; collagenase type IT from Worthington; rabbit poly-
clonal antibodies to FAK and ERK1/ and mouse monoclonal RhoA
antibody from Santa Cruz Biotechnology; rabbit polyclonal antibodies
to FAK phosphorylated at Tyr**” and ERK1/2 phosphorylated at
Thr??/Tyr*™ from Biosource International; and cytochalasin D, Clos-
tridium botulingm C3 exoenzyme, Y-27632 (an ROCK inhibitor), and
DuP-753 from Calbiochem. Oligonucleotides were synthesized by
Life Technologies.

NRVM cultwre. Primary cultures of NRVMs from 1- to 2-day-old
Wistar rats were prepared as previously reported (39). Briefly, the
myocytes were purified on a discontinuous Percoll gradient, sus-
pended in plating medium containing 10% horse serum, 5% fetal
bovine serum, and 0.5% penicillin-streptomycin, and plated in type L
collagen Bioflex plates coated with gelatin at 5 x 10° cellshwell. After
24 h, the medium was replaced with serum-free DMEM and incubated
for 24-48 h under 95% air-3% CO; before use. NRVMs cultured in
Bioflex plates were stretched in a Flexcell FX-3000 strain unit to
115% of resting length at a frequency of 1 Hz (0.5 ¢ of stretch and
0.5 5 of relaxation} for variable periods, depending on the protocol
Control nonstretched NRVMs were also cultured in Bioflex plates and
incubated in serum-free medium. At the conclusion of the experimen-

A Stretch
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tal protocols, cells were scraped from membranes and lysed for
immunoblotting for analysis of B-MHC expression or fized for con-
focal immunofluorescence analysis.

Immunoblotizng. NRVMs were lysed in assay lysis buffer contain-
ing freshly added protease and phosphatase inhibitors (1% Triton, 10
mM sodium pyrophosphate, 100 mM NaF, 10 p.g/ml aprotinin, 1 mM
PMSF, and 0.25 mM NasVO,). The samples were centrifuged for 20
min at 11,000 g, and the soluble fraction was resuspended in 50 plof
Laemmli loading buffer (2% SDS, 20% glycerol, 0.04 mg/m] brom-
phenol blue, 0.12 M Tris-HCI, pH 6.8, and 028 M B-mercaptoetha-
nol) before separation on 8% SDS-polyacrylamide gels. Proteins were
transferred from the gels to a nitrocellulose membrane. Membranes
were blocked for 2 h at room temperature with 3% skim milk-TBST
buffer (10 mM Tris-HCI, pH 8, 150 mM NaCl, and 0.05% Tween 20).
Membranes were exposed to primary antibodies overnight at 4°C,
washed in TBST, and exposed to '*Tlabeled protein A.

Subcellular fractionation Subcellular fractionation was carried out
as previously described (12) with modifications for use with NRVMs.
Briefly, NRVMs were collected in solubilization buffer (0.32 M
saccharose, 10 mM Tris-HCI, pH 7.4, 2 mM EDTA, 1 mM DTT, 50
mM NaH.PO,, 50 mM NaF, 1 mM NazVO., 2 mM PMSF, and 0.1
mg/ml aprotinin) and homogenized by 10 passages of the cell sus-
pension through a 26.5-gauge needle. The extracts were centrifuged at
1,000 g for 10 min at 4°C to obtain the precipitates containing the
nuclear fraction. The supernatant, which was enriched with mem-
brane, myofibrils, and soluble proteins, was saved. Protems of nuclear
and supernatant fractions were quantified by the Bradford method.
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Fig. 1, Cyclic streteh-induced focal adhe-
ston kinase (FAK) and ERK1/2 phasphory-
lation, Necnatal rat wentricular myocytes
(NEYMs) were siretched to 115% for 10,
30, 60, and 120 min at 1 Hz. A: Wastern
blotz of whole cell exfracts probed with
antibodies that recognize Rhod, FAK phaos-
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Weatern blot experiments performed with
antibodies against pFAK and pERK1/2 nor-
malized by total FAK and ERK1/2, respec-
tiwely, © representative immuncblot (IB)
and results from scanning  densitometry
showing average (4 sxperiments) percent
changss in amount of pERKL/2 in ANG
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representative blots probed with pERK1/2
antibody and average results from densito-
metric analysis of NRYMs freated with
ANG I (2.7 pmoll) + DuP-753 (DuP, 10
pmeld) and stretched to 115% for 30 min,
*P <2 005 comparsd with nonstretched cells,
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Equal amounts of total protein were denatured after addition of
Laemmli buffer and boiling at 100°C for 5 min and subjected to
SDS-PAGE.

Oligodeaxyaucleotides. FAK antisense cligodeoxynucleotide (ODN)
was a 16-mer (5" -GATAAGCAGCTGCCAT-3") directed against initia-
tion of the translation site of the rat FAK mRNA sequence. The FAK
sense sequence (3"-CGGCTAACCGAAGTGA-3") was used as control.
RhoA antisense ODN was a 16-mer (3" TCCTGATGGCAGCCAT-3")
directed against initiation of the translation site of the rat RhoA mRNA
sequence. The RhoA sense sequence (5'-GTTAATCTTGCAGGTA-3")
was used as control. All bases were phosphorothicate protected and
obtained from Life Technologies. The sequences were confirmed in
the GenBank database for uniqueness. Transfections of NRVMs with
ODNs were performed as previously described (26). Cells were serum
starved for 6 h and transfected with 1 pmol/l antisense or sense ODN
and 12 pg of Lipofectin in serum-starved DMEM without antibiotics
(1 ml final volume) for & h. NRVMs were washed with DMEM and
maintained in DMEM containing 10% serum for 18 h before use in
experiments.

RT-FCUR arnalysiz NRVMs were homogenized in TRIzol reagent,
and total RNA was isolated by precipitation with isopropyl as
previously described (26). A 5-pg aliquot of total RNA was used
for cDNA synthesis with the Superscript preamplification system
(Life Technologies) according to the manufacturer’s instructions.
cDNA was amplified by PCR using Tag DNA polymerase with
oligonucleotides derived from the B-MHC gene (5'-CCAACAC-
CAACCTGTCCAAGTTC-3" and 5"-TGCAAAGGCTCCAGGTC-
TGAGGGC-3") or B-actin gene (5-TTCTACAATGAGCTGCGT-
GTGGCT-3' and 3'-GCTTCTCCTITAATGTCACGCACGA-3").
Oligonucleotides were synthesized by Life Technologies. The ampli-
fication conditions consisted of 25 cycles as follows: denaturing at
94°C for 2 min, annealing at 45°C {p-actin) and 54°C (B-MHC) for 1

NON-STRETCHED
A Overlay

RHOA/ROCK SIGNALING IN CARDIAC MYOCYTES

min, and extension at 72°C for 2 min. PCR products were size
fractionated with agarose gel electrophoresis. After the gels were
stained with ethidium bromide, the DNA bands were visualized with
a UV transilluminator.

Tmmunohistochemstry and laser confocal analysts NRYMs were
fixed with 4% paraformaldehyde and 4% sucrose in 0.1 mol/l phos-
phate-saline buffer, pH 7.4, for 15 min at room temperature. The
slides were preincubated in blocking buffer (3% nonfat dry milk n 0.1
mol/l PBS) contaming 0.6% Triton X-100 for 45 min at room
temperature and incubated ovemight with the primary monoclonal RhoA
antibody and then with rabbit anti-mouse biotin-conjugated secondary
antibody and streptavidin-Cy2 (1:500 in PBS) and rhodamine-conjugated
phalloidin at 4°C. Positive immunoreactivity was visualized by laser
confocal scanning (Zeiss LM510). In the absence of primary antibod-
ies, application of secondary antibodies (negative controls) failed to
produce any significant staining.

Statistical analysis. Data are presented as percent changes com-
pared with controls. Densitometric readings were subjected to statis-
tical analysis. Differences between the mean values of the densito-
metric readings were tested by ANOVA and Bonferroni’s multiple-
range test. £ < 0.05 indicated statistical significance.

RESULTS

Cyclic stretch inditces FAK and ERKIZZ activation in
NRVMs. Cardiac myocytes were extracted from 1- to 2-day-old
neonatal rats and cultured on silicone plates for 72 h before
they were subjected to cyclic stretch (to 115% at 1 Hz) for
10-120 min. Cyclic stretch of NRVMs induced rapid (10 min)
and sustained (up to 120 min) FAK and ERK1/2 activation
(Fig. 14), as indicated by increases in the amount of FAK and

STRETCHED
Overlay

Overlay

Fig. 2. RhoA lecalization in NRVMs, Nonstretched (A-C) and stretched (D—F) NRVMs were double labeled with RhoA antibody and thedamine-conjugated
phalloidin (actin filament labeling) and viewed under a laser confocal microscope.
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100

RhoA (%)

ERK1/2 detected by specific antibodies against FAK phosphor-
vlated at Tyr®*¥7 and ERK1/2 phogphorylated at Thi2%2/Tyr?™,
The amount of FAK, ERK1/2, and RhoA did not change in
stretched compared with nonstretched NRVMs. The percent
changes in phosphorylation of FAK at Tyr*** and ERK1/2 at
The®**/Tyr*** normalized by the amount of FAK and ERK1/2,
respectively, are summarized in Fig. 15.

ANG II may act as an autocrine/paracrine mediator of
stretch-induced cardiomyocyte hypertrophy (1, 31). FAK and
RhoA have been shown to be activated in response to G

A B
Stretch -
Y-27632 -

RHOA/ROCK SIGNALING IN CARDIAC MYQCYTES

RhoA Wl s . . 21v0a
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- - +
Fig. 3. Arepresentative blot of NEVM total
P P extracts and subcellular fractions [muclear
RhoA Fak (N} and cytosolic/membrane (5)] probed

with Ehod antibody, Samples are pools of &
wells, B representative immuncblots ob-
tained with RhodA antibody of anti-Rhoi
and anti-FAK immunopracipitates (IF) from
extracts of nonstretched NRVMs and
NRVMs stretched for 120 min and average
(4 individnal experiments) results from den-
sitometric analysis of anti-Rhoa staining of
anti-RhoA  and anti-FAK immunoprecipi-
tates, *F <2 0.05 compared with anti-RhoA
immunoprecipitate. #£ < 0.05 compared
with anti-FAK immunoprecipitate of non-
stretched czlls,

protein-coupled receptor agonists, including ANG II (10, 16,
33). We recently showed that FAK phosphorylation induced by
cyclic stretch still activates FAK in NRVMs treated with the
AT, receptor antagonist DuP-753, indicating that stretch and
ANG II activate FAK by distinct mechanisms (39). We exam-
ined whether ANG II mediates the activation of ERK1/2
phosphorylation at The**?/Tyr** induced by cyclic stretch in
NRVMs. ANG II induced concentration-dependent increases
of ERK1/2 phosphorylation in NRVMs (Fig. 1C). This effect
was completely inhibited by addition of the AT; receptor-

44 kDa
Erk - —— 0, Erk

. . -
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Fig. 4. Inhibition of RhoA/ROCK signaling reduces stretch-induced FAK and ERK1/2 activation in NRVMs. A: representative Western blots performed with
FAK, pFAK, ERE1/2, and pERE1/2 antibodizz in cells treated with the RhoA inhibiter Clostridium botulingm T3 encenzyme (CT3-Exo) and average (5
experiments) results from densitometric analysis with pFAK antibody nermalized by total FAK. B! representative Western blots parformed with FAK, pFAE,
ERK1/2, and pERK 1/2 antibodies in cells freated with the ROCK inhibiter Y-27632 and averags (4 experiments) results from densitometric analysis performed
with pFAK antibody normalized by total FAK, C repragentative Wegtern blote performed with FAK, pFAK, ERK1/2, and pERE1/2 antibodies in czlls treated
with the inhibitor of actin organization cytochalasin D (Cytoch)and average (4 experiments) results from densitometric analysis performed with pFAK antibody
normalized by total FAK, #F < 0.05 vs. unfreated nonstretched cells.
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specific antagonist DuP-753 (10 pmol/l, 1 h) to the culture
medium, indicating that ANG Il-induced ERK1/2 phosphory-
lation occurred via AT, receptor-dependent signaling (Fig.
1D). Cyclic stretch still increased ERK1/2 phosphorylation at
Thr®/Tyr*** in DuP-753-treated NRVMs, although it was
markedly attenuated compared with the response in untreated
cells (Fig. 1D).

FAK and RhoA are associated in nonstretched NRVMs.
FAK phosphorylation by 30 min of cyclic stretch is accompa-
nied by its aggregation at myofilaments of NRVMs (39). We
examined RhoA localization and distribution in nonstretched
and stretched NRVMs. A representative example of NRVMs
double stained with RhoA antibody and thodamine-conjugated
phalloidin is shown in Fig. 2, A-C. Anti-RhoA staining shows
a sarcomeric striated pattern alternated with actin labeling,
suggesting its localization in the A bands or the nearby struc-
tures. In stretched cells, anti-RhoA staining still showed a
sarcomeric striated pattern alternated with actin labeling, but a
distinct staining of nuclear or perinuclear areas was also
observed. To further examine the subcellular distribution of

A

Fig. 5 RhoA anfisenss oligodeoxynucle-
otide (ODN) atfermates stratch-induced FAK
and ERK1/2 activation in NRVMs, A: laser
confocal analysis of control (7 and ff) and
antisense-transfacted ([I7 and [V7) NRVMs
double lakeled with phalloidin and RhoA
antibody and cultared in medium containing
serum for 18 h. B: representative anti-Rhod,
-FAK, -pFAK, -ERK 1/2, and -pERK 112 im-
munoblets of extracts from nonstretched
NEVMs transfected with senge (5) and anti-
sense (AS) oligonuclectides compared with B
nontransfected cells. O representative im-
munoblote of exiracts from nonstretched and
stretched NRVMs transfected with antisense
and sense Rhod QDNs and exposed fo
RhoA, FAK, pFAK, ERK1/2, and pERK1/2
antibodizs and average (3 experiments) re-
sults from densitometric analysis performed
with pFAK and pERK1/2 antibodies normal-
ized by total FAK and ERK 172, respectively.
#P <0 0,05 ve, nontransfectad nonstretched
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RhoA in NRVMs, we performed immunoblotting analysis of
subcellular fractions. RhoA could not be detected in the nu-
clear fraction of nonstretched or stretched cells (Fig. 34),
indicating that the anti-RhoA staining in the nuclear area of
stretched NRVMs is probably due to a perinuclear location.

The association of RhoA and FAK was indicated by the
demonstration that, in extracts of nonstretched NRVMs, FAK
is coimmunoprecipitated with RhoA. Cyclic stretch lasting for
120 min was accompanied by a reduction in the association of
FAK with RhoA (Fig. 3B). Comparisons with the amount of
RhoA precipitated with RhoA antibody allow us to estimate
that ~60% of RhoA is associated with FAK in nonstretched
NRVMs.

FAK activation by stretch is dependent on RhoA activity. We
next examined the effect of C3 exoenzyme on FAK activation
induced by mechanical stress in NRVMs. C3 exoenzyme
selectively ADP-ribosylates small G proteins of the Rho sub-
family at Asn®', thereby blocking their action (17). Although
pretreatment with C3 exoenzyme had no effect on basal FAK
phosphorylation, it markedly inhibited the stretch-induced

c 2h 4h
Stretch - + + + + +
RhoA - - S AS S AS
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FAK phosphorylation at Tyr®* (Fig. 44). Notably, inhibition
of FAK phosphorylation at Tyr®7 by cyclic stretch in NRVMs
was accompanied by a reduction in stretch-induced ERK1/2
phosphorylation at Thr***/Tyr%%.

Next, we investigated whether signaling by ROCK, a RhoA
downstream serine kinase involved in the actin filament orga-
nization, mediates stretch-induced activation of FAK in
NRVMs. The cells were pretreated with the selective ROCK
inhibitor Y-27632 (10 pmol/1) for 1 h and then stretched for 30
min. Stretch-induced FAK phosphorylation at Tyr™’ was
markedly reduced after Y-27632 treatment (Fig. 4B), but no
change was observed in basal FAK phosphorylation or expres-
sion compared with untreated cells. ERK1/2 phosphorylation
at Thr%/Tyr?%* was also markedly reduced in stretched myo-
cytes treated with Y-27632.

Because in nonmyocyte cells RhoA/ROCK signaling has
been implicated in the organization of stress fibers (17), we
next examined the influence of cytochalasin D, which induces
actin filament disassembly, in the stretch-induced FAK phos-
phorylation at Tyr®*”. NRVMs pretreated with cytochalasin D
exhibited a marked reduction in stretch-induced FAK and
ERK1/2 phosphorylation (Fig. 4C).

We further examined the role of RhoA proteins in stretch-
induced FAK activation by transfecting NRVMs with RhoA
antisense. The effectiveness of RhoA oligonucleotide antisense
was demonstrated by its ability to specifically reduce RhoA
expression in NRVMs. Immunofluorescence (Fig. 54) and
immunoblotting (Fig. 5, # and C) analysis showed that trans-
fection with RhoA antisense markedly reduced the expression
of RhoA in NRVMs but did not change the morphology or
viability of NRVMSs. Transfection with RhoA antisense or
sense did not change FAK or ERK1/2 baseline expression and
phosphorylation (Fig. 5B). The reduction of RhoA expression
by RhoA antisense oligonucleotide markedly reduced the
stretch-induced phosphorylation of FAK at Tyr**? and ERK1/2
at Thr2®2/Tyr2** (Fig. 5C).

Figure 6 summarizes the effect of transfection with FAK
sense or antisense oligonucleotides on stretch-induced phos-
phorylation of FAK at Tyr®7 and ERK1/2 at Thi2%/Tyr2%* in
NRVMs. Transfection with FAK sense oligonucleotide did not
change the siretch-induced FAK or ERK1/2 phosphorylation
compared with data presented in Fig. 1B. Transfection with
FAK antisense oligonucleotide significantly reduced FAK ex-
pression, abolished stretch-induced FAK phosphorylation, and
markedly attenuated ERK1/2 phosphorylation.

Rhod and FAK influence stretch-induced hypertrophic gene
activation. To test the role of RhoA and FAK in the stretch-
mediated hypertrophic response of NRVMSs in vitro, we exam-
ined the influence of transfections with RhoA or FAK antisense
oligonucleotides on expression of the p-MHC transcript. RhoA
or FAK sense and antisense oligonucleotides did not change
baseline expression of the Bp-MHC transcript in nonstretched
NRVMs (Fig. 74). Cyclic stretch for 2—4 h markedly increased
the amount of the p-MHC transcript expressed by NRVMs
(Fig. 7B). Transfection with RhoA or FAK antisense oligonu-
cleotides significantly reduced the stretch-induced expression
of p-MHC in NRVMs, whereas transfection with sense oligo-
nucleotides did not change the stretch-induced expression of
3-MHC in NRVMs.

American Journal of Physiology — Heart and Circulatory Physiology
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Fig. 6. FAK antisense ODN reduces stretch-induced FAK and ERK1/2 phos-
phorylation, Repressnotative Western blots performed with FAK, pFAE,
ERK1L/Z, and pERK 1/2 antibodies with extracts of nongtretched or stretched
NEVMs fransfected with FAK sense or antizense ODNs and average (4
axperiments) results of densitometric analysiz of Western blote performed with
pFAK and pERK1/2 antibodies normalized by total FAK and ERK1/2, regpec-
tively, ¥F <2 0,05 vs, sense ODN-transfected nonstretched cells. #F <2 0.03 vs,
antisense ODN-fransfected nonstretched cells,

DISCUSSION

Here we show that stretch-induced FAK activation in
NRVMs is controlled by the RhoA/ROCK signaling pathway.
This finding is supported by our demonstration that ) preven-
tion of RhoA signaling by the selective Rho inhibitor C.
botulinum C3 exoenzyme or reduction of RhoA expression by
transfecting cells with RhoA oligonucleotide antisense mark-
edly attenuated stretch-induced FAK phosphorylation at Tyr®7
in NRVMs and 2) treatment of NRVMs with the ROCK
pharmacological inhibitor Y-27632 markedly attenuated stretch-
induced FAK phosphorylation at Tyr®”. The interaction of RhoA
and FAK was further supported by the demonstration that
RhoA can be recovered from anti-FAK immunoprecipitates.
Stretch-induced FAK phosphorylation was also reduced by
cytochalasin D, suggesting that the influence of RhoA/ROCK
signaling on FAK activation is dependent on the integrity of
nonsarcommeric actin filaments. Additionally, it was shown that
inhibition of FAK or RhoA signaling, by specific antisense
oligonucleotides, attenuated the stretch-induced expression of
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Fig. 7. BhoA and FAK aniisense QODNs
block stretch-induced B-myosin heavy chain
{(F-MHC) mBINA expression in NRVMs,
A RT-PCR of p-MHC and B-actin mRNA
in nongtrefchad NRVMs transfected with
RhoA or FAK sense or anfisenss ODNs. B
RT-FCR of B-MHC and B-actin mRNA in
nonstretched and girefched NEVMs frans-
fected with Rhod sense or anfisenss ODNs
and average (3 experiments) results of den-
sitometric analysis of B-MHC normalized by
B-actin, ¥F < 0.05 v, nontransfected non-
stratched cells,

p-MHC mRNA in NRVMs, supporting the idea that RhoA/
RCCK and FAK signaling cooperate in the control of hyper-
trophic gene expression in response to mechanical stress in
cardiac myocytes.

RhoA/ROCK signaling influences FAK activation by cyclie
stretehn Similar to FAK, RhoA has been shown to be rapidly
activated by mechanical stress in cardiac myocytes (1, 20, 39).
Cur present data indicate that RhoA/ROCK signaling is up-
streamn from stretch-induced FAK activation in NRVMs. Ac-
cordingly, in nonmyocyte cells, RhoA activation increases,
whereas its inhibition attenuates, FAK phospharylation (8).
This alse agrees with previens data indicating that FAK me-
diates the effects of RhoA signaling triggered by constitutively
active RhoA or activation of G protein-coupled receptors in
cardiac myocytes (16, 43). Given that the RhoA/ROCK sig-
naling pathway regulates the assembly of stress fibers (17), it is
conceivable that the marked reductions of stretch-induced FAK
phosphorylation in NRVMs treated with Rho A/ROCK inhibi-
tors or cytochalasin D are related to a common impairment in
the assembly of actin filaments. This implies that stretch- or
agonist-induced FAK phosphorylation in NRVMs is dependent
on the organization and, presumably, contractility of actin
stress fibers. Although NRVMs lack bona fide actin stress
fibers, they possess a highly developed actin cystoskeletal
meshwork closely related to sarcomeres, organelles, and sar-
colemma (6, 30, 32); therefore, it is possible that, on mechan-
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ical stress, actin reorganization would drive FAK recruitment
at specific subcellular sites. This idea is supported by data (8)
indicating that actin filaments play an essential rele in the
recruitment of FAK and other signaling molecules to specific
subcellular structures and also by our previous demonstration
that FAK phosphorylation is accompanied by its clustering at
subcellular structures such as myofilaments, Z disks, and cos-
tameras (12, 39). Further studies are necessary to determine
how mechanical stress and RhoA/ROCK signaling promote the
remodeling of actin filaments and contribute to FAK phosphor-
ylation and relocation in cardiac myocytes.

Anti-RhoA staining was found te be intercalated with actin
staining in nonsiretched and stretched NRVMs, suggesting that
RhoA is lacalized at the sarcomeric A bands. In stretched cells,
anti-RhoA staining was also found in the area of the cell
nuclens, indicating that RhoA might be located at nuclear or
perinuclear sites in stretched NRVMs. Immunaoblotting analy-
sis of NRVM fractions showed that RhoA could not be de-
tected in the nuclear fraction, indicating that Rho A is probably
located at perinuclear structures in stretched cells. These data
indicate that the location of RhoA in stretched NRVMs con-
trasts to the previously demonstrated location of FAK, in that
RhoA staining seems to show no major change in its location
in stretched compared with nonstretched cells. This indicates
that activation by mechanical stress is not accompanied by
major changes in the distribution of RhoA in cardiac myocytes.

o
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This assumption is further supported by our demonstration that

cyclic stretch reduced the amount of RhoA in the precipitates
of FAK antibody. This also agrees with data from a previous
study (18) indicating that, on activation, RhoA, as well as
ROCK, is recruited to local actin stress fibers (18). In contrast,
arecent study (20) showed that a significant fraction of RhoA
is localized in purified caveolae and that stretch results in the
dissociation of RhoA from the caveolar fraction of NRVMs.
Differences in the experimental approach, i.e., immunostaining
vs. biochemical separation, and the relatively low resolution of
immunofluorescence to detect minor displacement of proteins
in cells might explain the apparent discrepancy in the results.

Regulation of stretch-induced hypertrophic genes by RhoA/
I'AK signaling. We have shown that RhoA signaling plays a
critical role in stretch-induced expression of B-MHC. In addi-
tion, the demonstration that inhibition of RhoA/ROCK signal-
ing markedly attenuated stretch-induced FAK activation and
that FAK anfisense oligonucleotide induced a comparable
reduction of stretch-induced expression of B-MHC supports
the idea that FAK mediates the influence of RhoA on stretch-
nduced gene w{pre..‘.‘sicm in NRVMs. Previous studies showed
that RhoA (1, 20, 25, 43) and FAK (22, 38, 39) control
expression of the fctal gene atrial natriuretic factor in cardiac
myocytes in response to hypertrophic agonists and mechanical
stress. Collectively, these data are consistent with a critical role
for RhoA/ROCK and FAK signaling in promoting expression
of the hypertrophic genetic program by mechanical stress in
cardiac myocytes.

The present results also outline a pathway involving RhoA/
ROCK and FAK as upstream mediators of stretch-induced
ERK1/2 phosphorylation. Additionally, we have demonstrated
that the mechanisms implied in stretch-induced ERK1/2 acti-
vation do not depend on AT, receptor activation. This suggests
that the activation of this pathway by mechanical stress is not
dependent on autocrine/paracrine mechanisms mediated by
ANG IL. RhoA (1, 10, 20, 27, 44) and FAK (9, 13) signaling
have been implicated in the regulation of ERK1/2 and other
MAP kinases. However, the role of RhoA signaling in medi-
ating strefeh-induced ERK1/2 activation in cardiac myocytes is
controversial. Tt has been shown (20) that inhibition of RhoA
signaling by disruption of its proper location on caveolae does
not prevent ERK1/2 phosphorylation by steady stretch. Similar
to our present data, it was recently demonstrated (27) that
RhoA is an important regulator in mediating the phosphoryla-
tion of ERK1/2 by cyelic stretch in NRVMSs. Thus discrepan-
cies in the results concerning the role of RhoA signaling on
stretch-induced ERK1/2 activation might be dependent on
differences in signal transduction pathways elicited by steady
vs. cyclic stretch.

ERK1/2 have been implicated as important transducers of
the hypertrophic growth response in cell culture-based studies
and in the intact heart (14, 31, 35, 36). Our present data suggest
arole for ERK1/2 in mediating the effects of RhoA/ROCK and
FAK signaling pathways in regulation of the stretch-induced
expression of 3-MHC in NRVMs. One potential mechanism
whereby this signaling pathway promotes hypertrophy is by
regulating activation of GATA4, a cardiac-expressed transcrip-
tion factor, which has been demonstrated to be invelved in
cardiac hypertrophy and is directly regulated by ERK1/2 and
p38 MAP kinase signaling effectors (3). A linkage between
Rho/ROCK and ERK1/2/GATA-4 pathways has been shown
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in myocardial cell hypertrophy (44). However, the present
results do not exclude the possibility that multiple downstream
effectors are involved in the influence of FAK on early gene
regulation in response to mechanical stress.

In conclusion, the present report demonstrates that RhoA/
ROCK signaling plays a critical role in FAK activation by
mechanical stress in cardiac myocytes. Furthermore, the dem-
onstration here that RhoA and FAK signaling control the
stretch-induced expression of B-MHC in NRVMs indicates
that RhoA and FAK are key elements in the regulation of the
hypertrophic genetic program in cardiac myocytes in response
to mechanical stress. The relative importance of these mecha-
nisms in phenotypic myocardial changes, such as hypertrophy
and heart failure, needs further investigation,
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Focal adhesion kinase (FAK) is rapidly
activated and coordinates the stretch-
induced expression of the hypertrophic
genetic program in cardiac myocytes.
Herein we examined whether the protein
tyrosine phosphatase Shp2 plays a role in
FAK signaling in neonatal rat ventricular
myocyles (NRVMs). FAK had a low basal
level of phosphorylation at Tyr397 in non-
stretched NRVMs. Cyclic stretch (1Hz,
10%) induced rapid and susiained (up to
60 min) increases of FAK phosphorylation
at Tyr397. Coimmunoprecipitation assays
indicated an association of FAK and Shp2
in non-stretched NRVMSs., Cyclic stretch
markedly reduced (to ~20% and 50% after
10 and 60 min, respecticvely) the amount of
Shp2 associated with FAK. The tyrosine
phosphatase activity of the anti-Shp2
immune complex was relatively high in
samples of non-stretched NRVMs and
markedly reduced (to ~25% and ~50%
after 10 and 60 min) in samples of
stretched cells. The recombinant Shp2-PTP
domain was shown to dephosphorylate the
native FAK immunoprecipitated from
NRVMs. The in vive inhibition of Shp2
activity by TFMS (1,4-di-substituted,
phenyl-linked bis-
trifluoromethylsulfonamido) markedly
increased FAK phosphorylation at Tyr397
in non-stretched NRVMs at levels
comparable to those of siretched cells.
Treatment with TFMS (4 h) also increased
(to ~200%) B-myosin heavy chain mRNA
in non-stretched NRVMs. This effect was
attenuated by ~40% in NRVMs
simultaneously treated with the FAK/Src
inhibitor PP2. The present data
demonstrate that Shp2 controls the basal

FAK phosphorylation at Tyr397 and that
inhibition of Shp2 may have a permissive
role on FAK activation by mechanical
stress,

Mechanical  forces are  critical
modulators of the changes that occur in
cardiac myocyle phenotype in response to
hemodynamic  overload (1. 2). The
mechanisms  of mechano-sensing and -
transduction in cardiac myocyles are still
incompletely defined, but in the past few
years a concept has emerged that the integrity
and the complex arrangement of subcellular
structures such as Z-disc and costamercs arc
critical fo the proper responses of these cells
to mechanical forces (3. 4, 5). Such structures
are thought to sense local strain or changes in
tension and trigger the activation of signaling
cascades in response to mechanical forces. In
this context, several lines of evidence indicate
that Focal Adhesion Kinase (FAK), a
signaling protein associated with
myofilaments and costameres, may have a
critical role in sensing and transducing
mechanical stress in cardiac myocytes (6. 7,
8, 9, 10). Several lines of evidence indicate
that activated FAK coordinates the early gene
transcription in  response to stretch or
hypertrophic agomists (7, 9, 11, 12, 13, 14).
More recently, the importance of FAK to the
left ventricle hypertrophy induced by pressure
overload was underscored by studies in mice
with specific deletion of cardiac FAK by a
Cre-loxP-based conditional knockout (15).

The control of FAK activity involves
complex  mechanisms  regulating  the
autophosphorylation of the Tyr397 by intra-
and inter-molecular interactions. The FERM-
like amino-terminus domain interacts with the



catalytic site and exerts an inhibitory
influence on FAK activity (16, 17, 18).
Accordingly, FAK activation can occur when
a regulator binds to and removes the FERM-
like domain away from the catalytic site,
allowing the autophosphorylation at Tyr397
(19). A second key step to full FAK
activation is the recruitment and activation of
Sre to the phosphorylated FAK Tyr397 via an
interaction mediated by Src SH2 domain. The
subsequent phosphorylation of FAK by Src
enables the engagement of various
downstream signaling cascades (20, 21). In
addition, distinct protein tyrosine
phosphatases have been implicated in the
direct or indirect control of FAK
phosphorylation and activity in diverse cell
types. However, Shp2 seems to exerl the
majority of control over FAK in vivo (22, 23,
24, 25). So far, several studies have shown
that Shp2  activation iriggers FAK
hypophosphorylation (22, 23, 24), but it
remains unknown whether Shp2 influences
FAK activity and signaling in cardiac
myocytes

In the present study., we set out to
examine whether the protein tyrosine
phosphatase Shp2 plays a role in controlling
basal and stretch-induced FAK tyrosine
phosphorylation  in  cardiac  myocytes.
Neonatal rat ventricular myocytes (NRVMs)
were cultured on a silicone base plate and
studied in non-stretched and stretched
conditions. Our findings indicate that the
basal phosphorylation level of FAK at Tyr397
is controlled by the protein tyrosine
phosphatase Shp2 and that cyclic stretch
reduces Shp2 activity, which may have a
permissive r1ole on stretch-induced FAK
activation in NRVMs.

EXPERIMENTAL PROCEDURES

Reagents. Bioflex (Flex I) collagen culture
plates were obtained from Flexcell
International (catalog no. 35-P-1001C, type
I): protein A conjugated with T was from
Du Pont-New England Nuclear; Dulbecco's
modified Eagle's medium (DMEM), horse
serum, and fetal bovine serum were from
GIBCO BRL; pancreatin was from Sigma,
collagenase type II from Worthington: rabbit
polyclonal antibodies to FAK and Shp2 were
from Santa Cruz Biotechnology; rabbit
polyclonal antibodies to FAK phosphorylated

at Tyr-397 was from Biosource International,
TEMS (1.4-di-substituted, phenyl-linked Ais-
trifluoromethylsulfonamido) and PP2 (4-
Amino-5-(4-chlorophenyl)-7-(z-
butyl)pyrazolo[3.4-d[pyrimidine) were from
Calbiochem. Oligonucleotides were
synthesized by Life Technologies.

NRVM culture. Primary cultures of NRVMs
from 1- to 2-day-old Wistar rats were
prepared as previously reported (7). Briefly,
the myocytes were purified on a
discontinuous Percoll gradient, suspended in
plating medium containing 10% horse serum,
5% fetal bovine serum, and 0.5% penicillin-
streptomycin, and plated in type I collagen
Bioflex plates at 5 x 10° cells/well. After 24 h,
the medium was replaced with serum-free
DMEM and incubated for 48 hours under
95% air-3% CO, before use. NRVMSs cultured
in Bioflex plates were stretched in a Flexcell
FX-3000 strain unit by 10% of resting length
at a frequency of 1 Hz (0.5 s of stretch and 0.5
s of relaxation) for wvariable periods,
depending on the protocol. Control non-
stretched NRVMs were also cultured in
Bioflex plates and incubated in serum-free
medium. At the conclusion of the
experimental protocols, the cells were used in
the  various assays and in  the
immunofluorescence labeling performed in

this study.

Immunoblotting. NRVMSs were lysed in assay
lysis buffer containing freshly added protease
and phosphatase inhibitors (1% Triton, 10
mM sodium pyrophosphate, 100 mM NaF, 10
pg/ml aprotinin, 1 mM PMSF, and 0.25 mM
Na;VO,). The samples were centrifuged for
20 min at 11.000 rpm, and the soluble fraction
was resuspended in 50 pl of Laemmli loading
buffer (2% SDS. 20% glycerol, 0.04 mg/ml
bromphenol blue, 0.12 M Tris'HCL, pH 6.8,
and 028 M ls-mercapmethanol) before
separation on 8% SDS-polyacrylamide gels.
Proteins were transferred from the gels to a
nitrocellulose membrane. Membranes were
blocked for 2 h at room temperature with 5%
skim milk-TBST buffer (10 mM Tris-HCI, pH
8. 150 mM NaCl, and 0.05% Tween 20) and
exposed to primary antibodies overnight at
4°C. Afier washing in TBST the membranes
were exposed to '"I-labeled protein A.



Immunoprecipitation. NRVMs were
homogenized in 10 volumes of solubilization
buffer (1% Triton X-100, 100 mM Tris _HCI,
pH 7.4, 100 mM NaH,PO,, 100 mM NaF, 10
mM EDTA. 10 mM NazVO,, 2 mM PMSE,
and 0.1 mg/ml aprotinin) at 4°C. The extracts
were centrifuged at 11.000 rpm at 4°C for 20
min, and the supemnatant was used for the
assays. Protein concentration was determined
with the Lowry method. An equal amount of
total protein of the supernatants of NRVMs
extract was used for immunoprecipitation
with specific antibodies and protein A-
Sepharose 6MB.

RT-PCR analysis. NRVMs were
homogenized in TRIzol Reagent, and total
RNA was isolated by precipitation with
isopropyl alcohol as previously described
(26). An aliquot (100ng) of total RNA was
used for cDNA synthesis with the Superscript
preamplification system (Life Technologies)
according to the manufacturer's instructions.
cDNA was amplified by PCR using Tag DNA
polymerase with oligonucleotides derived
from the cardiac B-myosin heavy chain (5'-
CCAACACCAACCTGTCCAAGTTC-3' and
5-TGCAAAGGCTCCAGGTCTGAGGGC-
3" or [(-actin gene (5'-
TTCTACAATGAGCTGCGTGTGGCT-3'
and 5'-
GCTTCTCCTTAATGTCACGCACGA-3").
Oligonucleotides were synthesized by Life
Technologies. The amplification conditions
consisted of 25 cycles as follows: denaturing
at 95°C for 1.30min, annealing at 47°C (-
actin) and (B-myosin heavy chain) for 30sec,
and extension at 68°C for 2 min. PCR
products were size fractionated with agarose
gel electrophoresis.  After the gels were
stained with ethidium bromide, the cDNA
bands were visualized with a UV
transilluminator.

Immunohistochemistry and laser confocal
analysis. NRVMs were fixed with 4%
paraformaldehyde and 4% sucrose in (.1
mol/l phosphate-saline buffer, pII 7.4, for 15
min at room temperature. The slides were
preincubated in blocking buffer (3% nonfat
dry milk in 0.1 moll PBS - 84 mM
Na,HPO,, 1.9 mM NaH,PO,, pH 7.4, 150mM
NaCl) containing 0.6% Triton X-100 for 45
min at room temperature and mcubated
overnight with the primary FAK and Shp2

antibodies and then with secondary goat anti-
rabbit Alexad88-conjugated and rabbit anti-
mouse Alexa368-conjugated antibody at 4°C.
Positive immunoreactivity was visualized by
laser confocal scanning (Zeiss LM510). In the
absence of primary antibodies, application of
secondary antibodies (negative controls)
failed to produce any significant staining.

Recombinant Shp2-FPTP. GST fusion protein Shp-
2 PTP domain (residues 221-593) (27) was
expressed in Escherichia coli DH-30. and affinity-
purified using  glutathione-agarose.  Three
colonies of DH-5¢ transformed with the plasmid
pGEX 3T were grown overnight in 10 ml of LB
containing 100ug/ml Ampicilin. Diluted (1:50)
overnight cultures were grown (LB containing
100ug/ml Ampicilin) to midlogarithmic phase
and induced for 4 hr, 37° C with 0.1 mM
isopropyl P-D- thiogalactopyranoside. Bacterial
pellets (50 ml of induced culture) were washed
once with 10 ml of STE buffer (10 mM Tris HC1,
pH 8.0, 150 mM NaCl, ImM EDTA) and
resuspended in 10 ml of STE containig protease
inhibitors ., 100pug/ ml of lysozyme. Cells were
then sonicated and the lysate was clarified by
ultra centrifuging. For affinity purification of
GST or Shp2-PTP, lysate was adjusted to 2%
Triton X-100. incubated (4 hs) with (vol/vol)
glutathione agarose beads (Sigma), washed eight
times with PBS buffer and resuspended in
Storage Buffer ( 50mM Hepes . pH 7.4, 150mM
NaCl, 5mM DTT, 10% v/v glycerol).

Phosphatase  activity. The protein  tyrosine
phosphatase activity (28) of the immune complex
of anti-Shp2 or anti-FAK antibodies and that of
Shp2-PTP were measured by hydrolysis of pp60-
cSre phosphoregulatory peptide in 50ul reaction
mixtures containing 100 mM Hepes, pH 7.6, 150
mM NaCl, 1 mM dithiothreitol, 200 uM pp60-
cSre  phosphoregulatory  peptide and varying
amounts of anti-Shp2 or anti-FAK immune
complexes or Shp2-PTP at 30 °C for 1 h. The
reaction was stopped by the addition of 100ul
Biomol Green. The absorbance of the mixtures at
595 nm was determined in 96-well plates.

FAK wrosine dephosphorylation assay. FAK
was immunoprecipitated from NRVMs that
had been serum-starved in DMEM, 0.1%
BSA for 18 h. The anti-FAK immune
complexes were incubated with 3ug of Shp2-
PTPase 50mM Hepes, pH 7.0, 20mM NaCl,
and 1mM dithiothreitol in an 80ul reaction



volume at 30 °C for 20 min. After the
reaction, FAK immunoprecipitates were
washed 3 times with 1 ml of Buffer A(50mM
Tris-HCI, pH 7.5, 150mM NaCl, 1mM
EDTA, ImM EGTA, 25mM NaF, 3mM
sodium pyrophosphate, 1mM Na,VO,, 2g/ml

aprotinin, 2g/ml  leupeptin,  100g/ml
phenylmethylsulfonyl fluoride, ImM
dithiothreitol, 20mM p-nitrophenyl

phosphate, 1% Triton X-100) and resolved by
SDS-polyacrylamide gel electrophoresis.
FAK tyrosine dephosphorylation was then
examined by immunoblotting with FAK anti-
phosphospecific antibody to Tyr-397.

Statistical analysis. Data are presented as
percent changes compared with controls.
Densitometric readings were subjected to
statistical analysis. Differences between the
mean values of the densilometric readings
were lested by ANOVA and Bonferroni's
multiple-range test. P < 0.05 indicated
statistical significance.

RESULTS

Stretch mocdulates FAK/Shp2 association in
NRVMs. FAK is maintained at low levels of
basal tyrosine phosphorylation and activity in
non-stretched  cardiac  myocytes.  Cyclic
stretch lasting up to 60 min increased FAK
tyrosine phosphorylation at Tyr397 but it did
not change FAK protein expression in
NRVMs (Fig. 1A). To examine whether Shp2
interacts with and influences baseline or
streteh-induced FAK  phosphorylation  at
Tyr397 we mitially performed co-
immunoprecipitation assays with anti-FAK
and anti-Shp2 antibodies. Relatively high
amount of Shp2 was found in the immune
complexes of anti-FAK antibody obtained
from non-stretched cells, indicating a basal
association between FAK and Shp2 in
NRVMs (Fig. 1B). This association was
further  supported by  double-labeled
immunofluorescence assays in which the anti-
FAK was shown to overlap the anti-Shp2
staining in NRVMs (Fig. 1C). Moreover, as
shown in Fig. 1B, cyclic stretch lasting for 10
to 60 min markedly reduced the amount of
Shp2 in the immune complex of anti-FAK
antibody. The fall in FAK/Shp2 association in
response to cell stretch occurred while there
was no change in the amounts of FAK or
Shp2 expressed in cardiac myocytes. Because

Shp2 is highly expressed in cardiac myocytes,
we thought of estimating the fraction of Shp2
associated with FAK. This was accomplished
by comparing the amount of Shp2
immunoprecipitated by excess of anti-FAK
antibody with the amount of Shp2 in the anti-
Shp2 immune complexes. The ability of anti-
Shp2 immunoprecipitation to deplete Shp2
from NRVMSs was demonstrated by the
reduction of the amount of Shp2 in the
supernatants to almost an undetectable level
(data not shown). As demonstrated in Figure
1D, the amount of Shp2 precipitated by anti-
FAK was ~20% of total Shp2
immunoprecipitated with anti-Shp2 antibody
in samples of non-stretched NRVMs.

Stretch regulates Shp2 phosphatase activity in
NRFMs. Next, we examined the protein
tyrosine phosphatase activity of the anti-Shp2
immune complex obtained from extracts of
NRVMSs. As shown in Figure 2A, there was a
rapid reduction (10min; by ~70%) of the
phosphatase activity in the precipitates from
stretched as compared to those from non-
stretched NRVMs. A consistent reduction in
phosphatase activity, although less intense
than that seen in 10 min-stretched cells was
still detected in the immunoprecipitates taken
from NRVMs subjected to 30 and 60 min
stretch. As shown in the representative
example of Figure 2A, the amount of
immunoprecipitated  Shp2 was  similar in
samples of non-stretched or stretched
NRVMs. Interestingly, the reduction in the
phosphatase activity of anti-Shp2 precipitates
paralleled the reduction in the FAK/Shp2
association shown in Figure 1B. In addition,
we examined the protein tyrosine phosphatase
activity in the immune complex of anti-FAK
antibody. As shown in Figure 2B, similar to
what was seen with the anti-Shp2 immune
complex, beginning at relatively high levels
in samples from non-stretched cells, there was
a reduction in the protein tyrosine
phosphatase activity in the anti-FAK immune
complex obtained from extracts of stretched
cells. As indicated by the representative
immunoblotting of Fig. 2B, the amount of
precipitated FAK was similar in samples of
non-stretched or stretched NRVMs.

Recombinant PTP dephosphorylate FAK in
vitro. To examine whether the catalytic
activity of Shp2 can induce FAK



dephosphorylation at  Tyr397, in wvitro
dephosphorylation assay was performed with
recombinant  Shp2-PTP  and  immune
complexes from anti-FAK antibody obtained
from extracts of non-stretched or stretched
NRVMs. Figure 3A shows coomassie stained
gels with the purified recombinant Shp2-PTP.
The activity of Shp2-PTP was confirmed by
in vitro phosphatase assays performed with
increasing amount of the purified protein
(Fig. 3B). The ability of Shp2-PTP to
dephosphorylate FAK is indicated by the
consistent reduction in the amount of FAK
recognized by FAK Tyr397
phosphophospecific antibody in samples of
the anti-FAK immune complexes taken from
non-stretched or stretched cells (Fig. 3C).
Similar amount of FAK was
immunoprecipilated from non-stretched or
stretched NRVMs.

Shp2 pharmacological inhibition increases
baseline FAK phosphorviation in cardiac
myocytes. To examine the influence of Shp2
on FAK phosphorylation in vive, we
performed experiments with the
pharmacological inhibitor TEMS. The ability
of TFMS to inhibit the Shp2 phosphatase
activity in vivo was tested by assaying anti-
Shp2 immune complex obtained from non-
stretched NRVMs  treated with  this
compound. As shown in Figure 4A, treatment
with TFMS reduced by ~50% the protein
tyrosine phosphatase activity of the anti-Shp2
immune complexes taken from non-stretched
cells. There was a marked increase of Tyr397
phosphorylated FAK in  non-stretched
NRVMs treated with TFMS (Fig 4B).
Although the amount of phosphorylated FAK
of stretched NRVMs treated with TFMS was
higher than that of cells treated with vehicle
alone, the differences did not reach statistical
significance.

The protein tyrosine phosphatase
activity of Shp2 has been considered to be
dependent on  its  association  with
phosphorylated docking proteins via the SH2
domain (29). To test the hypothesis that the
baseline activity of Shp2 of cardiac myocytes
is possibly sustained by an interaction with
locally restricted phosphorylated FAK/Stre
complexes we examined the Shp2 activity of
the immune complexes of anti-Shp2 antibody
obtained from NRVMs treated with the
FAK/Src pharmacological inhibitor PP2. As

shown in the representative example of Figure
4C, PP2 reduced the already low basal FAK
phosphorylation. This was accompanied by a
reduction of basal phosphatase activity of the
anti-Shp2 immune complex (by ~23%). PP2
also reduced FAK/Shp2 association in non-
stretched NRVMs (Fig. 4D), indicating that
the relatively high basal Shp2 phosphatase
activity may be dependent on its association

with FAK.

Shp2 inhibition induces fFmyosin heavy chain
expression in non-stretched NRVMs. We have
previously shown that FAK signaling plays a
critical role in the stretch-induced expression
of B-myosin heavy chain that is a marker of
hypertrophic genetic program, in NRVMs (7,
9, 11). Considering the demonstration here
that Shp2 controls the baseline FAK
phosphorylation at Tyr397 in non-stretched
cells, we mnext examined whether the
inhibition of Shp2 activity might induce the
expression of B-myosm heavy chain in non-
stretched NRVMs. As shown in Figure 5,
treatment with TFMS induced a consistent
increase in the expression of B-myosin heavy
chain in non-stretched NRVMs. To examine
whether this increase in the f-myosin heavy
chain expression was dependent on FAK
signaling, its expression was also analysed in
non-stretched  NRVMs that were treated
simultaneously with TFMS and the FAK/Src
pharmacological inhibitor PP2. Treatment
with PP2 attenuated by ~60% the TFMS-
induced [-myosin heavy chain expression,
indicating that this effect was most dependent
on FAK signaling.

DISCUSSION

FAK has been shown to maintain a
relatively low basal level of phosphorylation
and activity in cardiac myocytes, but upon
mechanical stress it is rapidly phosphorylated
on several tyrosine residues, including the
autophosphorylation site at Tyr-397 (6, 8, 30).
The results presented here imply the tyrosine
phosphatase Shp2 as a modulator of FAK
phosphorylation and activation with critical
consequence for the effect of FAK signaling
in the regulation of hypertrophic genetic
program in cardiac myocytes.

Regulation of FAK phosphorylation by Shp2.
Our data indicate that the protein tyrosine



phosphatase Shp2 is associated and plays a
critical role in maintaining the relatively low
level of FAK phosphorylation and activity in
non-stretched  cardiac  myocytes.  This
assumption is supported by the demonstration
of a marked increase of FAK phosphorylation
at Tyr397 by TFMS in non-stretched
NRVMs. Further support to this assumption is
provided by the demonstration that FAK is
associated with Shp2 and that the tyrosine
phosphatase activity of anti-Shp2 or anti-FAK
immune complexes are relatively high in
samples of non-stretched NRVMs. Consistent
with the notion that FAK is a substrate for
Shp2 it was shown here that the recombinant
Shp2-PTP  domain  is capable  of
dephosphorylating FAK immunoprecipitated
from NRVMs. These data highlight the
importance of basal Shp2 as a key regulator
of FAK activity in cardiac myoctytes. Similar
indications that Shp2Z might negatively
regulate  the basal level of FAK
phosphorylation (22, 23, 24) have been
suggested in  distinet cell types and
experimental models. For example, previous
studies have shown that FAK was
hyperphosphorylated on the
autophosphorylation site (Tyr397) in Shp2™
fibroblasts in suspension (31). In addition, the
demonstration here of a reduction in the
FAK/Shp2 association and in the tyrosine
phosphatase activity of Shp2 in parallel with
the increases of FAK phosphorylation suggest
that the reduction of Shp2 activity toward
FAK plays a permissive role on stretch-
induced FAK activation in cardiac myocytes.
This implies that Shp2 may play a role as a
counter-regulatory  modulator of FAK
signaling in stretched cardiac myocytes, with
possible consequences for the effects of FAK
on the regulation of cardiac phenotypic
changes induced by mechanical stress.

The findings of the present study
bring into discussion the mechanisms
responsible for the regulation of Shp2 activity
in cardiac myocytes and its role in the control
of basal and activated FAK. Shp2 activity has
been shown to be tightly regulated by a
mechanism that couples its activation with
recruitment by binding proteins (29). In the
basal state the Shp2 N-terminal SH2 domain
interacts with the PI'P domain, preventing
substrate access to the active site. Activation
of Shp2 is critically dependent on binding of

the N-terminal SH2 domain to phosphotyrosil
protein ligands. According to this model, the
relatively high baseline activity of Shp2
activity seen in non-stretched cardiac
myocytes would be dependent on the
recruitment and binding of Shp2 to tyrosine
phosphorylated  protein  complexes. For
example, the docking protein Gab-1, which
can be phosphorylated in tyrosine residues by
multiple receptor and non-receptor tyrosine
kinases, has been shown to interact with and
mediate the effects of Shp2 in cardiac
myocytes (32). However, whether the
association of Shp2 with Gab-1 plays a role
on basal Shp2 activity in NRVMs remains to
be explored. Alternatively, the demonstration
here that PP2 reduces FAK/Shp2 association
in non-stretched cardiac myocyles might
indicate that the relatively high basal
phosphatase activity of Shp2 is somehow
related to its association with FAK.
Accordingly, it has been suggested that the
bulky FAK activation by growth factors or
mechanical stimuli 18 dependent on the
recruitment and clustering of additional FAK
and Src molecules, that amplify FAK activity
by transphosphorylating and  recruiting
additional FAK molecules to specific sites
(7). In this regard, one might expect that in
non-stretched cells a locally restricted low
level of FAK/Src phosphorylation might
promote the recruitment and activation of
Shp2, which would in turn prevent clustering
and bulky activation of FAK. This idea is
supported by our demonstration here that
besides the reduction in FAK/Shp2
association PP2 treatment of non-stretched
NRVMs also reduced the basal level of the
phosphatase activity of anti-Shp2 immune
complexes. Thus it is possible that the
negative influence of Shp2 on baseline FAK
phosphorylation might be dependent on a
very sensitive regulatory loop initiated by
local FAK/Src¢  phosphorylation  and
recruitment of Shp2. Upon mechanical stress,
the simultancous activation of a greater
number of FAK molecules and the
dissociation of Shp2 from the FAK/Src
complex would favor prolonged FAK
phosphorylation. Indeed, we have shown here
that reductions in Shp2 activity induced either
by cell stretch or TFMS is accompanied by
reductions in the FAK/Shp2 association.



Regulation of gene expression by Shp2 and
FAK. We demonstrated here that treatment of
non-stretched NRVMs with TFMS increased
B-myosin heavy chain expression by a
mechanism  partially mediated by FAK
signaling. This accords with the notion that
the increased activity of FAK plays a critical
role in mobilizing signaling cascades that
ultimately coordinates the changes of gene
expression toward a hypertrophic phenotype
in cardiac myocytes in response to stretch. It
is well established that FAK activation either
by mechanical stress or hypertrophic agonists
mediates the activation of the hypertrophic
genetic program in cardiac myocytes (7. 9,
11, 12, 14). The signaling mechanisms that
mediate the pro-hypertrophic influence of
FAK are still unclear, but it seems to involve
pathways mediated by Erk1/2, INK and the
transcription factor MEF2 (6, 7, 9, 11).

By contrast, the involvement of Shp2
signaling in cardiac myocyte hypertrophy
relies most on indirect evidence. For instance,
patients with the Leopard Syndrome which
results from ptpnl/! gene mutations that
reduce the Shp2 activity (33), often evolve
with hypertrophy myocardiopathy (34),
suggesting that the reduction in protein
tyrosine phosphatase activity of Shp2, similar
to the findings of the present study, enables
the activation of pro-hypertrophic signaling

pathways in the myocardium. On the other
hand, the ptpnll mutation D61G-Shp2 that
enhance tyrosine phosphatase activity of Shp2
(35, 36) and recapitulates aspects of the
Noonan syndrome phenotype in mice was
shown to evolve with a thin myocardium,
suggesting that permanently increased Shp2
phosphatase  activity results in  anti-
hypertrophic effect. It will be mteresting to
determine whether FAK signaling plays a role
in the pathogenesis of cardiomyopathy
associated with the Leopard Syndrome.

The data of the present study argue
strongly that tyrosine phosphatase activity of
Shp2 negativelly regulates the basal FAK
phosphorylation and activity in non-stretched
cardiac myocytes. This effect was shown to
be potentially critical as a counter-regulatory
mechanism that contributes to maintain a
relatively low level of expression of
hypertrophic genes in non-stretched cardiac
myocytes. Additionally the present data are
also compatible with the notion that the full
activation of FAK by mechanical stress may
depend on the inactivation of Shp2. Further
studies are necessary to elucidate the
mechanisms involved in the regulation of
basal activity or stretch-induced inactivation
of Shp2 and its role in cardiac hypertrophy
and failure.
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FIGURE LEGENDS

Fig. 1. A, NRVMs were stretched (10%) for 10 to 60 minutes and cell extracts blotted with
antibodies against FAK or phosphospecific antibody direcled against the autophosphorylation
site of FAK (pFAK). Graph shows the percent changes in the amount of FAK detected with
pFAK normalized by total FAK (NS, nonstretched; n=6). B, Representative blots showing total
Shp2 and the amount of Shp2 precipitated by anti-FAK antibody. Graph shows the percent
changes in the amount of Shp2 detetected in anti-FAK immune complexes (n=3). C, Non-
stretched NRVMs double labeled with anti-FAK and anti-Shp2 antibodies. 1. The
representative blot of anti-Shp2 antibody. The graph show the percent fraction of Shp2
precipitated by anti-FAK antibody in comparison with the amount of Shp2 precipitated with
anti-Shp2 (n=3). #*P<0.05 compared with basal values.

Fig. 2. A, Representative blot of the amount of Shp2 detected in the immune complex of anti-
Shp2 antibody and graph (n=6) showing the percent change in phoshatase activity of the anti-
Shp2 immunoprecipitates taken from no-stretched (NS) or stretched NRVMs (10-60 min). B,
Representative blot of the amount of FAK detected in the immune complex of anti-FAK
antibody and graph (n=4) showing the percent change in phoshatase activity of the anti-FAK
immunoprecipitates taken from no-stretched (NS) or stretched NRVMs (10-60 min). *P<0.05
compared with basal values.

Fig. 3. Coomassie dyed 12% SDS PAGE showing non-induced or induced E. coli proteins and
purified GST-Shp2-PTP. B. Phosphatase activity of increasing amount of the recombinant GST-
Shp2-PTP. C. Representative examples of samples from anti-FAK immune complexes taken
from non-stretched or stretched (60 min) NRVMs assayed with Shp2-PTP and blotted with anti-
FAK or anti-pFAK antibodies. Graph (n=4) shows the percent changes of phosphorylated FAK



compared to values of immune complexes taken from non-stretched NRVMs. *P<0.05
compared with values of the immune complexes taken from non-stretched NRVMs. #P<0.05
compared with values of the immune complexes taken from stretched NRVMs.

Fig. 4. A. Representative blot indicating the amount of Shp2 detected in the anti-Shp2 immune
complexes taken from non-stretched NRVMs. Graph shows the phosphatase activity of anti-
Shp2 immune complexes of non-stretched NRVMs treated with vehicle (<) of TFMS (+). B.
Representative blots of non-stretched or stretched NRVMs treated with TFEMS or vehicle
labeled with anti-FAK or anti-pFAK antibodies. Graph (n=4) shows the percent changes of the
densitometric readings of the pFAK/FAK ratio in comparison with samples from non-stretched
cells treated with vehicle. C. Representative blot indicating the amount of FAK detected with
the phosphospecific antibody in non-stretched NRVMs. Graph shows the phosphatase activity
of anti-Shp2 immune complexes in samples of non-stretched NRVMs treated with vehicle or
PP2. D. Representative blot indicating the amount of Shp2 detected in the anti-FAK immune
complexes of non-stretched NRVMs treated with vehicle () or PP2 (+). Graph shows the
percent amount of Shp2 in the anti-FAK immune complexes in samples of non-stretched
NRVNMs treated with vehicle or PP2. *P<0.05 compared with values of the immune complexes
taken from non-stretched NRVMs.

Fig. 5. RT-PCR of B-MHC and f-actin mRNA in non-stretched NRVMs treated with TFMS or
PP2 and average (4 experiments) results of densitometric analysis of 3-MHC normalized by [3-
actin. *P<0.05 compared with values of the immune complexes taken from non-stretched
NRVMs.
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