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RESUMO




As proteinas da familia MEF2 sdo fatores de transcrigio do tipo MADS-box que
desempenham papéis importantes na regulagio da miogénese e da morfogénse do
miocérdio. Trabalhos desenvolvides no nosso laboratorio anteriormente, demonstraram que
a rapida ativagdo de MEF2 por estimulo hipertréfico exerce um papel principal na ativagio
de c-un, sugerindo sua importincia na regulagdo da expressio de genes de resposta
imediata por estimulo hipertrofico.

O presente trabalho teve como objetivo estudar a expressdo ¢ regulagio dos fatores
MEF?2 frente & sobrecarga mecanica. Foi demonstrado que os fatores MEF2 sdo ativados
em resposta a sobrecarga mecanica em coracgdo de rato. Essa ativagio ndio ocorreu por um
aumento na expressio de MEF2, mas provavelmente, por alguma modificagio pos-
transcricional na proteina, aumentando assim a afinidade ao sen DNA consenso em ensaio
de EMSA.

O método de duplo-hibrido em levedura foi utilizado para encontrar
proteinas que interajam com MEF2 e atuem na sua regulagio em resposta ao estimulo
mecdnico. Numa triagem de biblioteca de coraglo de rato previamente submetido a
coarctacdo da aorta com uma “isca” de MEF2C, foram encontrados 4 clones de ¢cDNA
contendo a regido C-terminal de miosina de cadeia pesada e 4 clones contendo a regidio N-
terminal da proteina regulatéria Ki-1/57. A mteracio entre MEF2C ¢ miosina foi
confirmada por imunoprecipitacio em coragio de rato e a interagdo entre MEF2C e Ki-1/57
foi confirmada por imunoprecipitacdo, ensaio de co-precipitagiio e analise microscépica de
imunolocalizaco.

A interagdo entre MEF2 ¢ Ki-1/57 ¢ dependente de estimulo mecdnico no corago.
Um ensaio de imunoprecipitagio com anticorpo anti-MEF2 demonstrou uma associagio

basal entre essas duas proteinas no ventriculo esquerdo de ratos controle. No entanto, o

Resumo
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estimulo mecénico cawsou uma reducdo significativa nesta associacio. Ki-1/57 se
apresentou co-localizado com MEF2 no nicleo de midcitos de ratos controle. Porém, ac
submeter ratos a coarctacfo da aorta, essa co-localizagiio nio foi mais observada no nicleo

.....

regido consenso de DNA em ensaio de EMSA.

Esses resultados sugerem que a interagio de Ki-1/57 com MEF2 ¢ inibitéria e que

estefa envolvida com a regulacio de MEF2 em resposta ao estimulo mecdnico no coragio.
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ABSTRACT




The MEF2 proteins family is composed of MADS box transcﬁption factors that
plays important roles in the regulation of myogenesis and morphogenesis of myocardium.
Previous work developed in our laboratory showed that the early activation of MEF2
proteins by mechanical overload plays a main role in the activation of c-jun, suggesting its
importance in the regulation of immediate early genes response to mechanical overload.

The present work objective was to study the expression and regulation of MEF2
factors in face of mechanical overload It was demonstrated that the MEF2 factors are
activated in response to mechanical overload in rat heart This activation did not occur by
an increase in MEF2 expression, but probably by some kind of post-transcriptional
modification in the protein, raising the affinity of MEF2 to its DNA in EMSA experiments.

The veast two-hybrid system was used to find proteins that interact with MEF2 and
act in its regulation in response to mechanical overload. In a rat heart library screening with
MEF2C as bait, four cDNA clones encoding a C-terminal region of Myosin Heavy Chain
were isolated, as well as four clones encoding the N—terminal region of the regulatory
protein Ki-1/57. The interaction between MEF2C and myosin was confirmed by
immunoprecipitation in rat heart and the interaction between MEF2C and Ki-1/57 was
confirmed by immunoprecipitation, pull down assay and immunlocalization by laser
confocal microscopic analysis.

The interaction of MEF2 with Ki-1/57 is dependent on mechanical overload in the
heart. An immunoprecipitation assay using anti-MEF2 antibody showed a basal association
between these two proteins in left ventricle of control rats. However, the  mechanical
overload caused a significant reduction in this association. Ki-1/57 co-localizes with MEF2
in the nucleus of myocytes of control rats. On the other hand, after submitting the animals

to transverse aortic constriction, this co-localization in the nucleus was no longer observed.
Abstract
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Ki-1/57 also exerts an inhibitory effect upon MEF2C’s DNA binding activity.
These results suggest that the interaction between MEF2 and Ki-1/57 is mhibrtory and
that it may be involved in the regulation of MEF2 in response fo mechanical stiimulus in the

heart.

Abstract
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1. INTRODUCAO




1. 1. HIPERTROFIA CARDIACA

O crescimento do coragio durante a embriogénese ocorre através da proliferagio
dos midcitos cardfacos. No entanto, logo apés o nascimento, os midcitos abandonam
irreversivelmente o ciclo celular. O crescimento subsegiiente do coragio ocorre
preferivelmente por hipertrofia do que por hiperplasia do midcito. O termo hipertrofia é
definido como um crescimento no tamanho celular de maneira que o midcito hipertrofiado
seja igual a uma célula normal, s6 que maior. Isto implica que durante o evento de inducfio
hipertréfica, deva ocorrer uma regulagdo quantitativa da maioria dos genes que codificam
as proteinas dos cardiomiocitos (COOPER, 1997). Numa fentativa de explicar uma
regulacio tho vasta, uma hipotese seria que o programa transcricional para a cardiogénese
seria simplesmente re-iniciado no comego da hipertrofia (OLSON & SRIVASTAVA,
1996). Os mecanismos de controle transcricional para o desenvolvimento cardiaco tém, por
defini¢dio, o potencial para iniciar ou aumentar o programa transcricional responsavel pelo
fenotipo diferencial dos miécitos (COOPER, 1997).

Em termos amplos, hd dois tipos de hipertrofia, a fisiologica, que ocorre em
Tesposta ao exercicio, € a patoldgica, que ocorre em resposta ao estresse. Os sinais de
estresse que induzem a hipertrofia sfio: a hipertensdo, a sobrecarga de volume, desordens
enddcrinas, infarto do miocérdio e disfungio contritil por mutacdes herdadas em proteinas
sarcoméricas ou do citoesqueleto (OLSON & SCHNEIDER, 2003).

O corago se adapta a sobrecargas hemodindmicas através de:

a) mecanismo de Frank-Starling, que aumenta a formacdo de sitios de interagdo entre a
actina e a miosina;
b} aumento da massa muscular que suporta a carga hemodinamica extra;

¢) recrutamento de mecanismos neuro-humorais gue aumentam a contratilidade.

Intreducdo
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O primeiro mecanismo ¢ limitado em seu escopo e o terceiro € deletério como ajuste
crdnico. Assim, o aumento da massa muscular assume um papel central na compensagio
hemodinimica a sobrecarga.

O aumento na espessura da parede ventricular ocorre pela adicio em paralelo de
unidades sarcomericas dos mideitos individuais. Essa remodelagem resulta em hipertrofia
concéntrica (i.e aumento na relacdo espessura parede/dimensdes da cimara) do ventriculo
esquerdo (Figura 1).

De acordo com a lei de Laplace, a carga (T) em qualquer regifio do miocédrdio € dada

COIo s segue:
T=Pr
2e

{onde P=pressdo intraventricular, r=raio da cAmara e e=espessura da parede); portanto,
um aumento na tensdo provocado por aumento de pressio pode ser compensado por um
aumento na espessura da parede.

Por ser a tensfo sistblica a principal determinante da performance de ejegdo, sua
normaliza¢fio contribui para a manutencdo de fraciic de ejecio, mesmo com a necessidade
de gerar niveis elevados de pressio sistélica (GROSSMAN, 1980). Por outro lado, por
determinar a deformacio mecanica dos cardiomidcitos, esta variavel é tida como o principal
estimulo para o crescimento hipertréfico do miocardio (COOPER, 1997; OMENS, 1998).

Apesar de ser uma resposta compensatoria ao aumento da tensio da parede
ventricular, a hipertrofia ventricular esquerda é também fator de risco para morbidade e
mortalidade cardiovascular, presumivelmente por predispor a eventos isquémicos
miocéardicos, arritmias cardiacas e desenvolvimento de insuficiéncia cardiaca {LORREL e

CARABELLO, 2000).

Introdugdo
32



Sobrecarga mecinica
sustentada

Coracao normal

Hipertrofia concéntrica

Figura 1. Crescimento do miocériodio adulto por sobrecarga mecénica promovendo
o aparecimento de hipertrofia concéntrica (figura modificada de OLSON e

SCHNEIDER, 2003).

1.2. REGULACAO GENICA NO PROCESSO HIPERTROFICO

O crescimento hipertrofico envolve o controle molecular em varios niveis: iniciagio
da transcrigdo, elongacgio do transcrito e traduciio da proteina (HUNTER & CHIEN 1999;
MOLKENTIN & DORN 2001). Esses caminhos de sinalizacio culminam no nacleo, onde
ativam um conjunto de fatores de transcricio. Esses fatores sdo responsaveis pela re-
expressdo do programa génico fetal dos midcitos (Figura 2).

A hipertrofia cardiaca resulta da reprogramacio complexa da regulagio génica que
inclui a re-expressdo de genes cardiacos fetais, genes que modificam a composiciio e a

regulacdo das unidades motoras, genes que modificam o metabolismo energético e genes

Introducio
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que codificam componentes de vias hormonais (ex: ANP, ECA) (HUNTER et al, 1999).
O primeiro grupo de genes ativados por sobrecarga mecénica é o grupo dos genes
de resposta imediata como c-fos, cjun, Egr-I ¢ c-myc (KOMURQO et al , 1990;
SADOSHIMA et al, 1992). Apés 6h de sobrecarga mecanica intermitente no miocdrdio, os
genes fetais como Fmiosina de cadeia pesada, fator natriurético atrial e alfa-acting
esquelética passam a ser expressos. Somente apds 12 a 24 h que os genes de expressdo
constitutiva como Miosina de cadeia leve-2v e a-miosina de cadeia pesada passam a ser
expressos. Este padriio de expressfio génica € observado tanto em modelos de sobrecarga
hemodinidmica em animais, como em miocitos cardiacos isolados tratados cromicamente
com agonistas ou submetidos a estiramento mecénico sustentado (SADOSHIMA &
IZUMO, 1997; YAMAZAKI et al, 1998). Estes dados indicam que, embora diferentes vias
de sinalizag@o celular sejam ativadas por estimulos hipertréficos distintos, o programa
génico relacionado as alteracSes fenotipicas da hipertrofia cardiaca encontra-se conservado.
Além disso, ocorre uma depressdo variavel e tardia da expressiio de outros genes que
modificam a homeostase idnica intracelular. Por exemplo, pode-se citar a depressio da
expressio da calcio-ATPase do reticulo sarcoplasmatico (SERCA-2), com aumento varidvel
na expressdo do trocador Na'/Ca™ e receptores das vias parassimpatica ¢ simpatica que sio
também atenuados {ex: receptor Bi-adrenégico, recepiores muscarinicos e aumento na razio
dos receptores de Angitensina I AT,/AT;) (HUNTER et al, 1999). Assim, acredita-se que o
controle transcricional da expressdo génica tem funcdo central na determinacio das
caracteristicas fenotipicas da hipertrofia cardiaca. Portanto, o entendimento do crescimento
e da hipertrofia no misculo cardiaco requer imformacao detalhada da regulaciic da expressao

dos genes do coragdo.
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A regulagio transcricional dos varios processos da hipertrofia do miécito cardiaco
envolve a interaglio de sinais de crescimento traduzidos da membrana e citosol para o
niicleo. Varios processos podem ser distinguidos na regulagio da expressio génica:

1) aumento geral da capacidade de sintese protéica;

2} aumento no nivel e/ou atividade de fatores de transcrigdo especificos, relacionados a
fenétipos particulares de hipertrofia cardiaca e

3) aumento da atividade de fatores de transcrigio envolvidos no controle de proteinas
genéricas dos midcitos.

Alguns fatores de transcri¢io que regulam a expressdo génica no coragio foram
inicialmente descritos em células de masculo esquelético indicando que o miisculo cardiaco
¢ 0 esquelético compartitham fatores reguladores (MAR et al, 1990; GUPTA et al, 1991;
MOLKENTIN et al, 1993). Os fatores de transcricio cardiacos sio definidos, neste
contexto, como ativadores transcricionais expressos predominantemente no miocardio e que
regulam 2 expressio de genes cardiacos que codificam proteinas estraturais ou proteinas
regulatorias caracteristicas dos cardiomiéeitos. Estudos recentes estabeleceram a nogdio que
os fatores de transcricio cardiacos governam o processo de cardiogénese através da
regulacdo da expressdo génica cardiaca-especifica. Os fatores de transcrigio cardiacos sio
representados principalmente por 4 familias: HAND, GATA4, MEF2 e Csx/Nkx2-5
(Revisado por AKASAWA E KOMURO, 2003).

Destes fatores, o fator ativador de midcitos (MEF2 — myocyte specific enhancer factor
2) € de vital importancia. Sitios potenciais de ligagiioc para o MEF-2 foram identificados em
regides reguladoras de varios genes que se expressam no coragdo, incluinde a creatina-
quinase, miosina de cadeia leve ¢ fator natriurético atrial, sagerindo que o MEF-2 poderia

influenciar a expressdo génica no coragdo (STERNBERG et al, 1988;
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NAVANKASATTUSAS et al, 1992; SEIDMAN et al, 1988).

Estimules hipertroficos
(sobrecarga mecinica)

/N
10m\

Transducio de
. .

Genes de resposta imediata

PN Genes Fetais
mtnr c}.e\'é - Genes constitutivos
% transcricagiP?
~ e

Figura 2. Representaciio esquemadtica do efeito de regulacio génica provocada por estimulos

hipertréficos na célula.
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1.3. OS FATORES DE TRANSCRICAO MEF2

Os fatores MEF2 pertencem a familia MADS box (MCMI-Agamous-Deficiens-
Serum response factor) ¢ foram descritos pela primeira vez como fatores de transcrigiio que
se ligam a seqiiéncias de DNA enriquecidas em A/T nos promotores de vérios genes
musculos-especificos como o da creatinina quinase muscular (MCK) (GOSSET et al,
1989). Além deste, seqiiéncias alvo de MEF2 ja foram identificadas nos promotores dos
seguintes genes: MHC, MLCI/3, MLC2v, actina esquelética, SERCA, troponina T,
troponina C, troponina I, desmina, € distrofina. Outros estudos demonstraram que as
proteinas MEF2 também eram altamente expressas em neurnios e em niveis menores, em
outros tipos celulares (BLACK & OLSON, 1998).

Existem 4 genes da Familia MEF2 que foram identificados em vertebrados: mef2q,
b, -c e —d. que sio expressos de forma distinta, mas em padrdes de sobreposicio durante a
embriogénese e nos tecidos adultos (BLACK & OLSON, 1998). Eles possuem dominios de
ligacdo ao DNA quase idénticos na exiremidade N-terminal com alta homologia no
dominio MADS box (aminoacidos 1-57}. Este dominio é responsavel pela ligacio ao DNA
e dimerizagdo das proteinas, permitindo que os fatores MEF2 se liguem como homo ou
heterodimeros a um elemento cis com a segiiéncia (C/T)TA(A/T)TA(G/A). Um dominio
adjacente 20 MADS box chamado dominio MEF2 (aminodcidos 58-86) que ¢ caracteristico
da familia influencia a afinidade de ligagio ao DNA assim como a interagio com co-
fatores. A regifo C-terminal dos fatores MEF2 ¢ menos conservada, embora MEF2ZA,
MEFZC e MEF2D apresentem consideravel homologia C-terminal indicando a evolugio
de um gene ancestral comum (JANSON et al, 2001). A regifio C-terminal apresenta o
dominio de transativacfo. Nessa regifo, também ocorrem processos complexos de splicing

alternativo (Figura 3), com certos exons presentes em todos os tipos celulares, enguanto
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outros sdo limitados a tipos celulares especificos. Em MEF2A, um exon com a seqiiéncia
SEEEELEL ¢ especifica para células musculares ¢ neuronais (YU et al, 1992). MEF2D
contem um exon (TEDHLDL) que se encontra somente presente em células de miisculo
esquelético, coragdo e cérebro e estd correlacionado com a atividade de ligagdo de MEF2D
(BREITBART et al, 1993; MARTIN et al 1994). O dominio correspondente em MEF2C
(SEDVDLLL) se encontra presente somente em transcritos de misculo esquelético
{(McDERMOTT et al, 1993).

Desde que a expressdo das proteinas contrateis do coragio aumenta durante a
hipertrofia cardiaca, infere-se que os fatores que regulam estes genes também devem
aumentar, tornando-se mais ativos, e/ou que os genes devem se tornar mais acessiveis aos
fatores reguladores. Fatores MEF2 se associam com uma variedade de co-fatores de
transcrigdo para controlar determinados grupos de genes-atvo. Portanto, os fatores MEF-2
sd0 provaveis candidatos como alvo final de vias sinalizadoras intracelulares envolvidas na

resposta hipertréfica.

1.4. A REGULACAO DE MEF2

A regulacdo dos fatores MEF2 tem sido amplamente explorada nos tltimos anos. Os
fatores de transcrigio MEF2 estfio envolvidos na regulacio da expressio génica induzida
pela hipertrofia em cardiomideitos. Estudos recentes elucidaram complexos caminhos de
sinalizagio que ligam a estimulacgdo hipertr6fica a ativagio de MEF2 (HAN E
MOLKENTIN, 2000; NADRUZ et al, 2003).

As MAPK quinases p38 ¢ ERKS estimulam a atividade de MEF2. Ha quatro

isoformas de p38 {(o,B,y.8) e cada uma fosforila residuos no dominio de ativacfio
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transcricional de MEF2, resultando num aumento da atividade dé MEF2 (HAN E
MOLKENTIN, 2000). A fosforilagio de MEF2 por p38 foi vinculada 2 ativacdo do
programa hipertréfico em cardiomideitos (KOLODZIEICZYK et al, 1999). A atividade de
MEF?2 também € regulada por ERKS, que se associa a MEF2 pelo dominio MADS Box
(YANG et al, 1998) fosforilando o dominio de transativacio de MEF2A, -C and -D,
resultando numa atividade transcricional aumentada (YANG et al, 1998; KATO et al,

2000).

Dominio de

transativagio

v

MEFIC

xS j

Figura 3. Representagio esquemdtica dos fatores da familia MEF2.

Estruturas dos 4 produtos de expressdo dos genes MEF2 de vertebrados. Exons alternativos
na regido C-terminal estio indicados, assim como o nimero de aminodcidos da forma mais

longa conhecida de cada proteina, (Figura modificada de BLACK & OLSON, 1998)
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Os fatores MEF2 também s3c regulados por uma familia de repressores
transcricionais que incluem Cabinl (também conhecida como Cain} (LAI et al, 1998),
MEF2 interacting transcriptional repressor (MITR) (SPARROW et al, 1999; ZHANG et al,
2001) e HDACH, -5 (McKINSEY et al, 2000).

Cabinl foi recentemente identificada como uma proteina repressora transcricional
de MEF2 que pode ser liberada de MEF2 de acordo com o influxo de calcio na célula
(LAT et al, 1998; HAN et al, 2003).

A ativagdo de genes musculo-especificos por fatores MEF2 esti acoplada a
acetilacio de histonas no nicleo da célula. Essa ativagdo ¢ inibida pelas Histonas
Deacetilases de classe II, HDACs 4 ¢ 5 que interagem com MEF2. A inibicdo causada pela
HDAC4 ¢ -5 em MEF2 s6 € neutralizada quando essas HDAcs sfio fosforiladas pela
Calmodulina quinase (CaMK), que entio saem do niicleo, liberando MEF2 para ativar a
expressdo de genes misculo-especificos (CHAN et al, 2003; McKINSEY et al, 2000).
Apesar da auséncia da atividade de histona deacetilase, a proteina MITR apresenta
homologia com esta familia de proteinas e atua como um potente inibidor dos fatores
MEF2 (SPARROW et al, 1999; ZHANG et al, 2001).

A atividade de ligacdo ao DNA de MEF2 aumenta em coragdes de ratos submetidos
a sobrecarga mecénica. A rdpida ativagio de MEF2 por estimulo hipertréfico exerce um
papel principal na ativacio de c-jun, sugerindo sua importincia na regulacio da expressio

de genes de resposta imediata por estimulo hipertrofico NADRUZ. et al, 2003).
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2. OBJETIVO
Estudar a funcfo e regulaciio de proteinas da familia MEF2 em mi6citos cardiacos

durante o processo de desenvolvimento da hipertrofia cardiaca por sobrecarga mecénica.

2.1. OBJETIVOS ESPECIFICOS

1. Identificar os produtos dos genes mef2 4-D em miocérdio de ratos adultos.

2. Estudar a expressio e regulacio dos membros da familia MEF2 em miocardio durante a
sobrecarga mecdnica.

3. Estudar as possiveis proteinas que interagem com o MEF?2 e sua importancia funcional.
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3. MATERIAIS E METODOS



3.1. COARCTACAO DA AORTA

Foram utilizados ratos Wistar, machos, fornecidos pelo Centro de Bioterismo da
UNICAMP (CEMIB), com pesos entre 140 e 200¢g e em torno de 6 semanas de idade.

Os animais foram anestesiados com pentobarbital sédico (50me/ke), colocados em
mesa cirargica com temperatura controlada, submetido a entubagfio oro-fraqueal e mantidos
com ventilagdo espontinea em ar ambiente enriquecido com oxigénio. A artéria cardtida
comum direita foi cateterizada para moniforizagdo da pressdo da aorta ascendente ¢ a arténia
femoral direita cateterizada para monitorizacdo da pressio arterial na aorta abdominal A
sobrecarga pressora foi induzida pela colocacio de um clip de prata (50 um difimetro
interno) na crossa da aorta, apds a saida do tronco braquiocefilico ¢ antes da saida da
cardtida comum esquerda (Figura 4). A sobrecarga de pressdo foi considerada satisfatoria
quando o “clamp” produziu um aumento de 40 a 50mmHg na pressio sistélica da aorta
ascendente {mensurada atraveés da artéria cardtida direita) sem induzir a uma queda
significativa nos niveis pressoricos da aorta abdominal (mensurada através da artéria
femoral). Os animais que ndo atingiram esses parametros de pressdo, foram descartados dos
grupos.

Os procedimentos cirirgicos nos animais submetidos & cirurgia ficticia, animais
controle ou Sham, foram idénticos dqueles dos animais coarctados, exceto pela ndo

colocagio do clip de prata na crossa da aorta.

Muateriais e Métodos
47




Figura 4. Esquema representativo da coarctagio da aorta (CoAo) por implante de clip de

prata

3.2. MONITORIZACAO DAS PRESSOES ARTERIAIS

Para os registros das pressdes do ventriculo esquerdo e da aorta abdominal, os
catéteres foram conectados a transdutores de pressdo tipo strain-gauge (BLPR — World
Precision Instruments, [nc., USA), através de conectores construidos com tubo Tyeon
(Norton Performance Plastics CO, EUA.) preenchidos com salina € com comprimentos
adequados para que os artefatos de transmissfo da onda de pressio fossem eliminados ou
minimizados. Os transdutores foram conectados a um amplificador de sinais (GP4A-
General Purpose Amplifier; USA), que por sua vez, era conectado a um sistema de registro
computadorizado de sinais bioldgicos Windag (Datag Instruments Inc., Akron, OH, EUA)
constituido de um conversor analdégico-digital e wma placa processadora de sinais instalada
em computador tipo PC (figwra 5). Neste sistema, os sinais analdgicos de pressio
provenientes do amplificador foram digitalizados e reconvertidos em sinais analégicos em
tempo real, o que permitiu a monitorizacio de pressdo ventricular € da aorta abdominal.
Simultaneamente, os dados digitalizados dos registros continuos de pressio foram

armazenados para andlise quantitativa posterior das pressdes. Em cada canal, o sinal
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analogico de pressio proveniente do amplificador foi digitalizado com frequéncia de
amostragem de 300Hz A analise das ondas de pressio foi realizada com programa
Windag-Pro, determinando-se as pressdes sistélica e diastdlica do ventriculo esquerdo e da
aorta abdominal e frequéncia cardiaca. Estas variaveis foram determinadas através da
detecgiio automatica e corregdes manuais foram feitas sempre que artefatos das ondas de
pressdo determinavam a detecgfio automatica espiria. Os valores destas vanidveis utilizados
para analises estatisticas foram os valores médios obtidos de todos os batimentos de
periodos que variaram de acordo com a fase do experimentio. O gradiente de pressdo
sistolica entre o ventriculo esquerdo e a aorta abdominal fo1 calculado dos valores médios
de pressdo sistolica do ventriculo esquerdo e da aorta abdominal de cada rato.

Apos a determinacfo dos gradientes de pressdo, os ratos foram sacrificados em
diversos tempos apos a constricio da aorta {1 a 6h) com injecdo de solugio de KCI 1M, via
cinula introduzida na jugular e os ventriculos esquerdos foram retirados para

processamento.

3.3. PREPARACAO DE EXTRATO TOTAL DE PROTEINAS DO VENTRICULO
ESQUERDO DE RATO

Os ventriculos esquerdos foram coletados, cortados em fragmentos menores ¢
homogenizados rapidamente em aproximadamente 10 volumes de tampdo de solubilizagfio
(1% Triton-X 100, 100 mM Tris-HC1 pH 7.4, 100 mM pirofosfato de sé6dio, 100 mM
fluoreto de sodio, 10 mM EDTA, 10 mmol/L ortovanadaio de sédio, 2 mM PMSF, e 0.1
mg de aprotinina/ml) a 4 °C em homogenizador tipo Polytron PTA 208 (model PT 10/35;

Brinkmann Instruments, Westbury, NY) operado em velocidade méaxima por 30 segundos.

Materiais e Métodos
49



Os extratos foram centrifugados a 11000 rpm a 4 °C em centrifuga refrigerada por
20 minuios para remover 0 matenal insolivel ¢ o sobrenadante foi entfo utilizado para
diferentes ensaios. A determinagio da concentragiio proteina total foi realizada pela técnica

do biureto, utilizando-se reagentes BIO-RAD e solugio de albumina bovina como padriio.

Figura 5. Esquema representativo do sistema de registro hemodindmico.
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3.4. ANALISE DO EXTRATO PROTEICO EM GEL DE POLIACRILAMIDA (SDS-
PAGE)

Amostras de extratos protéicos foram submetidas 4 eletroforese em gel de
poliacrilaminda a 10%. A quantidades definidas de extrato protéico, metade do volume foi
adicionado de tampdo de amostra 2x (0,28 M Tris-HCI pH 6,8, 30 % Glicerol, 2,5% SDS,
5% Beta-mercaptoetanol e 0,002% azul de bromofenol). As amostras foram incubadas a 95°
C por 5 min e centrifugadas por 3 min a 12000 x g antes de serem carregadas no gel. A
eletroforese foi executada a temperatura ambiente, a 100 V ¢ a uma amperagem maxima de

100 mA em tampéo de eletroforese (25 mM Tris Base, 192 mM Glicina e 1% SDS).

3.5. WESTERN BLOT

As proteinas provenientes de lisados bacterianos, extratos totais, suspensfes de
pérolas de scfarose ou de imunoprecipitados foram tratadas com tampiio de Laemmli
contendo 5% de B-mercaptoetanol e aquecidas a 94°C por 5 minutos.

Apés este procedimento, as proteinas foram submetidos a eletroforese em gel de
poliacrilamida 10% - SDS-PAGE em aparelho de eletroforese Bio-Rad miniature lab gel
apparatus (Mini-Protean, Bio-Rad Laboratories, Richmond, Ca). A eletrotransferéncia das
proteinas do gel para as membranas de nitrocelulose foi realizada em aparetho
miniaturizado de transferéncia da Bio-Rad em condigdes de 120 V, a 4°C em tampdo de
transferéncia (25 mM Tris pH 8,3; 192 mM glicina ¢ 20% metanol por 90 min ou em Semi-
Dry Blotting System (The W.E.P. Company) por 30 min, com corrente de 3mA/cm?® de
membrana. Em seguida, as membranas foram blogueadas com tampéo de bloqueio (5% leite

em pé magro, 10 mM Tris, 150 mM NaCl, and 0.02% Tween 20), por 1 hora a temperatura
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ambiente e Incubadas com os anticorpos especificos, diluidos em tampio de bloqueio (3%
de leite em po magro ao invés de 5%) por mais 12 horas 4 4°C. Apos a lavagem por 15
minutos em tampdo de blogueio sem leite em pd, as membranas foram incubadas, quando
necessério, com anticorpo Bridge 1:5000 e depois com 2 uCi de [*Ijproteina A (30
uCi/ug) em 10 ml de tampdo de blogueio por 4 horas a temperatura ambiente e entiio
lavadas novamente como descrito anteriormente. A [ IJProteina A ligada aos anticorpos
especificos foi detectada por auto-radiografia em filme Kodak XAR (Eastman Kodak
Rochester, NY). Os sinais também foram visualisados com o uso do Western Blotting
Luminol Regent (Santa Cruz Biotechnology). Neste caso, foi utilizado um anticorpo
secundario conjugado com peroxidase numa concentracio de 1:3000 a 1:5000 e os
procedimentos para a etapa final foram feitos de acordo com as especificacdes do
fabricante. As membranas foram expostas em Hyperfilm-MP (Amersham) por diferentes

intervalos de tempo (30s-10min) e estes foram entdo revelados.

3.6. IMUNOPRECIPITACAO

A imunoprecipitacio foi realizada pela adigio de 20ul do anticorpo anti-MEF2 rabbit
(Santa Cruz) a quantidades normalizadas de extrato proteico total de ventriculo esquerdo
(VE) de rato controle ¢ submetido a 6h de coarctagio da aorta seguindo uma incubagio de
12 h, a4° C com agitagdo. Apés o término do periodo de incubagiio, foram adicionados
40ul de Protein A Sepharose 6 MB {Amersham), seguido de mais 2 horas de incubagiio a
4° C. Os tubos contendo os extratos foram entiio centrifugados a 4000 rpm, por 5 minutos
¢ as pérolas de Proteina A sefarose foram lavadas 3x com HNE + inibidores de proteases +
1% de Triton X (25mM HEPES, 150 mM NaCl, 1 mM EDTA, 100 mM fluoreto de sodio,
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10mM pirofostato de sodio, 10 mM ortovanadato de sodio, 00.1 mg/mi aprotinina ¢ 2 mM
PMSF). Apoés a tltima lavagem, 40 pl de solugo de Laemmli foi adicionada a cada amostra
e estas foram aquecidas a 94° C por 5 min As amostras foram entio centrifugadas
brevemente e aplicadas num gel de poliacrilamida 10% e as proteinas foram analisadas por

Western blot.

3.7. LINHAGENS DE BACTERIA E LEVEDURA UTILIZADAS
E. coli DH3a
E. coli BL-21 (RIL) Cddon Plus

S. cerevisae L40

3.8. ALINHAMENTO DAS SEQUENCIAS

As seqiéncias polipeptidicas de MEF2 humano e¢ murino foram escolhidas nos
bancos de dados Genbank do NCBI (www.ancbinlmmihgov) e TRANSFAC
(http://transfac_gbf.de/TRANSFAC/). O alinhamento das seqiéncias foi feito com os
programas CLUSTAL W (ftp:/fip.eb.ac.uk/pub/sofware/unix.clustalw/) e Dialign 2
(http//www.gene-regulation.com/pub/programs. html#dialign2). A montagem do
alinhamento das seqiéncias foi feita com o programa BOXSHADE

(http//www.ch.embnet.org/software/boxform. htmi).

3.9. SINTESE DE OLIGONUCLEOTIDEOS
Oligonucleotideos foram desenhados a partir da analise das seqiéncias das regides

5’ ¢ 3" de cDNA de Mef2 de camundongo (NCBI Nr. Ac.: NM 025282 } e das seqiiéncias
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das regides de policlonagem dos vetores utilizados. Os oligonucleotideos foram sintetizados

pela Gibco-BRL ¢ as caracteristicas basicas de cada um desses oligonucleotideos se

encontiram resumidas na Tabela L

Nome do oligo- | seqiiéncia Tm (°C) Uso

nucleotideo

SP2CD 5'CCGAAGCTTGCCAGCACCGA | 61°C Amplificacio de
CATGGAC3’ c¢DNA Mef2c e

| Mef2d

AP2C S'CGGGATCCTCAGTTACCAGG | 58°C Amplificagio de
TGAGAC3” c¢DNA Meflc

MEFCSI 5S'CAGGATCCGTATGGGGAGAA | 53°C Amplificaggo de
AAAAGATTS : ¢DNA Mef2¢

MEFCS2 S'ACGGATCCGTCTCACCCCAC | 61°C Amplificagdo de
GCACTGAA3’ i cDNA Mef2¢

MEFCAS2 S'GTGGATCCTCATGTTGCCCAT | 61°C Amplificag3o de
CCTTCAGAZ3’ cDNA Mef2¢

MEFCASI1 S'TCGGATCCTCATCCCAACTGA | 58°C Amplificacio de
CTGAGGGC3’ ' cDNA Mef2¢

AW2A 5. 56°C RT-PCR de
GCGAATTCTTAGGTCACCCATG MEF2A
TGTC-37

SP2A 5. 57°C RT-PCR de
CCGCTCGAGGCCAGCACCGAC MEF2A
ATGGAC-3’

MEFDAS2 5 54°C | RT-PCR de
GCGAATTCTCACTTTAATGTCC { MEF2D
A-37

SWXO 5'- 56°C Amplificacgo
CCGCTCGAGATGGGGAGGAAA regido N-terminal
AAGATT-3" fatores MEF2

SWHI 5% 53°C Amplificacdo
CCGAAGCTTATGGGGAGGAAA regido N-terminal
AAGATT-3’ fatores MEF2

AP2B 5- 1 62°C Amplificagdo de
CGGGATCCTCACAGGCCACCA | c¢DNA Mef2b
GGCAG-3’

SMART II 5’ i 66°C Construcio da
AAGCAGTGGTATCAACGCAGC biblicteca de
GTGGCCATTATGGCCGGGES cDNA

MATCH- 5° 70°C Construgio da

MAKER 3’ GTATCGATGCCCACCCTCTAGA biblioteca de

AMPLIMER GGCCGAGGCGGCCGACA S ¢DNA

MATCH- 5° 62°C Construcio da
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MAKER 5’ TTCCACCCAAGCAGTGGTATCA biblioteca de
AMPLIMER ACGCAGAGTGG3’ cDNA
LEXASEQ S'CTTCGTCAGCAGAGCS’ 48°C Seguenciamento de
! pBTM116, PCR
de colénia.
MEFDAS2 5 54°C | RT-PCR de
GCGAATTCTCACTTTAATGTCC i MEF2D
A-3’
S-B-actina S'GCTTCTCCTTAATGTCACGCA | 52°C Controle RT-PCR
CGA3”
As-B-actina STICTACAATGAGCTGCGTGTG | 52°C Controle RT-PCR
GCT3’ :
LEXASEQ S'CTTCGTCAGCAGAGC3’ | 48°C Sequenciamento de
pBTM116, PCR
- de coldnia.
T7 S'GTAATACGACTCACTATAGG | 48°C Sequenciamento
GC-37 pGADT 7rec
Oligo dT36 S ATTCTAGAGGCCGAGGCGGC | 61°C Sintese de cDNA
CGACATGTTTTTTTITTTTIITITI (fita simples)
TITTITTTTTITITITITTTTTITVN |
2
PGADT7SEQA | 5’"AGATGGTGCACGATGCACAG | 49°C Sequenciamento
SIt 3 pGADT7rec
PGADT7SEQA | 5'CTGCAGCTCGAGGTCGAT3’ 47°C | Sequenciamento
SI pGADT 7rec
PolidT STITITITTTTTAAS’ 42°C Sintese de cDNA
STTTTTTTTTTTACS? (fita simples)
STITTTTITITITAGY
STTTTTTTTTTITCAS
STITITTTTTITCCS
STTTTTITITITCGS’
STITTTTTTTTTGAS
STITITITITITGCS’
STITTITTTTTTGGS’
Tabela I Seqiiéncia dos oligonucleotideos sintéticos wutilizados no RT-PCR, PCR de

coldnia e construgdes do cDNA. Tm representa a temperatura de anelamento utilizada.
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3.10.VETORES UTILIZADOS
Plasmideos especificos foram utilizados nas clonagens realizadas (Figura 6):
A) O vetor pGEM™ -t-easy (Promega) foi utilizado para facilitar as primeiras clonagens

dos produtos de PCR de Mef2c. Este vetor tem 2900 bp e confere resisténcia 4 ampicilina.

B) O vetor de expressao de levedura pPBTM116 (FIELDS e BARTELI) de 5514 bp, contem
a seqiiéncia codificante do dominio de ligagio ac DNA (BD) da proteina Lex A, sobo
- controle do promotor ADHI. Este vetor confere resisténcia 3 kanamicina e prototrofia ao

triptofano

C) O vetor de expressdo em levedura pGADT7rec (Clontech) de 6600 bp contem a
seqiéncia codificante do dominio de ativagio GAL4 sob o controle do promotor ADHI.

Este vetor confere resisténcia & ampicilina ¢ profotrofia a Leucina.

D) O vetor pGEX™5X-2 (Pharmacia ) € um vetor de expressdo de E. coli com 4900 bp.
Seu promotor ¢ o lac I, induzivel por IPTG. Possui a segiiéncia codificante da Glutationa-S-

Transferase (GST) confere resisténcia a ampicilina.

E) O vetor de expressio em E. coli pET28a (Novagen) possui uma seqgiiéncia que adiciona 6
histidinas (6xHIS) na regido C-terminal da proteina de fusdo. Possui 5368 pb € seu

promotor T7 € induzivel por IPTG. Confere resisténcia 2 Kanamicina.
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Figura 6. Mapa dos vetores utilizados

A) pGEX-t-easy, B) pBTM116, C) pGADT7rec, D) pGEX5x-2 e E) pET28a
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3.11. EXTRACAO DE RNA

Para extragdo de RNA dos tecidos, o reagente Trizol® (Life Technologies) foi
utilizado numa proporgio de 1 ml de Trizol® para cada 100 mg de tecido. O tecido foi
homogeneizado com Trizol® com auxilio de Politron e incubado a temperatura ambiente,
por 5 min, para permitir a dissociag#o total dos complexos nucleoprotéicos. (Nos seguintes
passos, todos os volumes utilizados sfo referentes a 1 ml de Trizol® inicial). Um volume de
0,2 ml de cloroférmio foi adicionado & mistura ¢ agitado vigorosamente em um tubo,
seguindo uma incubagio de 3 min 3 temperatura ambiente e centrifugacio a 12000 x g por
15 min a 4°C para separacdo de fases. O RNA presente na fase aquosa foi precipitado pelo
acréscimo de 0,5 ml de isopropanol e incubagiio i temperatura ambiente por 15 min. A
suspensdo fo1 entdo cenirifugada a 12000 x g por 10 min & 4°C, formando um precipitado de
RNA gelatinoso no fundo do tubo. O precipitado de RNA foi Iavado com etanol 70%, seco
a temperatura ambiente e dissolvido em dgua tratada com Dietilpirocarbonato (DEPC). O
RNA foi quantificado por espectrofotometria (=260 nm) e submetido a eletroforese em gel

de agarose 1%, em condi¢es desnaturantes, para avaliagio qualitativa das amostras.

3.12. ELETROFORESE DE RNA EM CONDICOES DESNATURANTES

A qualidade do RNA extraido foi analisada por eletroforese de 5 a 20mg de RNA
total dissolvidos em 11 ul de &gua, adicionados de 5 ul de tamp@o de cornda MOPS 10x
(Acido 3-N-morfolino-propanosulfonico 0.4 M pH 7; Acetato de sédio 0,1 M e EDTA 0,01
M), 9 pl de formaldeido 12,3 M, 25 ul de formamida deionizada e 10ul de tampdo de
aplicagdo (EDTA ImM, Azul de bromophenol 0,25%, Xilenocianol 0,25%, Ghicerol 50% ¢

Brometo de etideo 0,2mg/ml). A solucio foi misturada com auxilio de vortex ¢ incubada a
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60° C por 20 min. Apds breve centrifugacfo, as amostras de RNA foram aplicadas em um
gel de agarose em condigGes desnaturantes (Agarose 1%, Tampio de commida MOPS 1x,
Formaldeido 2.2 M) e submetidas a eletroforese a 80 V por aproximadamente 3 h

{AUSUBEL, 1997).

3.13. DESCONTAMINACAO DO RNA

Para excluir a presenca de DNA gendmico da amostra de RNA, apés a extracdio, o
RNA fo1 tratado com 0,5 U/ug de DNAse I (Life Technologies), em presenca de 8 mM de
MgCl; , 20 U de RNasin (Promega), 500 mg/ml de BSA (Albumina Sérica Bovina), 20 mM
Tris-C] pH 8.4 € 50 mM KCl por 30 min a 37° C. Para inativar a DNAse, foi adicionado

EDTA 2 uma concentracéio final de 2mM ¢ a solugéo foi incubada a 65° C por 10 min.

3. 14. SINTESE DE ¢DNA PARA REACAO DE TRANSCRICAO REVERSA (RT-
PCR)

Nesta etapa, uma fita simples de ¢cDNA foi sintetizada pela reagio de tramscrigio
reversa catalisada pela enzima Transcriptase Reversa. Nessa reagfio, 1 ug de RNA foi
misturado com 5 pmol da mistura de oligonucleotideos sintéticos PolidT(12-18) {tabela I)
num volume final de 15, 5 ul. A mistura foi incubada por 10 min a 70 °C para desnaturar o
RNA. Ao términe da incubagio, foram adicionados os seguintes reagentes: 20 mM Tris-CL
(pH 84), 50 mM KCI, 2,5 mM MgCi2, 10 mM DTT, 0.5 mM dNTPs e 400 U de
Transcriptase Reversa Superscript TM II (Life Technologies), a mistura foi gentilmente
homogeneizada ¢ incubada a 42°C por 60 min. A reacdo foi entdo bloqueada por

desnaturacdo da enzima a 70° C por 15 min. Apds a sintese da fita simples de ¢cDNA, o
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RNA inicial foi degradado pelo acréscimo de uma mistura 1: 1 de RNAse H e RNAse A
seguindo incubagio a 37°C por 30 min. O ¢DNA sintetizado foi purificado com auxilio do

“kit Quiaquick Nucleotides Removal™ (Quiagen), segundo instrucbes do fabricante.

3.15. AMPLIFICACAO DO cDNA (PCR)

Nesta etapa, foi feita a amplificagio do cDNA com os oligonucleotideos gene
especificos sense ¢ antisense, a partir do ¢cDNA de fita simples obtido na etapa anterior. A
composi¢io final da reagdio foi: 20 mM Tris-HCL (pH8.4), 50 mM KCl, 1,5 mM MgCl,, 20
pmol primer sense, 20 pmol primer antisense, 200 mM de cada deoxinucleotideo (dATP,
dCTP, dGTP e dTTP), 2 ul do produto de reacdo final de amplificagio da etapa anterior ¢ 2
U de Tag DNA polimerase. A técnica de “hot start” (todos os reagentes sio equilibrados a
94°C antes do inicio da reagfio) foi utilizada e as reagBes foram submetidas ao seguinte
ciclo: uma etapa de desnaturagio a 94°C por 2 min, seguido de 35 ciclos de uma etapa de
desnaturagdio por 1 min a 94°C, uma etapa de anelamento dos oligonucleotideos por 2 min a
uma temperatura avaliada para cada par de oligonucleotideos, € uma etapa de alongamento

por 2 mun a 72°C.

3.16. ELETROFORESE EM GEL DE AGAROSE E PURIFICACAO DOS
PRODUTOS DE AMPLIFICACAQO

Os produtos de amplificagfio por PCR e 0s DNAs digeridos com enzima de restri¢io
foram submetidos a eletroforese em gel de agarose a concentragdes entre 0.8% e 1.2% para
avaliagio de tamanho, quantidade e qualidade das amostras. As eletroforeses foram corridas

a 80 V (volts) em tampdo TAE (40 mM tris-HC1, pH 8.0 ¢ 1 mM EDTA, pH 8.0). Os géis
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foram corados em solugfio contendo brometo de etidio a concentragdo final de lpg/ml ¢
fotografados. Os fragmentos de interesse contidos nos géis foram purificados com o

QlAquick Gel Extraction Kit (Qiagen).

3.17. REACOES DE LIGACAO PARA CLONAGEM DE FRAGMENTOS DE ¢DNA
EM VETOR

Apos a purificagio, os produtos de PCR digeridos foram ligados no vetor utilizando
a enzima T4 Ligase de acordo com as intrugdes do fabricante. As reacdes de ligagdo pela
subclonagem de insertos de DNA foram realizadas de acordo com a metodologia descrita

em AUSUBEL et al, (1995).

3.18. TRANSFORMACAO DE BACTERIAS E MINI-PREPARACAO DE DNA DE
PLASMIDEOS

Os plasmideos contendo insertos de cDNA foram introduzidos na cepa competente
de E. coli DH3a pela técnica de choque térmico segundo SAMBROOK et al, (1989).

Também foi utilizada a técnica de eletroporagdo. Nesta técnica, as bactérias
competentes 530 preparadas por indmeras lavagens com uma solugio 10% de glicerol estéril
¢ gelada. Para a transformacio, foram misturados numa cubeta de eletroporagdo, o DNA e a
bactéria competente, sendo as condigdes do choque acertadas em 2.5 kV, 25 uF ¢ 700
Ohms. Um choque foi dado por cubeta € 800 ul de meio de cultura SOC fot adicionado ao
tubo. As bacténas eletroporadas foram entfo incubadas 2 37°C por 40 min com agitacdo

constante e plaqueadas em meio seletivo apds o término da incubagio.
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Os DNAs provenientes de plasmideos foram preparados através da técnica de mini-
preparagdo de DNA de que utiliza a lise alcalina de bactérias descrita por AUSUBEL et al,

(1995) ¢ SAMBROOK et al, (1989).

3.15. IDENTIFICACAO DE CLONES RECOMBINANTES POR PCR DE COLONIA
E DIGESTAO DE DNA

Ap6s a construgdo da fase codificante dos diferentes ¢cDNAs de Mef2c no vetor
pBTM116, a cepa DH3a de E. coli foi transformada com estas diferentes construces. Para
testar as colOmnias transformadas que cresceram no meio, foi utilizado o método de PCR de
colénia. Esse método utiliza um oligonucleotideo sense do plasmideo e um oligonucleotideo
antisense gene especifico (vide Tabela I).

Cada coldnia foi tocada com uma ponteira estéril e ressuspendida em 20 ul de dgua
destilada num tubo de 0,5 ml. Cada tubo foi entio aquecido a 95°C por 10 min para lisar as
células e inativar a DNAse intrinseca. Apos essa incubagfio, os tubos foram centrifugados a
12000 x g por 1 min. A 15 ul do sobrenandante foram adicionados 35 ul de mistura pré-
PCR , a uma concentragdo final de: 10pmol do oligonucleotideo sense, 10 pmol do
oligonucleotideo antisense, 1,5 mM MgCl,, 5 ul de tampdo de PCR {Gibco), 0,2 mM de
cada dNTP e 1 U de Taq polimerase (Gibco). A reagio de PCR comegou com uma etapa de
desnaturagio a 94°C por 2 min, seguida por 30 ciclos de 94 °C por 1 min, 50 °C por 1 mine
72 °C por 2 min. Os produtos de PCR foram visualizados por eletroforese em gel de agarose
1% confirmando a presenca do vetor recombinante na bactéria hospedeira.

Apds a selegiio por PCR de coldnia, foi necessario testar 0 DNA recombinante com

enzimas de restrigio, pois sendo PCR uma técnica muito sensivel, pode haver contaminacio
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de DNA nifio ligado nas placas, levando a resultados falsos positivos. Assim, os clones
positivos foram inoculados em meio de cultura LB liquido (10 g/l de triptona, 5 g/ de
extrato de levedura e 10 g/l de NaCl, pH 7,5) com 50 mg/m! de Kanamicina e incubados a
37°C por 12 horas. O DNA dos plasmideos foi extraide e digerido com enzimas de restrigio
que liberassem fragmentos de tamanho conhecido, que foram analisados por eletroforese em

gel de agarose.

3.20. SEQUENCIAMENTO DE DNA

A seqiéncias das construgbes de pBTM116 e pGADT7-rec foram obtidas por
sequenciamento bascado na técnica de Sanger (SANGER et al, 1977), utilizando-se um
seqlienciador de DNA ABI PRISM 377 Genetic Analyser {Applied Biosystems).
ReagGes de amplificacio em cadeia (PCR) foram feitas utilizando-se 200 a 800ng dos
DNAs plasmideais. Em cada uma das reagdes o oligonucleotideo LexASeq (Tabela I) foi
utilizado na concentragfo final de 5.0 pmol. As reagbes foram preparadas de acordo com a
metodologia contida no manual de instrugdes do fabricante do DNA Sequencing kit Big Dye

(Terminator Cycle Sequencing Read Reaction - PE, Applied Biosystem).

3.21. ANALISE DAS SEQUENCIAS
As seqiéncias obtidas foram submetidas ao banco de dados do NCBI
(Ihttp://www.ncbi.nlm.nih gov/) e analisadas através dos programas gratuitos encontrados

no mesmo site da rede: ORF Finder, BLAST e Clustal W.
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3.22. SISTEMA DE DUPLO-HIBRIDO EM LEVEDURA

O sistema de duple-hibrido em levedura ¢ uma poderosa metodologia que foi
desenvolvida para identificar genes que codificam proteinas que estio associadas uma
proteina alvo in vivo. As interagdes proteina-proteina formam a base da ampla variedade de
reagdes bioquimicas e a identificagio de proteinas que interagem com a proteina de
interesse, ¢ um aspecto essencial para a elucidagfo do funcionamento e da regulacio da
mesma. Além de identificar as interagdes protéicas, este sistema pode também ser usado
para definir dominios ou residuos de aminoacido que estdo envolvidos ou sdo necessarios
para a interag@o. A base para o sistema de duplo-hibrido em levedura esta na estrutura de
um fator de transcri¢do particular que tem dois dominios fisicamente separados: o dominio
de ligacdo de DNA e o dominio de ativagio da transcrigiio { KEEGAN et al, 1986; MA ¢
PTASHNE, 1987). O dominio da ligagiio de DNA se liga a uma seqiéncia promotora
especifica de um gene reporter enquanto que o dominio de ativagfio atrai os componentes
criticos do complexo de iniciagio da transcri¢fio. No sistema de duplo-hibrido em levedura,
a proteina de interesse ¢ fusionada ao dominio de ligagiio de DNA, enquanto uma biblioteca
de cDNAs - codificando as proteinas potencialmente interativas a serem identificadas — €
fundido ao dominio de ativagiio de transcrigfo (Figura 7). Se ocorrer uma interacfio entre a
proteina de interesse e uma proteina interativa da biblioteca um fator de transcrigio
funcional completo € reconstituido ¢ o "gene repdrter”, que esta sob seu controle, sera
ativado para expressar wm marcador identificdivel, como a enzima B-galactosidase, por
exemplo (MA ¢ PTASCHNE, 1988). Nos clones onde ocorreu esta interagiio, hi a
formagio de um corante azul através da reagfio enzimatica da B-galactosidase. Assim, os

clones que crescerem e se tornarem azuis serdo considerados como clones potenciais que
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possuem o plasmideo da biblioteca de ¢cDNA que codifica uma proteina que interage com
MEF-2. Muitos destes clones serfio escolhidos, seus plasmideos serfio isolados e
transformados em £. coli DHSa. O plasmideo recombinante isolado de %. coli serd entio
seqlienciado.

As seqiiéncias de DNA obtidas identificarfio, por comparacio em bancos de dados,

as provaveis proteinas gue interagem com MEF2.

A)

Reconstituig&o do B
fator de transcrigdo Interagéo

B)

WM

Ativagdo de genes reporter. lacZ, His3

DNA genOmico da levedura

Figura 7. Representagiio esquematica do principio do sistema de duplo hibrido em levedura.
A) Reconstituigéo do fator de transcrigio da levedura B) Ativagéio de genes repérier quando

houver interagdio de proteinas.
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3.23. CONSTRUCAO DA BIBLIOTECA DE ¢DNA DE CORACAO DE RATO POR
RECOMBINACAC EM LEVEDURA

Uma biblioteca de ¢cDNA de coragéio de rato coarctado por 6h foi produzida por
recombinagfio em levedura. Para isso, foi extraido RNA de um "pool” de ventriculo
esquerdo de trés animais coarctados. A partir deste RNA total, cDNA de fita simples foi
sintetizado utilizando os oligonucleotideos Oligo d(T) e Random segundo método ja
descrito. Para a sintese de cDNA da biblioteca, foi wutilizada a tecnologia SMART
(Swirching Mechanism at 5’end of RNA Transcripf) da empresa Cloniech. As diferengas da
sintese de cDNA fita simples para geragio da biblioteca sfio basicamente duas: a primeira é
a utilizagio da enzima Transcriptase Reversa de Virus de Leucemia Murina Moloney
(MMLV-RT). Esta enzima possui atividade de terminal transferase e adiciona algumas
deoxicitidinas a extremidade 3° do ¢cDNA fita simples. A segunda diferenca foi o acréscimo
do oligonucleotideoc SMART III™ a reacfio de sintese. Este oligonucleotideo apresenta uma
seqii€ncia rica em G na sua extremidade 3', pareando com a extremidade rica em C. Assim
o cDNA fita simples sintetizado teve sua sequéncia flanqueada por dois oligonucleotideos
com regides especificas para ancoramento de outros primers ¢ clonagem. Na figura 8, se
encontra demonstrado um esquema do método.

O ¢DNA fita simples foi amplificado por Long Distance PCR com a utilizagfio do kit
Advatage®2 PCR (Clontech) seguindo as intrugBes do kit Matchmaker Library
Construction and Screening. Os oligos utilizados, SPCR primer ¢ 3'PCR primer se
anclaram nas extremidades 5'¢ 3'do c¢DNA fita simples. O ciclo programado no
termociclador foi o seguinte: 95°C por 30 s, mais 20 ciclos de 95°C 10 s e 68°C por 6 min

(+ 5 s por ciclo) e um perfodo de elongacfo de 5 min a 68°C.
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Figura 8. Representacfio esquematica da sintese de ¢cDNA e clopagem da biblioteca no

vetor pGADT 7rec por recombinacdo in vive. (Manual Clontech modificado).
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Terminada a reagdo de amplificacdo, o cDNA dupla fita foi entdio purificado em uma
coluna ChromaSpin TE-400 (Clontech) seguindo instrugbes do fabricante. Este passo é
mmportante para selecionar moléculas de ¢DNA maiores que 200 pares de bases.

O c¢DNA de VE de coracio de rato amplificado ¢ purificado em coluna foi clonado,
por recombinacio in vivo, no vetor pGADT7rec. Para isso, a cepa L40 de Sacharomyces
cerevisae foi co-transformada com os c¢DNAs dupla-fita purificados provenientes do
coragdo de rato mais o vetor de expressdo pGADT7-rec linearizado com a enzima Sma [ A
selegdo dos clones foi nutricional ¢ apos a transformacio, as células de levedura foram
plaqueadas em meio SD-L. As enzimas reparadoras da levedura restabeleceram a forma
circular do plasmideo por recombinacio de seqifncias nas extremidades do ¢DNA com
seqiiéncias homologas localizadas nas extremidades do vetor pGADT7rec linearizado
(Figura 9). O resultado € o vetor de expressdio pGADT7-rec funcional com o dominio de

ativacdo GAL4 fundido, individualmente a cada cDDNA da biblioteca.

pGADTT-Rec Vector {Sma Hinestized)

Figura 9. Representacio esquematica da recombinag¢io das seqiiéncias homélogas do ¢cDNA

dupla-fita com o vetor pGADT7-rec (Clontech).
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3.24. PREPARACAO DE CELULAS COMPETENTES E TRANSFORMACAO DE
LEVEDURAS

Para a producdo das células competentes frescas, 1ml de meio YPD (20 g/l Peptona,
10 g/l extrato de levedura) foi inoculado com algumas coldnias, homogeneizado e diluido
em um volume de 50 mi de meio YPD. Esta cultura foi incubada por toda noite a 30°C e
250 rpm até atingir a fase estacionaria. A cultura foi vertida em um frasco Erlenmeyer
contendo 300 ml de meio YPD novo a 30°C e incubada, com agitacdo, até atingir a fase
logaritmica (OD**= 0,5 £0,1). As células foram entio centrifugadas a 1000g por 5 minutos,
lavadas em TE 1X (10mM Tris-Cl, 1mM EDTA pH 7.5) e centrifugadas novamente a
1000g por 5 minutos 4 temperatura ambiente. As células foram re-suspendidas em 1X
TE/LiAc (0.1M acetato de litio pH 7.5/10mM Tris-Cl, 1mM EDTA pH 7.5) e mantidas a
temperatura ambiente até seu uso.

Para a transformacgdo da biblioteca de ¢DNA em leveduras, foi utilizado o
equivalente a 200 pl em volume dos produtos PCR de ¢cDNA de VE de rato purificado
(DNA-BD - 1sca), 40 pg do vetor pGADT7rec (AD- presa) e 100 ug do DNA carregador
de esperma de salmdo. 600 pl de células competentes frescas foram adicionadas ¢
homogeneizadas com o DNA. A solug3o de transformagio PEG/LiAc (0.1M LiAc pH 7.5;
PEG 3350 50%) também foi adicionada e homogeneizada as células competentes, seguindo
de incubagio a 30°C, a 200 rpm por 30 minutos. As células foram entfio expostas ac choque
térmico por 15 min a 42°C apds a adiciio de DMSO. Depois foram centrifugadas por 5
minutos a2 1000g, e ressuspendidas em 10 ml de solugdo TE (10 mMTris pH 7,5 ¢ 5 mM
EDTA), plaqueadas em meio SD-L (6,7 g/l de base nitrogenada de levedura sem

aminoacidos, 20g/1 de agar bacteriolégico, 2% de glicose, 20 mg/l de hemisuifato de L-
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Adenina, 20 mg/l de monohidrato de L-Histidina, 20 mg/l de LwMetic;nina, 20 mg/l de L-
Triptofano e 20 mg/l de L-Uracil) e incubadas a 30°C por 72h. A partir de 72h, as coldnias
foram contadas em placas onde foram aplicadas diluigdes da transformacgfio original.
Depois, as placas foram resfriadas a 4°C e 5 ml de SD-L liquido + 10% glicerol foi
adicionado a cada placa que teve suas coldnias imediatamente raspadas ¢ homogeneizadas
neste meio. Os metos de todas as placas mantidos a 4°C foram misturados e aliquotados. As

aliquotas foram congeladas a -80°C.

3.25. TRIAGEM DE DUPLO-HIBRIDO

Para a triagem ou “screening” de duplo-hibrido, as leveduras L40 pré-transformadas
com o ¢cDNA do vetor pGADT7rec (Biblioteca de cDNA), mantidas congeladas em meio
SD-L com 10% de glicerol foram novamente transformadas com a construgio
pBTMEF2C(1-169). Para isso, uma aliquota de I ml da biblioteca de ¢DNA foi inoculada
em 50 ml de meio SD-L e incubada a 30°C com agitagBo constante por 16 horas. Apos a
incubacdo, 10 ml dessa aliquota foi inoculada em 300 ml de meio SD-L para a produgdo de
c€lulas competentes da biblioteca, conforme ja foi descrito anteriormente. 50 ug do
plasmideo pBTMEF2(C(1-169) foi adicionado & transformacgdo ¢ as células foram
plaqueadas em 40 placas de SD-L-W-H (6,7 g/1 de base nitrogenada de levedura sem
aminoacidos, 20g/l1 de agar bacteriolégico, 2% de glicose, 20 mg/l de hemisulfato de L-
Adenina, 20 mg/l de L-Metionina e 20 mg/l de L-Uracil) + 10 mM 3-AT (3-Aminotriazol
~ substéncia nibidora da sintese de histidina utilizada para diminuir a incidéncia de coldnias

falsas positivas). Apos 3 a 5 dias de incubagfo a 30°C, as coldnias que apresentaram
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crescimento superior as colonias de "background™ foram isoladas para o teste de P-

galactosidase .

3.26. ENSAIO DE B-GALACTOSIDASE

Apos a selecdo em meio sern histidina, os clones de levedura co-transformados
foram crescidos em placas de meio SD-L-W (6,7 ¢/l de base nitrogenada de levedura sem
aminoacidos, 20g/1 de agar bacteriologico, 2% de glicose, 20 mg/l de hemisulfato de L-
Adenina, 20 mg/l de monohidrato de L-Histidina, 20 mg/! de L-Metionina e 20 mg/l de L-
Uracil) e transferidos para uma membrana de nylon ou papel de filtro whatmann nr.1 por
contato. A membrana foi congelada em nitrogénio liquido para lisar as células. Em seguida,
a membrana foi incubada a 37°C por 90 min, sobre um outro papel de filtro previamente
umedecido com 3 mi de tampdo Z (87 mM Na,HPO;, 47 mM NaH,PO,, 19 mM KCl, 1.38
mM MgS04) contendo 100 ul de solucio de X-gal 20 mg/m! ¢ 16 ul de uma solugdo de B-
mercaptostanol 1 M. Ao término do periodo de incubag@io, a membrana foi seca € o
resultado visualizado. O resultado foi considerado positivo quando houve aparecimento da

cor azul referente as colonias lisadas positivas.

3.27. MINI-PREPARACAO DE DNA DE LEVEDURA

Colénias de levedura gque cresceram em meio SD-L-W-H (6,7 g/l de base
nitrogenada de levedura sem aminoacidos, 20g/1 de agar bacteriologico, 2% de glicose, 20
mg/l de hemisulfato de L-Adenina, 20 mg/l de L-Metionina e 20 mg/ de L-Uracil) e se
apresentaram positivas para teste de B-galactosidase em papel foram inoculadas em meio
SD-L e incubadas a 30°C por 48-72 h com agitagdo constante. 1 ml dessa cultura foi

Muteriais e Métodos
71




centrifugada num tubo eppendorf a 14000 rpm por 1 min numa microcentrifuga. O
precipitado de leveduras foi ressuspendido em 50 ul de meio e adicionado de 50 2 100 U da
enzima liticase para lisar a parede celular. As leveduras foram entfio incubadas a 37°C por
1h sob agitagio constante. Ao térouno da incubagio, 10 pl de uma solugio SDS 20% foi
adicionada ao tubo e as células de levedura foram vortexadas por 1 min. Para ajudar a
romper a parede celular das leveduras, 4 ciclos de congelamento/descongelamento foram
feitos. O volume do lisado celular foi entfio elevado a 200 ul com TE e o DNA foi extraido
com 200 ul de mistura fenol:cloroformio:dlcool 1soamilico {25:24:1) apds intensa agitacio
no vortex e centrifugagio a 14000 rpm por 10 min. Cada sobrenadante foi transferido para
um tubo novo contendo 600 ul de etanol absoluto e 10 ul de solugio 8 M de cloreto de litio.
Para precipitar melhor o DNA, os tubos foram previamente incubados a -80°C por 30 min e
centrifugados a 14000 rpm por 10 min. O sobrenante foi descartado e o precipitado foi

lavado com etanol 70% e seco. O precipitado de DNA foi entdo ressuspendido em 10ul de

agua. 2ul desse DNA ressuspendido foi utilizado para transformar £. coli por eletroporagio.

3.28. CONSTRUCOES DE ¢DNA PARA EXPRESSAO DE PROTEINAS
RECOMBINANTES

O ¢DNA de Ki-1/57 humano foi amplificado em reagio de PCR utilizando os
oligonucleotideos pGEXKiBam (5°- CGCGGATCCATGAAGGGCGCTCTGGGAGTC —
3’) e KiEcoAS (5’-GCGAATTCTCAAGACAGCGCAGGGAAATC-3. O produto de
PCR foi digerido com as enzimas Fco RI e Bam HI e clonado no vetor de expressdo
pGEX2T (Amersham) gerando a construcdo denomindada pGEX2TKi-1/57 (esta

construcio foi cedida pelo Dr. Jorg Kobarg).
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O cDNA mef2¢(1-169) da construgiio pBTMEF2C(1-169) foi digerido com Bam Hi
e subclonado no vetor pGEXSx-2 previamente digerido com Bam HI, defosforilado e
purificado gerando a construcdo denominada pGEXMEF2C{(1-169). Apés a transformacio
da ligagho em E. coli DHSa, os clones positivos foram selecionados por digestio ¢ a

determinagdo da orientacio do ¢DNA na construgiio foi feita por PCR de colonia.

3.29. INDUCAO DA EXPRESSAO DE PROTEINAS RECOMBINANTES
Construgdes de ¢DNA em vetores de expressdo pGEXS5X-2 e pGEX2T foram
transformadas por choque térmico na cepa BL-21 (RIL} Cédon Plus de E. coli. Trés coldnias
positivas de cada construgio foram inoculadas em 50 ml de meio 2YT (16g/1 de extrato de
peptona, 10 g/1 de extrato de levedura, 10 g/1 de NaCl) com 25 ng/ml de cloranfenicol e 50
ng/ml de ampicilina. O pré-indculo foi incubado a 37°C, a 200 rpm durante 4 noite. No dia
seguinte, 40 ml do pré-inéculo foi diluido em 11 de meio de cultura novo e incubado & 37°C,
a 200 rpm de agitacio até a Densidade Optica a 600 nm atingir 0,65 (fase logaritmica). A
indugdio da expressdo foi feita pelo acréscimo de 0,5 a 2 mM de IPTG (IsoPropil tio-B-
galactosideo) a cultura. A expressio de bactérias transformadas com as construgio
pBTMEF2C(1-169) foi induzida por 4 h & 30°C. Ja bactérias transformadas com as
construgbes pGEX2TKi-1/57 ¢ o vetor pGEX5X-2 foram induzidas, com agitacdo

constante, por 4 ha 37°C ap6s a adi¢io de 1| mM IPTG .
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3.30. ANALISE DO EXTRATO BACTERIANO EM GEL DE POLIACRILAMIDA
Amostras do extrato bacteriano induzido ou nfo foram submetidas a eletroforese em
gel de poliacrilaminda a 12%. Ao precipitado bacteriano, equivalente a 1 ml de cultura, foi
adicionado 100 pl de tampio de amostra (0,28 M Tris-HCl pH 6,8, 30 % glicerol, 2,5%
SDS, 100mM ditiotreitol e 0,002% azul de bromofenol). As amostras foram incubadas a
95°C por 5 min, submetidas a 3 pulsos de 15s de somicacio e centrifugadas por 1 min a
12000 x g antes de serem carregadas no gel. A eletroforese foi executada & temperatura
ambiente, 100 V e a uma amperagem maxima de 100 mA em tampdo de eletroforese (25
mM Tris Base, 192 mM Glicina ¢ 1% SDS). Ao término da eletroforese, os géis foram
corados com solucfio corante de proteinas (54% alcool etilico, 13,5% acido acético glacial e
0,27% azul de Coomassie} por aproximadamente 30 min ¢ foram descorados em solugio
descorante (10% élcool etilico e 5% de acido acético glacial) até a visualizacdo satisfatoria

das bandas protéicas.

3.31. PURIFICACAO DAS PROTEINAS RECOMBINANTES

As bacténias foram precipitadas por centrifugaciio a 5000 rpm por 20 minutos a
4°C ¢ o precipitado foi ressuspendido em 10ml de tampdo HNE + inibidores de protease
(25mM HEPES, 150 mM NaCl, 1 mM EDTA, 100 mM Fluoreto de sodio, 10mM
Pirofosfato de sodio, 10 mM Ortovanadato de sodio, 00.1 mg/ml Aprotinina € 2 mM
fenilmetilssulfonil fluorido). A cada 10 ml de suspensio de células em tampio HNE foram
adicionados 500 pl de lisozima (10 mg/ml). Apds incubagio por um periodo de 20 minutos
em gelo, as bactérias foram submetidas a 6 ciclos consecutivos de lise por congelamento
em nitrogénio liquido e descongelamento em banho a 37°C. Apos o dltimo
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descongelamento foram adicionados 10 ul de DNase I (1 mg/ mi) as amostras e estas foram
incubadas por 20 minutos a 37°C. Em seguida, as amostras foram centrifugadas a 14000
rpm (em centrifuga de bancada Eppendorf) por 15 minutos a 4°C para separagio das
fragdes soluveis e insolaveis do lisado.

A purificagio das proteinas recombinantes fundidas a GST foi feita por conjugaciio
das mesmas em pérolas de glutationa-sefarose. Para isso, 2,5 ml de pérolas de sefarose em
HNE + inibidores de proteases foram adicionadas a 10 ml das fragdes soliveis dos lisados
bacterianos contidas em tubos falcon de 15 ml. Os tubos foram incubados por 2h a 4°C sob
agitacdo constante. As pérolas foram entdo centrifugadas e lavadas 3x com 5 ml de HNE +
inibidores de proteases + 1% Triton 100. Uma quarta lavagem foi feita sem Triton. As
perolas foram centrifugadas e o sobrenadante descartado. A cada precipitado de pérolas de
sefarose foi adicionado 2,5 ml de HNE + inibidores de proteases + 50% de glicerol. Cada
suspensdo das perolas de sefarose conjugada com a proteina recombinante foi aliquotada e
congeladaa - 20°C. Uma amostra de cada suspensao foi fervida com tampéo de Laemmli e
aplicada em gel de poliacrilamida para eletroforese de proteinas. Ao término da eletroforese,
os géis foram corados com solugEo corante de proteinas (54% alcool etilico, 13.5% acido
acético glacial € 0,27% azul de Coomassie) por aproximadamente 30 min e foram
descorados em solucdo descorante (10% alcool etilico € 5% de 4cido acético glacial) até a
visualizag@o satisfatoria das bandas protéicas.

Esse gel serviu para quantificar visualmente o contetido de proteina recombinante

presente em cada suspens3o de pérolas de Glutationa-sefarose.
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3.32. ENSAIO DE RETARDAMENTO DA MOBILIDADE ELETROFORETICA
(EMSA OU GEL SHIFT)
3.32.1. Preparacio do extrato nuclear

Os ventriculos esquerdos foram coletados ¢ imediatamente congelados em
nitrogénio liquido. Um “pool” de 3 corages foi utilizado para cada tempo experimental. Os
tecidos congelados foram pulverizados em nitrogénio liguido com ajuda de cadinho e
pistilo € homogeneizados em 10 volumes de tampdo A (250mM sacarose, 10 mM HEPES
pH 7,6, 25 mM KCI, 1 mM EDTA, 10% glicerol, 0,1mM PMSF, 2 ug/ml aprotinina ¢ 10
mM ortovanadato de sodio) utilizando um potter ou Dounce pestle modelo BB065 {Thomas
Scientific, Swedesboro, NJ, EUA). O homogenato foi derramado sobre metade do volume
de tamp3o B (1 M sacarose, 10 mM HEPES pH 7,6, 25 mM KCl, 1 mM EDTA, 10%
glicerol, 0,1mM PMSF, 2 pg/ml aprotinina ¢ 10 mM ortovanadato de s6dio) e centrifugado
a 3900 x g por 10 minutos a 4 °C. O precipitado foi re-suspendido em tampdo A/glicerol
(9:1) e derramado sobre um tergo do volume de tampdo B/glicerol (9:1). O gradiente foi
centrifugado a 48000xg por 30 minumos a 4 °C. O extrato nuclear semi-purificado foi re-
suspendido em 1 volume de tampfo de extrato nuclear (10 mM HEPES pH 7.6, 400 mM
KClL, 2 mM MgCl,, 0,1 mM EDTA, 10% glicerol, 1 mM ditiotreitol, 0,1 mM PMSF, 2
ug/ml aprotinina ¢ 10 mM ortovanadato de s6dio). As proteinas nucleares foram entfio
extraidas em gelo por 30 minutos, e o material particulado foi removido por centrifugagiio a
13000 x g por 10 minutos a 4 °C. O sobrenadante foi dialisado contra o tampdo C (HEPES
25mM, pH 7.6, cloreto de potassio 100mM, EDTA 0,1mM, glicerol 10%, ditiotreitol 1mM,
PMSF 0,1mM, 2 pg/ml aprotinina ¢ ortovanadato de sédio 10mM) por 3 a4 horasa 4 °C. O

extrato nuclear dialisado foi coletado e a concentracio protéica do mesmo foi medida pelo
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meétodo de Bradford (BRADFORD, 1976) com reagentes BIO-RAD segundo o protocolo
do fabricante.

No caso de utilizagdo de proteinas recombinantes nos ensaios de EMSA, estas
foram liberadas dos beads pelo acréscimo de uma solucdo HNE + inibidores + GSH, de
maneira que a concentragio final de Glutationa-sefarose reduzida (GSH) na suspensio
chegasse a 10 mM. Amostras de cada proteina foram quantificadas em gel de poliacrilamida

visualmente contra padrdes de albumina.

3.32.2. Marcaciio da sonda de DNA

Os seguintes oligonucleotideos sintéticos foram desenhados e encomendados numa
escala de 50 nmol: MEF28: 5'-GTGTTGATCGCTCTAAAAATAACCCTGTCG-3"
MEF2AS: 5-GTTGGCGACAGGGTTATTTTTAGAGCGATC -3° (realgada em amarelo
encontra-se a seqiéncia consenso do fator MEF2).

Os oligonucleotideos foram anelados a 94°C com resfriamento gradual. 200 pmol da
sonda de DNA MEF2 foram marcados radioativamente pela reacdo de preenchimento com a
enzima Klenow Polimerase (Promega) ¢ oP**dATP. A sonda marcada foi purificada em
coluna de Sephadex® G-25 (NAP™-5 Pharmacia Biotech) segundo instrugdes do fabricante.
A concentracio da sonda utilizada nos ensaios foi calculada considerando 90% de

rendimento de DNA apés a purificacio.

3.32.3. Reacio de ligacio e eletroforese do complexo DNA/Proteina
A formacdio dos complexos DNA-Proteina foi analisada através da mistura de 20ug
de extrato nuclear ou 1 pg de proteina recombinante GST-MEF2(C(1-169) com a sonda
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MEF2 marcada mais as diferentes proteinas testadas em tampdo de ligagdo (10 mM Tris-Cl
pH 7.5, 50 mM NaCl, ImM EDTA, 1 mM DTT, 2% glicerol, 2% Ficoll , 1ug BSA ¢ lugde
Poli[DI-DC}) & temperatura ambiente por 5 mun. Cada reacio foi adicionada de 10-20 fmol
de sonda marcada radioativamente (5000 -~ 10000 cpm) num volume total de 20 ul e
incubada por 20 min a temperatura ambiente.

Apés o término do tempo de incubagio da proteina com o DNA para a formagdo do
complexo, foram adicionadas as reagdes 5 pl de tampio de amostra (0,25 M Tris-Cl pH 7,5,
40 % glicerol , 0,2% azul de bromofenol, 0,2% Xileno cianol). As amostras foram entfio
submetidas & eletroforese em gel ndo desnaturante de poliacrilamida 5% contendo 5% de
glicerol € 0,25 x TBE (50 mM Trizma base, 42 mM &cido bérico, 0,5 mM EDTA). O gel foi
pré-corrido em tampdo TBE 0,25 x por 30 min a ~20 V.cm™ e a 4°C. A eletroforese foi
realizada a 400 V ¢ a 4°C por aproximadamente 90 min. O gel foi entdo seco a vacuo ¢
exposto a um filme de raio-X por 12248 h 4-70°C.

Nos ensaios de competigdo, 100 x da concentragio molar do DNA competidor, em
relagdo a sonda marcada, foi incubado por 20 min, & temperatura ambiente, com 1 pg de
proteina recombinante. Terminado o tempe de incubagio do DNA competidor com a
proteina, uma concentragio fixa da sonda marcada radioativamente foi adicionada a cada
reagdo de ligagdo. No ensaio de supershift, 1 pg da proteina foi previamente incubada com o
anticorpo anti-MEF2 (Santa Cruz) por 30 min a 4°C ¢ para depois ser adicionada sonda
marcada de DNA. As reagdes foram novamente incubadas por 20 min 3 temperatura
ambiente ¢ adicionadas de 5 ul de tampdo de amostra e carregadas no gel de poliacrilamida

como ja descrito no paragrafo anterior,
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3.33. ENSAIO DE CO-PRECIPITACAO (“PULL DOWN?)

Para a confirmagdo da interagfio encontrada no ensaio de duplo-hibrido, foi utilizado
o ensaio de co-precipitagiio ou “pulldown”. Este ensaio testa a capacidade de proteinas
recombinantes expressas e purificadas se associarem in vitro. O experimento consistiu
basicamente em expressar uma proteina em fusio com GST e fixa-la a pérolas de sefarose
acopladas a Glutationa. A proteina que interage com a proteina fixada nas pérolas foi
incubada em forma de sobrenadante com as pérolas que foram posteriormente lavadas. As
proteinas ainda ligadas nas pérolas foram entfio eluidas e submetidas a eletroforese em gel
de poliacrilamida (SDS-PAGE). Posteriormente, um Western blot foi feito para a detegio
das proteinas ligadas, utilizando anticorpos especificos para cada proteina (Figura 10).

Assim, as proteinas recombinantes GST, GST-MEF2C(1-169) foram conjugadas em
perolas de Glutationa-sefarose e 6xHis-Ki-1/57 foi purificada em coluna de niquel (proteina
cedida por Dr. Jorg Kobarg). Todas as proteinas foram quantificadas em gel de

poliacrilamida visualmente apds as bandas serem coradas com azul de Coomassie.

3.34. ISOLAMENTO DE CARDIOMIOCITOS DE RATOS ADULTOS

Foram utilizados ratos adultos entre 160-180g. Estes animais foram anestesiados com
pentobarbital e a cavidade toraxica aberta. O coragdio foi excisado o mais répido possivel ¢ a
aorta canulada em sistema de perfusio de Langendorf, estabelecendo, portante, perfusio
retrograda com tampéio Hanseleit modificado, por aproximadamente 5 minutos (10 mM
HEPES, 118 mM NaCl, 5 mM KCI, 1,2 mM MgS0,.7H,0, 25 mM NaHCO;, 1.2 mM
KH;PO4, 6 mM glicose, 1 ml heparina, 1 ml xilocaina, pH 7.4). Apés este periodo, foi
adicionado 4 mM EGTA ao tampo Henseleit por um periodo de 15 minutos. Iniciou-se

entdo a perfusdio com tampio de digestio (tampao Henseleit, 0,1% BSA e 300ug/ml de
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as pérolas
Esse ciclo de
lavagem é
repetido 2X
Pt <
m———
Lavar as pérolas:

l.aspirar ¢ sobrenadante

2. Resuspender o “pellet”
em PBS

(3 repetir centrifugagio acima)

—

Aspirar todo sobrenadante i
e dissolver as pérolas em tamp3c de Laemmbi Gel de Poliacrilamida

corado com Coomassie

Figura 10. Representagfio esquematica do ensaio de co-precipitagiio
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colagenase tipo 1A —Sigma) por 30 minutos. Completada a perfusiio, os atrios foram
retirados e os veniriculos colocados em placa de Petri com tampao Henseleit adicionado de
BSA 0.1% e cortados em pedagos pequenos. A suspensfio celular foi filtrada em gaze e o
calcio reposto na solugdo em concentragio final de 1,2 mM. Todo o processo foi realizado
em condigbes estereis e o tampdo sob constante oxigenagio.

A suspensdo celular foi centrifugada, colocada em meio de cultura DMEM e os
cardiomiocitos foram deixados aderir por 30 minutos sobre laminulas de vidro tratadas
previamente com Poli-L-lisina. A viabilidade das células foi avaliada com azul de Tripan e

células arredondas nfo foram consideradas viaveis.

3.35. IMUNOHISTOQUIMICA COM MICROSCOPIA CONFOCAL A LASER

Os cardiomidcitos de ratos adultos foram entdo fixados com paraformaldeido 4% ¢
sacarose 4% em 0,1 M PBS, pH 7,4 por 15 minutos em temperatura ambiente. As células
fixadas foram pré-incubadas em tampéio de blogueio de ligagSes inespecificas com leite
desnatado 1% em 0,1 M PBS pH 74, durante 1 hora. Seguido por incubacfo com
anticorpos primarios {1:75 em 0,1 M PBS) anti-MEF2 ¢ anti-Ki-1/57 durante a noite a 4°C.
O material foi lavado com 0,1 M PBS ¢ incubado com anticorpos secundarios, anti-rabbit
488® Alexa (verde) e anti-mouse 568® Alexa (vermelho) 1:250 em 0,1 M PBS. Apds
nova lavagem, as ldminas foram montadas utilizando-se Vectashield e acondicionadas a 4°
C, no escuro. As ldminas foram entio analisadas microscopicamente. Os sinais positivos
foram visualizados por mucroscopia confocal a Jaser (Zeiss LM510). Na auséneia de
anticorpos primarios, o uso de anticorpos secundarios {controle negativo) nfo produziu

marcacio significativa.
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3.36. FRACIONAMENTO SUBCELULAR

O fracionamento subcelular seguiu a metodologia descrita por MIZUKAMI et al,
(1997) com pequenas modificagdes. Os coragdes congelados foram pulverizados em
cadinho e homogenizados em 2 volumes de tampdo STE (0.32 M sucrose, 16 mM Tris-
HCI, pH 7.4, 1 mM EGTA, 2 mM EDTA, 5 mM NaN3, 10 mM B-mercaptoethanol, 0,2
mM PMSF, 50 mM NaF, 1 mM sodium orthovanadate} com auxilio de um homogenizador
Polytron . Os homogenatos foram entio misturados com mais 2 volumes de tampéio STE e
centrifugados a 1000 x g por 10 min a 4°C. O precipitado foi lavado uma vez com tampio
STE (fragdo nuclear), enquanto que o sobrenadante foi centrifugado por 100.000 x g por 60
min a 4°C para obtencdo da fragio citosdlica O precipitado resultante desta Gltima
centrifugacdo continba a fragio de membrana.

A fragio nuclear foi solubilizada em tamp#o com Triton (1% Triton X-100, 150
mM NaCl, 10 mM Tris-HCL, pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.2 mM ortovanadato de
sodio, 0.2 mM PMSF, 50 mM NaF) por 30 min a 4°C com agitaco e centrifugada a 15.000
x g por 30 a 4°C ¢ o sobrenadante {extrato nuclear) foi aliquotado e armazenado a -80°C.

Todas as fragdes tiveram seu conteiido protéico quantificado posteriormente.
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4. RESULTADOS




4.1. AUMENTO DE PRESSAO CAUSADO PELA CONSTRICCAO DA AORTA.

Apds a constricdo da aorta ascendente, por meio da colocagfio de um clamp de prata,
0§ animais tiveram suas pressdes arteriais monitoradas por meio de catéteres inseridos nas
arterias cardtida ¢ femoral direitas. Dados continuos da onda de pulso da pressdo arterial
foram coletados ¢ analisados com o programa Windag. Uma vez registradas as pressoes
arteriais, os animais foram sacrificados em diversos tempos pés-coarctagio da aorta (1 a 6
horas) com injegdo de solugdo de KCl 1M, via canula introduzida na veia jugular. Animais
controles, sem a coarctagio da aorta, foram anestesiados, monitorados e sacrificados tal
como os animais submetidos 4 cirurgia. O gradiente de pressio sistolica entre o ventriculo
esquerdo e a aorta abdominal foi calculado dos valores médios de pressdo sistolica do
ventriculo esquerdo e da aorta abdominal de cada rato (Figura 11).

Como animais controles proprios ao estudo, foram considerados aqueles cujas
pressdes arteriais sistolica e diastolica apresentavam valores proximos a 130 e 90 mmHg,
respectivamente. Animais submetidos a coarctagio da asorta considerados adequados ao
estudo apresentavam uma pressio sistélica na aorta ascendente superior 2 160mmHg e um

gradiente sistdlico de, no minimo, 40mmHg.

4.2. ANALISE DA EXPRESSAO DA PROTEINA MEF2 POR WESTERN BLOT EM
VENTRICULO ESQUERDO DE RATOS SUBMETIDOS A CONSTRICCAO DA
AORTA.

Extratos totais obtidos de animais controles ¢ animais submetidos a coarctagio da
aorta por periodos entte 1 ¢ 6 horas foram submetidos & eletroforese em gel de

poliacrilamida e transferidos para membranas de nitrocelulose. As membranas foram entdo
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incubadas com anticorpo policlonal anti-MEF2 (Santa Cruz) que reconhece a porciio C-
terminal de MEF2A_ No entanto, ja foi relatado pelo fabricante que este anticorpo apresenta
reacdo cruzada com MEF2C e MEF2D. O resultado da figura 12 demonstrou que nio houve
um aumento da expressio das proteinas da familia MEF2 no periodo de 1 e 6 h horas de

estimulo mecanico no miocardio, em relacio ao controle ndo estimulado.

n=3 n=3
PFS
—I1PCS

50

Pressao sistolica
(mmHg)
>
<

CT 1h 3h 6h

Tempo de CoAo
(horas)

Figura 11. Pressdo arterial sistolica de ratos (n=12) controle (C) € submetidos a coarctacio

da aorta (1-6h). PCS: Pressdo da Carétida Sistolica , PFS: Pressiio da Femoral Sistolica.
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Figura 12. Anélise da expressdo de MEF2 por Western blot ap6s a coarcataciio da aorta de

ratos. C: Controle, 1-6h: tempo de coarctagio da aorta.

4.3. AS ISOFORMAS A, C e D de MEF2Z MANTEM SUA EXPRESSAQ
INALTERADA NAS PRIMEIRAS HORAS DE SOBRECARGA MECANICA NO
CORACAQO DE RATOS ADULTOS

A expressio de MEF2 nos extratos protéicos de coragfio de rato nio apresentou
diferenca entre animais controle e coarctado. Assim, decidimos avaliar a expressio de cada
gene da familia mef2 isoladamente. Para isso, foi utilizada a técnica de RT-PCR a partir de
RNA extraido de coragiio de ratos controle e coarctados.

Os resultados demonstram que n3c houve aumento na expressio de MEF2A,
MEF2C e MEF2D com tempos de até 4h de coarctagiio da aorta (Figura 13). No entanto,
apos 24h, notamos um decréscimo na expressdo de MEF2A e um aumento na expressiio de
MEF2D. A expressio de MEF2C se manteve praticamente inalterada durante o tempo do
experimento. Nio obtivemos expressio de MEF2B em animais controle, nem coarctados

por diferentes intervalos de tempo.
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MEF2A

B 1314 pb

MEF2C

~C 1h  4h 24h
MEF2D B8

492 pb
C 1h 4h  24h

B-ACTINA 377 pb

Figura 13. Expressfo génica dos fatores MEF2 apés diferentes intervalos de tempo de

coarctagio da aorta em ratos adultos por RT-PCR.
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44. O FATOR DE TRANSCRICAO MEF2 £ ATIVADO POR SOBRECARGA
MECANICA

Experimentos de EMSA (Eletrophoretic Mobility Shift Assay) foram realizados com
extratos nucleares de coragfio de animais submetidos & coarctacio da aorta por diferentes
tempos para determinar s¢ somente a sobrecarga mecnica seria um estimulo suficiente
para ativaciio do fator de trancricBo MEF2. Para isso, uiilizamos como sonda um
oligonucleotideo de DNA de dupla-fita contendo a segiiéncia consense de MEF2:
GATCGCTCTAAAAATAACCCTGTCG marcado radioativamente.

Os resultados da figura 14 demonstram que extratos nucleares de coragio que
sofreram coarctagio a partir de 10 min ja apresentaram um aumento da ligacdo entre a
proteina MEF2 com sua seqiiéncia consenso de DNA em relagio ao controle. A formacgio
do complexo DNA/proteina ficou ainda mais pronunciada com extratos de coragio
submetidos a wma hora ou mais de coarctaciio. Ensaios de supershift ¢ competigio
comprovaram a identidade de uma proteina da familia MEF2, no entanto, nfio foi possivel
identificar qual das proteinas da Tamilia se trata, pois a regifio de DNA consenso utilizada ¢
reconhecida pelas quatro proteinas ¢ o anticorpo utilizado para MEF2A pode reagir

inespecificamente com todas as isoformas de MEF2.

4.5. ESCOLHA DO FATOR MEF2 E DAS REGIOES PARA A CONSTRUCAO DOS
MUTANTES DE DELECAQ

Atualmente, dos quatro genes mef2 (A, B, C e D} conhecidos em vertebrados,
somente a seqiiSncia do gene mef2d foi caracterizada em ratos.

O fator MEF2C, em contraste com os outros membros da familia, cuja expressio €

generalizada, fem sua expressfo restrita a misculo esquelético, coragio, bago ¢ cérebro em
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Figura 14. MEF2 € ativado por sobrecarga mecénica.

EMSA de extratos nucleares de ventricuic esquerdo de ratos submetidos a diferentes
tempos de coarctagio da aorta. Para comprovar a especificidade da ligacio, anticorpo
anti-MEF2 foi incubado junto aos extratos nucleares levando ao aparecimento do
supershift. Testes de competiciio inespecifica (oligonucleotideo de DNA frio ndo
relacionado com MEF2) e especifica {oligonucleotideo de DNA mef2 frio) também

comprovam a especificidade da formagdo dos complexos DNA/proteina.
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camundongo adulto (MARTIN et al, 1993). Experimentos de delegfio génica de MEF2C em
camundongo, causaram alteragiio da expressfo génica cardiaca e morte dos animais, por mé
formagdo do tubo cardiaco, no oitavo dia do periodo embriondrio (LIN et al, 1997).
Baseados pa sua importincia para a formacio ¢ desenvolvimento do coragfo, além
do seu padrio de expressio ¢ da abundineia de seus transcritos no miocardio de rato adulto,
o fator MEF2C foi escolhido para ser clonado e usado como “isca” nos experimentos de
duplo-hibride em Ievedura. Essa “isca” de MEF2C nlo deve apresentar atividade
transcricional per se, assim, uma série de dele¢des N- ¢ C-terminal fundidas ao dominio de
ligagio LexA foram feitas, na tentativa de mapear o dominio de ativagio iranscricional
dessa proteina (Figura 15). As delecbes de MEF2C foram baseadas no trabalho de
SPARROW et al, (1999), que mapeou os dominios de ativagio de MEF2A e MEF2D de
Xenopus para utilizagio dos mutantes de deleciio no sisiema de duplo-hibrido. Essa medida
fol necessaria, para encontrar um fragmento de cDNA do fator de transcricio MEF2C que
ndo transativasse o sistema de duplo-hibrido inespecificamente, pois a regifo C-terminal de

MEF2C apresenta ¢ dominio transativador.

4.6. ISOLAMENTO E CLONAGEM DO ¢DNA DE MEFZC DE RATO

Inicialmente, a seqiéneia de MEF2C de rato ainda nfio estava disponivel nos bancos
de dados. Assim, os produtos de PCR contendo o ¢DNA de Mef2C foram amplificados por
RT-PCR a partir do RNA obtido do ventriculo esquerdo de ratos confrole. Os
oligonucleotideos foram desenhados com base no alinhamente da figura 16, no qual foram
uttlizadas seqii®ncias das proteinas MEF2 de humano, camundongo e rato.

Para as construgdes de cDNA de Mef2C no vetor de expressio pBTM116,

oligonucleotideos sintéticos foram desenhados para adicionar o sitio de restrigio Bam HI

Resulrados
97




1 357 86 432

Figura 15. Representaciio esqueméatica dos dominios da proteina MEF2C e dos mutantes de
delegio MEF2C.

A figura mostra a presenca do dominio Lex A (N-terminal) que foi adicionado as proteinas
truncadas pelo vetor de expressio pBTM116 para posterior triagem de sistema de dois-
hibridos em levedura. As construgdes referentes aos mutantes de delegfio de cima para
baixo foram denominadas: pPBTMEF2C(1-432), pBTMEF2C(1-357), pBTMEF2C(1-169),

pBTMEF2C(107-229) e pBTMEF2C(107-357).

Resultados
92



i
l’
1

nas extremidades dos produtos de PCR obtidos. Diferentes tamanhos do cDNA Mef2¢
foram amplificados de acordo com a representacio esquemdtica da figura 15. Os produtos
de PCR obtidos foram identificados como ¢cDNA mef2c¢ por sequenciamento antes de serem
clonados. Estes produtos abrangeram as seqiiéncias codificadoras dos aminoacidos 1-169, 1-
357, 1-432, 107-229 e 107-357.

Os produtos de PCR foram puficados e digeridos com a enzima de restrigio Bam HI
¢ quantificados. Os fragmentos de cDNA de Mef2¢ foram entdo ligados no vetor pBTM116
previamente digerido com Bam HI gerando construgdes denominadas pBTMEF2C(1-169),
pBTMEF2C(1-357), pBTMEF2C(1-432), pBTMEF2C(107-229) ¢ pBTMEF2C(107-357).

Essas construgOes foram transformadas em E, coli.

MEFZA (hum) HGREETEMDRIERVTTEREGMEKAY SVCDCANSSEEYASTIMDEVEY TYNHSRTHSDVANE
MEFZA (cam) MGREEKTRMDRNRVITRKREGMRKAYSYCDCANSSHEVASTDMDEVEYTYNHSRTHSDVTER
MEFZB (hum} #MGREKSR-DRERVTTEREGMEKAY SVCDCANSANRYASTDMDRVEYTYSHSRTHTD-TER
MEFZB {cam}] #GREESE-DRNRVT TEREGHEXAYSYCDCDANSARYASSDMDRVRYTYSHSRTRAD-TER
MEFZC (hum) MGREKTRMDRNRYTI TEREGMERAYSYCDCANSTREYASTDMDEVEY TYNESRTINSDYTRE
MEF2C (cam) MGREEKTRMDRHRVITEREGHMKKAY SVCDCANSTHEYASTDMDEVEYTYNESRTHSIVTIRE
MEF2D (hum) MGREKST-DRNRVITKREGMEKAY SVCDCANESKEEYASTDMDEVEY TYNESETHAD-TRE
MEF2D (cam) MGREXET-DRMRVITEREGHKKAYSVCDCARESHEY AS TDMDKYEY TVHESRTHADARNN
MEFZ2D (rat) MGREXRT-DRHRVITKREGHMEKAYSYCDCANESREYASTDMDKVEYTYHESRTHAD-TRYE

MEFZA (hum) KERGCDSDDTSYVIHTKYRENDNMMRNHKAGHSHMS——VTVVTSHASYTRCSSVSSARSS

MEF2A (cam) EKGHGCHDADDYHSSDRENDSDRRG-—— - GHSMS -~ VIVVISHSD-THREESVSERASS
MEFZ2B (hum) RGGDGDGGERRAGEGETA-———- RRYAARMSDVVYCGACCDSCCRASRSRARKAGEVHSEHT

MEF2B (cam) CVEDGDMGGEERTGGDRGEASRRYVARMSYSSYRYATGC DGGEVSVHSRAYRGGHSSEA
MEF2C (hum) KGHGCDSDDADDSVEHSSDEYRENDDMSRRCAVEMYVSVSSHESVYSHYSSCHIANSRIESH
MEF2C (cam) EGNGCDSDDADDSVGHSSDRYREKNDDMSRRCAYSHMYTVSSHNSVYSHVSTEHNRESRNSH

MEF2D (hum) ESHGCDSDGDw -~ SEDEYRRASDCRRYGSTVANAMVTVVIHIS——SHEGEVISYTISS
MEF2D (cam) DRCSVDART-————- TRYREDDKMMSYRA -~ SSVAHARMYTVVSHSSH~SNSS3VTSYTSS
MEF2D {rat) EKGHGCDSDGD———m——m SSDKYRRASDCRRYGSSVANAMYTVVSHSSH-SHS35VTSVTSS

MEFZA (hum} TTDSSMSTTHRENVSGARSTGHAGGMSTTDTVHGAGSSYGNGVHSHASNGATGANSGEYET
MEF2A (cam} TAT-SHSATHRNVSGARSTGSASGMSTTDTVHEGAGHSVGHGVESRASHGNTGANSGRVET
MEF2B (hum} SETYTCRESDGGAG-RGGHTSESYSGNCSTATGESGCVGAAYARRYAARBSASSSASRER
MEF2B (cam} SETYATDGRREDGVGARGHGTSESYSGSGAGAGSASGSTDCSEDARAGSHTRD AR5
MEF2C {(hum} SGVTHRSAGNTGOMGEDTSGAGTIACHCYCHRESEY
MEF2C {cam} SCSVTERSAGHTECGMGGDTSEAGTSAGNGYGERNSEVSGHEEN
MEF2D {(hum} TORSARNSVSGRASAGRMGEDNSANGAUSYVEHGYVSA
MEFZ2D {(cam) TDESARNSYSCRASAGAMCGDHIARGACSVGHGYVSARS
MEF2D (rat] TORSARNSVSGRASAGAMGRDHSANGAUNVGNGYVIARE
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MEF2A (hum) KSGGGHGMESREDRVVSSRGMMSNTRSSSATA——————m TYVSVTTSGVY SAMTAYNTD

MEFZ2A {cam) KoGGHEEGMESERDRVASSKGMMSARSSSATE———————— TYVSVTTSEVYSAMTAYNTD
MEF2B (hum) ATRSCSSGHSCGGCAGCHTAGGRRSGETSRSGTARARGOTSASSKT ~m e
MEF2B (cam) CKGSRGGSTVSKSRSVTGTSGDRSYARARSASHRTDSH R mmmmmrm e
MEFZ2C {hum} ~-——- HOMEKRKDRYGSKNTHMEVHREESRASA———————— TVYSYATTGOMEEYSASTTY
MEF2C {cam) -~ HEMENREDRVGSKNTHSVHRNES SASA~ e TYVSVATTGGHMGGYSASTTY
MEF2D (hum) ————————m SREDRVTSAGKGMHHT DHDNRARGYSSTHSTTVYSVATSSCSS-MTAYHTD
MEF2D {cam) ~——---———~ SRKDRVTSGGKCMHH -~~~ HNARGYSSTHSTTVVSVATS SCSS-MTAYNTD
MEF2D (rat) —~w—-————— SRKDRVTSGGEGMHH-~ -~ NHARGVSSTHSTTVVSVATSSCSS-MTAYNTD
MEF2A (hum) Y-STSADSAGNSGMSCVSAWHHGAASSVAGG——————— SGINSHTHNSKSSRDBMTSG—
MEF2A (cam) Y-STSADSAGTSGMSGASAWRHGTTSSVAGG-——-——m SCSNSHTHNNKSSRDRMTSGHE
MEFZB (hUM) oo e e
MEF2B {CAM) o mrom oo e o e ——

MEF2C (hum) GTYSSSADSSSGNTASRHGSYIGHEENESASCGACTSTESSSHSSTSKESVSRDRTTTSRY
MEF2ZC (cam) GTYSSSADSSSGNTASAHGSVTGHHENMSASSACTETHSSSNSSTSSESYSRORTTTSEY
MEFZ2D (hum) ¥YT3ASSASSGGSGNVIANSHYVSSHGSHYGAATVTTHHSESVSSRRSABVARRGDGSIAS
MEF2D (cam) ¥Y-SASSASSAGAGHVITAWSHVVSSHCGSHVGARTYTTHHSKSVESSRRSAR LS Rt
MEF2D (rat) Y-SASSASSACAGHVTANSHVVSSHOSHVGAATVITHESKSYVSSRRSALVARRG-GCSEAG

MEF2A (hum) -—--RM-GRSVDSSSSSSSYDGSDRDRGDHSYGR-NTIRSSVKRMRMDRWVT
MEF2A (cam) HEHRM-GRSVDSSSSSSSYDGSDRDRGDHSVERANTORSSVERMRMOTHVT
MEEZB () v o o e e e e e e e e e e e
MEFZB  (CaM) o o o e e e e

MEF2C (hum) HE-RHRGRSVDSSSCSSSYDGSDRDHRMHESGTRS-—DRSSVERMRSOHAT -
MOUZC {cam) HITRIARGRSVDSSSCSSSYDGSDRDEBRNHSGTRS-—DRSSVERMRSCHAT~

MEFZD (hum) GSYTGDRDDGRGDGTGRAAGSAVERMEBDTHTE w o mm m o e oo o
MEFZD (cam}] GSYTGDRDDGRGEDCTCGRARGSAVERMRDTH T~ ~———mmmm e oo
MEF2D {rat) GSYTCDRDDGREDGTCRARGSAVERMRITHETE —— o oo oo o m i

Figura 16. Alinhamento das seqliéncias de proteina da familia MEF2 (A, B, Ce D).

As abreviaturas significam o seguinte: (hum): humano, (cam): camundongo, (rat): rato. Os
numeros de acesso das seqiiéncias MEF2 (no banco de dados do NCBI) sfio os seguintes:
MEFZA (hum) XM 007627, MEF2A (cam) NM 013597, MEF2B (hum) NM005919,
MEF2B (cam) 008576, MEF2C (hum) XM011316, MEF2C (cam) NM025282 , MEF2D
(hum) XMO001363, MEF2D (rat) NM030860. MEF2D (cam) T02505 (no banco de

dados TRANSFAC).
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Os clones transformados com as construgdes de Mef2C em pRTMI116 foram
submetidos a0 PCR de coldnia para selecionar as construgdes com o ¢DNA de Mef2 na
orientagdo correta, j4 que a utilizagio de uma Gnica enzima de restrigio poderia gerar
construcdes com a orientagdo do cDNA incorreta. O vetor pBTM116 adiciona o dominio
Lex A (dominio de ligagdo ao DNA ou Binding Domain) 3 proteina de fusio e o ¢DNA
Mef2¢ deve ser clonado "in frame" com esse dominio na regifio N-terminal. Apés a analise
de clones por PCR de colénia, foi obtido, no minimo, um clone para cada construgio de
Meif2¢ em pBTM116 na orientacio correta.

O isolamento relativamente facil do cDNA de Mef2c por RT-PCR e néio dos outros
membros da familia Mef2, pode ser tomado como um indicativo da abundincia relativa de

MEF2C no miocardio de ratos aduoltos.

4.7. SEQUENCIAMENTO E ANALISE PAS CONSTRUCOES DE MEF2C
As comstrugbes pBTMEF2C(1-169), pBTMEF2C(1-357), pBTMEF2C(1-432),
pBTMEF2C(107-229) ¢ pBTMEF2C(107-357) foram seqiienciadas ¢ analisadas com o

programa BLAST (http://www.ncbintm nih.gov/BLAST/). As seqiéncias também foram

analisadas pelo programa CLUSTAL W (http://npsa-pbil.ibcp.fr) demonstrando a alta
similaridade apresentada entre as seqiiéncias da proteina MEF2C de rato, camundongo ¢

‘humano,
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4.8. ENSAIO DE DUPLO-HIBRIDO EM LEVEDURA
4.8.1. ESCOLHA DO MUTANTE DE DELECAO MEF2C PARA “ISCA” DO
DUPLO-HIBRIDO EM LEVEDURA E ANALISE DE AUTO-TRANSATIVACAO

As construgdes pBTMEF2C(1-169), pBTMEF2C(1-357), pBTMEF2((1-432),
pBTMEF2C(107-229) e pBTMEF2C(107-357) foram co-transformadas com o vetor
pGADT7-rec vazio na cepa L40 da levedwra Saccharomyces cerevisiae. A finalidade dessa
co-transformac@o foi verificar se os mutantes de deleciio de Mef2c ativariam o sistema de
forma inespecifica, podendo dar origem a resultados falsos positivos, ou seja, o dominio de
transativagdo de MEF2C poderia ativar o sistema dando a impressdo de ocorrer interacdes
onde nenhuma interagio verdadeira ocorreria.

Dois promotores foram testados independentemente: do gene reporter his3 que
promove o crescimento da cepa na auséncia de histidina no meio e do gene reporter lacZ
que promove a producio da B-galactosidase. Assim, o resultado negativo para imteragio
entre as proteinas truncadas de MEF2C e o dominic GAL4 foi detectado pela anséncia de
crescimento em meio sem histidina ¢ pela auséncia de um pigmento azul nas coldnias
positivas pela quebra do substrato X-gal.

O promotor do gene repoter Ais3 foi autoativado nos mutantes de Mef2c das
construgdes pBTMEF2C(1-357), e pBTMEF2C(1-432).

No ensaio do promotor do gene reporter lacZ , houve auto-transativagio por trés dos
cinco mutantes de delecio testados, pBTMEF2C(1-357), pBTMEF2C(1-432) e
pBTMEF2C(107-357) guando co-transformados com o vetor vazio pGADT7-rec, ndo
podendo ser utilizados como "isca” na triagem do sistema de duplo-hibrido em levedura

(Figura 17). A presenga de auto-transativagio do gene repérter pode significar que a
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pBTMER2C(1(

pBTH

Figura 17. Teste de B-galactosidase em papel dos mutantes de delegio.

Construgdes pBTMEF2C(1-357), pBTMEF2C(1-432) e pBTMEF2C(107-357) auto
transativam o promotor do gene repérter lacZ quando co-transformados com o vetor
vazio pGADT7-rec em levedura. C+: Controle positivo pBTM116FAKNX +

PVP16FYNSH2 (POLTE e HANKS; 1995).
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proteina de fusfip LexA-MEF2C autoativou ¢ sistema, pois sendo um fator de franscrigio,
também possui um dominio de ativaglio C-terminal. Outra possibilidade, ¢ que IexA-
MEF2C interagiu com o domifnio de ativagiio GAL4 do vetor vazio da biblioteca. Comio
controles positivos, foram wtilizadas leveduras co-transformadas com as construgdes
pBTMI16FAKNX + pVPI6FYNSHZ  (gentilmente cedidas pelo Dr. Steve Hanks,
Nashville, USA, cuja interagiio estd bem definida e documentada em POLTE & HANKS,

1995).

4.8.2. CONSTRUCAO DA BIBLIOTECA DE cDNA

Sabendo que o fator MEF2 ¢ ativade e permanece ativade por um intervalo de
tempo durante a coarctagio da aorta em ratos, nossa hipdtese foi que a utilizagfio de uma
‘biblioteca de coraglio coarctado aumentaria a chance de enconirarmos proteinas cuja
expressdo fosse induzida por estimulo mecénico € que interagissem com MEF2C. Como
essa biblioteca nfio se encontrava disponivel comercialmente, uma biblioteca de cDNA de
coragio de rato coarctado foi construida com auxilic do kit Marchmaker Library

Construction & Screening da Clontech .

A biblioteca foi construida a partir de 2 pg de RNA total extraido de coragfio de rato
coarctado por 6h. Seguindo o protocolo do kit, a partir deste RNA, fitas simples de ¢DNA
foram sintetizadas por reagfio de transcricio reversa com wma mistura de oligonucieotideos
PolidT, Random ¢ SMART.

Os oligonucleotideos do kit denominades 5'PCR ¢ 3'PCR foram aneclados nas
extremidades 5'e 3" do ¢DNA fita simples e o ¢DNA foi amplificado por PCR,

transformando as fitas simples em duplas. Terminada a reagio de amplificagdo, o ¢cDNA
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dupla fita da biblioteca foi purificado em coluna para selecionar moléculas de <¢DNA
maiores que 200 pares de bases.

O ¢DNA de coragfio de rato da biblioteca amplificado e purificado em coluna foi
transformado, juntamente com o vetor pGADT7-rec linearizado na cepa 140 de
Sacharomyces cerevisae para ocorrer a recombinagdio do cDNA ne vetor in vivo. A selegio
dos clones foi nutricional e apés a transformagfio, as células de levedura foram plagueadas
em meio SD-L ¢ incubadas por 3 a 5 dias. O niinero estimado de unidades formadoras de

coldnia obtidas foi de 5,5 x 10° .

4.8.3. TRIAGEM DA BIBLIOTECA DE ¢cDNA

A biblioteca de cDNA de coragio de rato coarctado constrofda por recombinacio
foi. re-transformada com a construgfo pBTMEF2C(1-169) para dar inicio aos ensaios de
interag8o ou triagem de duplo-hibrido. Apés a transformag#io, as células foram plagueadas
em meio SD-L-W-H + 10mM 3-AT. 100.000 clenes recombinantes foram festados, sendo
que 130 (Figura 18 A) cresceram no meio seletive ¢ destes 130, apenas 90 clones
apresentaram resultado positivo para o teste de B-galactosidase (Figura 18 B). Os 90 clones
foram isolades ¢ incubados em meio liquide SD-L. por 3 dias para perderem o plasmideo
isca pBTMEF2C(1-169) facilitando assim o iselamento do plasmideo pGADT 7rec(cDNA).

O mesmo screening foi feito com a construgio pBTMEF2C(107-229) , onde apenas
38 clones cresceram em meio seletivo e nenhum deles apresentou resultado positivo para o

teste de B-galactosidase.
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Figura 18. Triagem de duplo-hibrido em levedura.
Clones da biblioteca de coracéio de rato em levedura co-transformados com pBTMEF2C(1-
169) como “isca” A) Crescimento em meio SD-L-W-H + 10 mM 3AT B) Testede f-

galactosidase em papel
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4.8.4. SEQUENCIAMENTO E ANALISE PO eDNA

Os clones de levedura contendo vetores pGADT7-rec(cDNA) que apresentaram
mteragdo na triagem da biblioteca tiveram seus vetores isolados, isto €, o DNA do
plasmideo fo1 extraido ¢ re-transformado em E.coli DH3ex. Este passo ¢ necessario porque
tanto a qualidade quanto a quantidade do DNA extraido das leveduras é muito baixo. Apbs
nova extracio de DNA das bactérias, este foi digerido com a enzima de restricio Hind 111
(figura 19) para pré-selecionar as amostras de seqiienciamento, j4 que é comum encontrar
diversos clones com a mesma proteina. As amostras escolhidas foram purificadas e
seqiienciadas. A seqiiéncia de cDNA, foi inicialmente traduzida em ORFs ("Open Reading
Frames"} e a segiiéncia de aminodcidos resultante foi analisada no programa BLAST do

NCBI (www.ncbi.nlm.nih.cov/BLAST).

A tabela 11 demonstra os resultados encontrados. Desses, duas proteinas foram
escolhidas para estudos de interagdo: a regifio C-terminal da Miosina de cadeia pesada e a
proteina regulatéria Ki-1/57.

Inicialmente, o aparecimento do ¢cDNA de miosina foi interpretado como artefato, ja
que a quantidade relativa de miosina na biblioteca de cDNA de coraciio de rato deva ser
alta. No entante, a repeti¢io do resultado e o fato de somente 2 regifio C-terminal da miosina
de cadeia pesada aparecer em quatro clones seqiienciados, aliado 2 especulacio na literatura
sobre a transdugio de sinais de proteinas do citoesqueleto, nos levou a considerar a
interagdo MEF2-Miosina como um fendmeno bioldgico a ser explorado.

Além da miosina, obtivemos quatro segiiéncias de uma proteina que apresentou

mais de 90% de identidade com a regidic N-terminal de uma proteina denominada Ki-1/57
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Figura 19. Digestio de DNA de clones isolados da biblioteca em pGADT7-rec(cDNA) que
interagiram com MEF2C na triagem de duplo-hibrido em levedura e apresentaram

resultado positivo no teste de B-galactosidase. A enzima utilizada foi Hind I11.
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que apresenta 413 aminoacidos. Até o momento, ndo foram déterminados os dominios.
dessa os dominios dessa proteina, nem sua fungBo. No entanto, podemos supor que a
interag3o regueira a extremidade N-terminal de Ki-1/57, pois as quatro seqhéncias
encontradas possuem: essa regifio (Figura 20). Além da regifio- C-terminal da miosina de
cadeia pesada e da proteina Ki-1/57, também foram encontradas outras segiéncias de
proteinas que interagem com- MEF2C(1-169) (Tabela H). ©O componente T35 do
proteassoma aparecen uma tnica vez. A subunidade RC10 do proteassoma j& foi
identificada como gene dependente de MEF2C em estudoes de hibridizacio substrativa e
array {LIU et al, 2001). A proteina hipotética de camundongo XP 165124 ainda nfio possui
fungdo, nem dominios conhecidos.

Desses resuitados, duas proteinas foram escolhidas para estudos de interagfio: a

regifio C-terminal da Miosina de cadeia pesada ¢ a proteina regulatoria Ki-1/57.

{identidade no BLAST manhe [Porcentagem|Tamanhe, nimero ¢ origem da
da ‘Iaa idénticos Jproteina 1o bance de dados
Jeomponent C5 of 87% P40 aa 1
Ercteasome 3 :ﬁi@ 1165122embiCAASGTOL Y Mus }
: ) , i 8 Jmusculus '
ﬁlpha:cardia‘c myesin : B6% 11938.aa {
theavy chain T T ‘Eiﬁﬁéﬁ?e@}%@éﬁ’%«%{%ﬁé- 1 Rattus |
' ' norvegicus
fbeta myosin heavy chain }195 aa B4% 1935 aa
11165081271ehlAALIT7913.1 Mus
usculus
Elpha cardiac myosin 123 aa 79% 1938 aa
eavy chain 156655lembiCAA340G64 1 Rattus
orvegicus
fhypothetical protein 94 aa 43% 10 aa
XP 165124 1/29891163/ref/XP_16512 Mus
usculus
i-1/57 ou Hyaluronan  §153 aa 92% 13aa refNP_ 055097 1 hyaluronan
Eilnding protein 4 (clone inding protein 4; [Homo sapiens]
12.8.1)
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i-1/57 ou Hyaluronan [168 aa 98 % 13aa reflNP_055097.1; hyaluronan
inding protein 4 (clone inding protein 4; [Homo sapiens]
4.1)

E-l/ﬁ? ou Hyaluronan {110 aa 71% 413aa refNP 055097.1 hyaluronan
inding protein 4 (clone jbinding protein 4; [Homo sapiens]
1.3.2)
125 aa [95%

inding protein 4 (clone

6.1)

Eﬁ~1/57 ou Hyaluronan

inding protein 4; [Homo sapiens]

Fl3aa refINP_ 05509711 hyaluronan

Tabela II. Clones obtidos na triagem de duplo-hibrido em levedura.

i2.8.1 i

1.3.2 1

6.4.,1 1

8.6.1 1

Ki-1/57 1

12.8.1 51

1.3.2 51

6.4.1 51

8.6.1 51

Ki~1/57 38

12.8.1 101

1.3.2 101

6.4.1 101

8.6.1 161

Ki-1/57 a8

12.8.1 111

1.3.2 151

6.4.1 150

8.6.1 125

Ki-1/587 137 EGMLERAERR

Ki-1/57 187 gprggmrgrg
237 gvriwgsgkd
287 gvgentldew
337 ddyeddshvE
387 DNYyprasvvm

SYREYrpyet

rggpgnrvid
tadveptapm
knlgeqgtrpk
rkpanditsg
gdvapnpddp

ergadftaek fpdekpgdrf

afdargkref eryggndkiaz
eeptvveesyg gipeeespak
pefnirkpes tvpskavvih
leinfgnlipr pgrgarggtr
edfpals

drdrplrgrg

vriednmggce
vpeleveael
kskyrddmvk
ggrgrirrae

Figura 20. Alinhamento das seqiiéncias de aminoacidos dos clones encontrados na triagem
de duplo-hibrido com a seqiiéncia de Ki-1/57 humano (Dados NCBI NP 055097.1)

Aminoacidos realgados em amarelo sfo idénticos. Programa usado: DIALIGN encontrado

no site http://bibiserv.techfak uni-bielefeld. de/dialign
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4.9. ESTUDO DE INTERACAQ: ASSOCIACAO DE MEF2 COM MIOSINA EM
CORACAO DE RATO

Para testar a interagio da porgdo C-terminal da miosina de cadeia pesada com
MEF2C encontrada na triager de duplo-hibrido, foi feito um ensaio de imunoprecipitacio.
5 mg de extrato total de ventriculo esquerdo (VE) de um “pool” de ratos controle ¢ ratos
submetidos a 6h de coarctagio da aorta foram incubados com 10 pg de anticorpo anti-
MEF2 (Santa Cruz) e apos 8 horas de incubagfio, proteina A-sefarose foi adicionada ao
extrato, seguido por mais 3h de incubagfio. As pérolas de proteina A-sefarose foram entio
lavadas e fervidas com tampio de Laemmli. Como controles, foram utilizados somente os
extratos de VE de ratos controle e 6h de coarctagiio. No Western blot com anficorpo anti-
Miosina, foi observada a presenca da Miosina tanto no extrato de VE de rato como no
imunoprecipitado (Figura 21). No entanto, nfio foi detectada nenhuma diferenca
quantitativa de imunoprecipitagio da miosina entre extratos protéicos de ratos controle e
submetidos a 6h de coarctagio da aorta.

A interagio entre MEF2C, um fator de transcrigdo, e miosina, uma proteina do
citosesqueleto, ainda nio foi descrita na literatura. Essa interagfio de MEF2C e a porgio C-
terminal da miosina encontrada no sistema de duplo-hibrido pode ser confirrmada por
ensaio de imunoprecipitagdo, no entanto, o papel funcional dessa interago sobre o papel

regulatério de MEF2C no midcito cardiaco ainda permanece desconhecido.
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Extrato VE IP: anti-MEF2

KDa tC | ____6hH C 6}1’

160 - «— Miosina de cadeia pesada

105

WB: anti-Miosina

Figura 21. Miosina co-imunoprecipita com MEF2 em extrato de ventriculo esquerdo (VE)

de rato controle (C) e coarctado por 6h.

4.10. EXPRESSAQO E PURIFICACAO DAS PROTEINAS RECOMBINANTES

O cDNA Mef2c da construcio pBTMEF2C(1-169) foi digerido com Bam Hf e
subclonado no vetor pGEX5x-2, previamente digeride com Bam HI, defosforilado e
purificado. Apos a transformacdo da ligagiio em E. coli DH5q, os clones positivos foram
selecionados por digestdo ¢ a determinacio da orientagio do cDNA na construco foi feita
por PCR de coléma. A consttu¢Bo denominada pGEXMEF2C(1-169) {foi entdo
transformada na cepa BL2/(RIL) Cédon Plus e testes de indugfio da expresso da profeina
foram feitos. A expressdo da proteina recombinante denominada GST-MEF2C(1-169) foi

induzida pelo acréscimo de IPTG. Sua composiciio € de 405 aminoacidos e peso molecular
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tedrico de 46,8 kDa (Figura 22 A) Para sua purificacdio, GS’I‘-MEFBCO-]GQ) fo1 acoplada
em pérolas de Glutationa-sefarose.

A proteina recombinante GST-MEF2C(1-169) ndo foi isclada como banda vnica,
mas como quatro bandas, sendo que a maior corresponde 2o tamanho esperado (Figura 22
B). As outras trés bandas correspondem a proteinas menores. Na tentativa de explicar é
presenca dessas proteinas menores, uma analise foi feita da seqiiéncia codificante da
proteina GST-MEF2C(1-169). Foi observada a presenga de codons de iniciacio ATG em 6
posi¢des ao longo da seqiiéncia codificante da proteina GST-MEF2C(1-169), estes AUGs
poderiam ter sido reconhecidos como sitios alternativos de iniciagdo da tradugfio no
ribossomo, causando a formaciio dos 4 polipeptideos menores. No entanto, quando um
experimento de Western blot com anticorpo anti-GST foi realizado, ficou claro que a
presenca dos polipeptideos menores ocorreu devido a degradacdo C-terminal da proteina
dentro da célula, sendo ndo seriam reconhecidos pelo anticorpo. Além disso os quatro
polipeptidios ja estavam presentes no lisado total, antes da purificagio de GST-MEF2C(1-
169).

A construgdo contendo o cDNA inteiro de Ki-1/57 humano clonado no vetor de
expressdo pGEX-2T(Amersham Biosciences) denominada pGEX2TKIC foi cedida pelo
Dr. Jorg Kobarg (CEBIME, LNLS, Campinas —SP). A construgio pGEX2TKIC foi
transformada na cepa de expressdo BL-2I(RIL) Cédon P!z.-s e a proteina recombinante
GST-Ki-1/57 foi expressa pela adi¢@o de 0,5 mM de IPTG seguindo uma incubacio da
cultura bacteriana por 4h a 37°C. A composi¢do da proteina recombinante GST-Ki-1/57 ¢
de 633 aminoacidos e peso molecular tedrico de aproximadamente 72 kDa, desses, 220
aminoicidos (26kDa), sdo originarios da proteina GST, fundida N-terminalmente &

seqiiéncia.
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Um experimento de Western blot foi feito para identificacio das proteinas
recombinantes fundidas a GST que foram utilizadas no experimento de co-precipitagio.
Para tanto, lisados bacterianos que expressaram as proteinas GST, GST-MEF2C(1-169) ¢
GST-Ki-1/57 foram incubados com pérolas de Glutationa-sefarose por 2h a 4°C para o
acoplamento ¢ purificagfio das proteinas recombinantes. As pérolas foram entdo lavadas e
fervidas com solugio de Laemmli e as proteinas foram separadas por SDS-PAGE. Uma
réplica desse gel foi corada com azul de Coomassie para visualizacio das bandas protéicas

(Figura 23 A) e ooutro gel foi transferido para uma membrana de nitrocelulose para

A)

B)

ndio induzido

66 Gy «_GST-MEF2C

(1-169)

+—GST-MEF2C(1-169)

Figura 22. Expressdo de GST-MEF2C(1-169)

A) SDS-PAGE corado com azul de Coomassie de extratos nio induzido € induzido de
bactérias transformadas com pGEX-MEF2C(1-169). B) Proteinas recombinamtes GST e
GST-MEF2C(1-169) purificadas.
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experimento de Western blof visando a identificagdo das proteinas expressas (Figura 23 B).
Todas as proteinas recombinantes purificadas fundidas a GST foram reconhecidas peio
anticorpo anti-GST de camundongo monoclonal cedido pelo Dr. Jorg Kobarg (LNLS,

Campinas, SP).

4.11. ESTUDO DE INTERACAO: ENSAIO DE CO-PRECIPITACAO IN VITRO

A interac@o encontrada no ensaio de duplo-hibrido entre MEF2C (1-169 aa) ¢ Ki-
1/57 (1-413 aa) foi confirmada pelo ensaio de co-precipitagio in vifro. Para tanto, as
perolas de sefarose-GSH acopladas a GST (controle) e GST-MEF2C(1-169) foram
incubados com a proteina 6xHis-Ki-1/57 (Gentilmente cedida pelo Dr. Jorg Kobarg). A
figura 24 demonstra que 6xHis-Ki-1/57 interage especificamente com GST-MEF2C(1-
169), sem, no entanto, se ligar a proteina conirole GST. Experimentos de Western blotf com
o anticorpo anti-Ki confirmaram a ligagio das duas proteinas in vitro. Um gel de
poliacrilamida corado com azul de Coomassie foi utilizado para a visualizagio das bandas
protéicas € um Western blot com anticorpo anti-GST identificou a presenca tanto da

proteina controle GST como de GST-MEF2C no ensaio.

4.12. ESTUDO FUNCIONAL DA INTERACAO DE MEF2 COM Ki-1/57 POR

ENSAIO DE RETARDAMENTO DA MOBILIDADE ELETROFORETICA (EMSA)

Uma reagdo de EMSA foi executada para avaliar o efeito de Ki-1/57 sobre a
propriedade de ligacio ao DNA de MEF2C in vitro. Para este experimento, foi utilizada a
proteina recombinante GST-MEF2C(1-169) e a sonda de DNA dupla-fita MEF2 marcada

radicativamente. A proteina recombinante GST-MEF2(C(1-169) formou um compiexo de
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A) B)

MEF2C(1-169)
GST-Ki-1/57

" MEF2C(1-169)
GST-Ki-1/87

GST
GST-

e o
o on
' O

Gel corado com azul Western blot: anti-GST
de Coomassie

Figura 23. Proteinas recombinantes fundidas a GST s@o reconhecidas pelo anticorpo anti-

GST. A) Gel de SDS-PAGE de proteinas recombinantes purificadas, corado com azul de

Coomassie. B) Western blot da réplica do gel com anticorpo anti-GST,
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A GST + - - + -

6xHis-Ki-1/57 . - + + +
GST-MEF2C . + - - +
(1-169) [,

1 2 3 4 5

Gel corado com azul de Coomassie

B C
GST + - - + =~ GST + - - + -
6xHisKi-1/57 - - + + + 6xHis-Ki-1/57 - - + + +
GST-MEF2C - + - - 4 GST-MEF2C - + . - +

(1-169) - . (1-169)

6xHis-Ki-1/57
GST-MEF2C —— -
(1-169) !
T .2 3 43 1 2 3 4 5
WB: anti-Ki-1/57 WB: anti-GST

Figura 24. Ki-1/57 interage com MEF2C in vitro.

Ensaio de co-precipita¢do. A) Gel corado com azul de Coomassie com quantidade de
proteinas carregadas B) Western blot com anticorpo anti-Ki-1/57 C) Westemn blot com
anticorpo anti-GST.
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ligagio com a sonda de DNA, ja que possui os dominios MADS-box ¢ MEF2 que
conferem as propriedades de dimerizac8o e ligagio aoc DNA, demonstrando que a proteina
reteve sua atividade biologica (Figura 25). O complexo DNA/proteina nfo se apresentou
como uma banda compacta, mas como uma banda alongada, provavelmente, pela presenca
dos 4 polipetideos menores da proteina GST-MEF2C(1-169) ja discutidos anteriormente. A
adicdo das proteinas recombinantes GST-Ki-1/57 e 6xHis-Ki-1/57 nos pogos 4 ¢ 6
promoveram uma diminuigdio na intensidade da banda de complexo DNA/proteina. A
adi¢do de GST ndo exerceu efeito sobre o complexo DNA/proteina formado, assim como a
proteina 6xHis-RACK1, que serviu como controle. Controles feitos somente com GST,
GST-Ki-1/57 e 6xHis-Ki-1/57 mais a sonda de DNA de MEF2 marcada nio formaram
complexos. Ficou evidente que o efeito causado pela interagfio das proteinas Ki-1/57 com
MEF2C ¢ inibitério sobre a formagio do complexo de DNA/proteina.

No ambito do meétodo de EMSA, a especificidade ¢ definida como a habilidade de
uma determinada proteina de discriminar entre sua seqiiéncia alvo e outras seqiiéncias
presentes no sistema. A especificidade também pode ser definida como a medida da razio
da constante de afinidade da ligacio ao DNA especifica com a constante de afinidade da
liga¢fo inespecifica (CAREY, 1991). Para testar a especificidade de formagio dos
complexos entre a proteina recombinante GST-MEF2C(1-169) e sua sonda MEF2
especifica, ensatos de competicio utilizando 100x de excesso molar de sondas
competidoras foram realizados demonstrando que a ligagio da proteina é especifica. A
adi¢io de anticorpo anti-MEF2 formou rastro na parte superior do complexo (Supershift) e

serviu para identificar a proteina GST-MEF2C(1-169).
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+ + 6xHis-RACK-1
+ + DNA inespecifico 100x

+ + 6xHis-Ki-1/57
-+ -+ Anti-MEF2

+ + GST-Ki-1/57
+ + DNA MEF2 100x

+ + GST

GST-MEF2C(1-169) - +

-,

Complexo
MEF2-DNA

Figura 25. A interagdo entre MEF2C e Ki-1/57 in vitro inibe a ligacio de MEF2C ao DNA.
Pogo 1: Controle negativo; pogo 2: EMSA da proteina recombinante GST-MEF2C(1-169),
posos 3 — 6: EMSA de GST-MEF2C(1-169) mais a adi¢do da proteina indicada; pogo 7:

supershif; pogos 8 e 9: competicdo especifica e inespecifica.
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4.13. EXPRESSAO DE Ki-1/57 EM CORACAO DE RATO

Extratos protéicos totais de miocardio de ratos controles e submetidos a periodos de
1 a 6h de coarctagio da aorta foram extraidos, quantificados e submetidos a eletroforese em
gel de poliacrilamida 10%. Apés a separagfio, as proteinas foram transferidas para
membranas de nitrocelulose e as membranas foram incubadas com anticorpo Anti-Ki-1/57.
O Western Blot foi revelado com [*’T]Proteina A. Na figura 26 , o aumento da expressio da
proteina Ki-1/57 no coragiio de rato ocorre proporcionalmente ao tempo de coarctagiio da
aorta. Num resultado anterior, ja haviamos demonstrado que MEF2 nio apresenta variagio

na expressdo apds a coarctagdo da acrta (Figura 12 ).

4.14. ASSOCIACAO DE MEF2 E Ki-1/57 EM CORACAO DE RATO

A associagdio de MEF2 com Ki-1/57 também foi observada in vivo por meio de
experimento de co-imunoprecipitagio de MEF2 do coragdio dos animais seguida de um
western-blot do imunoprecipitado com anticorpo anti-Ki-1/57. A associagio de MEF2 ¢ Ki-
1/57 ocorre no ventriculo esquerdo de animais controle ¢ diminui consideravelmente apos
1h de coarctago da aorta (Figura 27). Este resultado demonstra que a associagio MEF2/Ki-

1/57 ¢é alterada com o estimulo mecénico no coragéio.

4.15. MICROSCOPIA CONFOCAL: MEF2 E Ki-1/57 SE ENCONTRAM CO-
LOCALIZADOS EM MIOCITO CARDIACO

Em miécitos cardiacos isolados de veniriculos esquerdos de ratos controle, a
marcacio com anticorpo anti-MEF2 (em verde na figura 28A) demonstrou uma localizag:ﬁ;)
predominantemente nuclear da proteina, embora também tenha sido observada uma

marcagdo de menor intensidade no sarcoplasma da célula seguindo um padifio de
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Figura 26. Andlise da expresséo de Ki-1/57 por Western blot em VE de ratos controle e

submetidos a coarctagio da aorta num periodo de 1 a 6h.

3h 6h

IP: Anti-MEF2
WB: Anti-Ki-1/57

Figura 27. A associaciio de MEF2 com Ki-1/57 diminue com o estimulo mecinico.
Ensaio de co-imunoprecipitacio de extrato protéico de VE de ratos centrole e submetidos

a estimulo mecinico com anticorpo anti-MEF2 e Western blot com anticorpo anti-Ki-1/57.
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distribuigio sarcomérico. A marcagBo com anticorpo anti-Ki-1/57 (figura 28B em
vermelho) mostrou uma distribuigfo tanto nuclear como sarcoplasmatica da proteina. Neste
caso, a marcago de Ki-1/57 foi mais forte no sarcoplama do que no niicleo da célula. A
dupla-marcagio com anticorpos Anti-MEF2 e anti-Ki-1/57 indica gue MEF2 ¢ Ki-1/57 se
encontram co-localizados no nicleo de mideitos cardiacos, mas nio estio co-localizados no

sarcoplasma (Figura 28 C).

4.16. MICROSCOPIA CONFOCAL: A SOBRECARGA MECANICA REDUZ
SIGNIFICATIVAMENTE A CO-LOCALIZACAO DE MEF2 E Ki-l/57 EM
MIOCITOS CARDIACOS

Midcitos cardiacos isolados de ratos submetides a coarctagio da aorta também
foram marcados com anticorpo anti-MEF2 e anti-Ki-1/57 para estudos de co-localizacéo.
Neste caso, foi notada uma diminuigio de MEF2 (Figura 28D) no sarcoplasma assim como
uma diminsiciio de Ki-1/57 (Figura 28E) no ndcleo, onde a co-localizagio das duas

proteinas dentro do ntcleo ndo pode mais ser detectada (Figura 28F).

4.17. FRACIONAMENTO SUBCELULAR

Para confirmar os resultados de localizagio de Ki-1/57, foi feito um ensaio de
fracionamento celular seguindo a metodologia descrita por MIZUKAMI et al, (1997).
Foram utilizados coragbes de ratos controle ¢ submetidoes a 6h de coarctagiio da aoria para o
fracionamento. O Western blot com anticorpo anti-Ki-1/57 da figura 29 demonstra que no
coragdio de animais controle, Ki-1/57 se enconira tanto no niicleo como no sarcoplasma.

Enquanto que no coragio de animais submetidos a 6h de coarctagfio, Ki-1/57 praticamente
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desapareceu da fragdo nuclear. Este resultado estd de acordo com os obtidos na microscopia

confocal.

A

Figura 28. Imunolocalizagic de MEFZ (verde) e Ki-1/57 (vermelho) em cardiomidcitos
de ratos adultos isolados avaliada por Microscopia Confocal a Laser.

A) Midcitos isolados de ratos controles marcados com anticorpo anti-MEF2, B)
Miécitos isolados de ratos controles marcados com anticorpo anti-Ki-1/57; C)

Sobreposiciio de imagens de A ¢ B. D) Midcitos isolados de ratos coarctados por 1 h
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marcados com anticorpo anti-MEF2; E) Mitcitos isolados de ratos coarctados marcados

com anticorpo anti-Ki-1/57, F) Sobreposicdo de imagens de D e E.

Sham TAoC
nuc total cito nuc total

Figura 29. Ki-1/57 diminue no niicleo de midcitos de ratos submetidos a coarctagfio da
aorta. Fracionamento subceluiar de ventriculo esquerdo de ratos controle (Sham) e
submetidos a 6h de coarctagiio da aorta transversa (TAoC). Cito: fragiio citosolica, Nuc:

fragdo nuclear e total: frago citosdlica e nuclear.
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5. DISCUSSAO




5.1. EXPRESSAO E ATIVAGCAO DOS FATORES MEF2 EM MIOCARDIO DE
RATOS POR SOBRECARGA MECANICA

O modelo experimental de sobrecarga mecénica por coarctagio da aorta, com
diminuigio do didmetro da mesma, ja foi amplamente utilizado na inducéo de sobrecarga e
resposta hipertrofica do miocardio e causa aumento imediato da resisténcia ao fluxo
sanguineo, impondo uma carga adicional de trabalho ao coragdo (FRANCHINI et al, 2000;
TORSONI et al, 2003; SCHMITT et al, 2003).

A expressio de MEF2 em ventriculo esquerdo de animais controle e coarctado ndo
apresentou diferenga por Western blot. Assim a expressido dos quatro fatores de transcricio
da familia MEF2 foi avaliada pela técnica de RT-PCR sob diferentes tempos de coarctacio
.da aorta em coracio de rato adulto. Os resultados demonstram que nfo houve aumento na
expressio de MEF2ZA, MEF2C e MEF2D com tempos de até 4h de coarctacfo da aorta. No
entanto, apds 24h, notamos um decréscimo na expressioc de MEF2A e um aumento na
expressdo de MEF2D. A expressio de MEF2C se manteve praticamente inalterada durante
o tempo do experimento. A expressio de MEF2B nfo foi observada em animais controle,
nem coarctados por diferentes intervalos de tempo. A diminuicdo na expressio de MEF2A
também ja foi observada em hipertrofia induzida por administraciio de isoproterenol apos 8h
de tratamento, assim como a auséncia de expressdo de MEF2B em coraggio de ratos adultos.
(PESTI E MORISCOT, 2002). Parece que o mecanismo de regulacio da atividade dos
fatores MEF2 ndo depende do seu nivel de expressio, mas do controle de sua localizacio e
de sua atividade transcricional, possivelmente através de modificagbes pds-traducionais
como, por exemplo, a fosforilagio (YU, 1996). Podemos citar a ativagio de MEF2D pela
fosfatase CamK (BLAESER et al, 2000) que fosforila MEF2D, aumentando assim sua

atividade transcricional. No entanto, o efeito regulatorio sobre MEF2D ¢ basicamente
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devido a sua agfio sobre as Histona Deacefilases, conforme serd discutido posteriormente
(McKINSEY et al, 2002).

Para confirmar se a sobrecarga mecénica seria um estimulo suficiente para ativacdo
do fator de trancrigio MEF2, experimentos de EMSA (Eletrophoretic Mobility Shift Assay)
foram realizados com extratos nucleares de coragio de animais submetidos 2 coarctagdo da
aorta por diferentes tempos. Os resultados da figura 14 demonstram que o exirato de
coragdo que sofreu coarctacdo a partir de 10 min ja apresentou um aumento da ligagio entre
a proteina MEF2 com sua seqii€ncia consenso de DNA em relagdo ao controle. A formagio
do complexc DNA/proteina ficou ainda mais pronunciada com extratos de coragéo
submetidos @ uma hora ou mais de cearctagio da aorta. Um possivel mecanismo de
regulacdo da atividade de MEF2 € a modulagio de sua afinidade de ligagdo ao DNA (WU &
OLSON, 2002). Ja foi verificado, que o aminoiacido Ser59, situado entre os dominios
MADS Box e MEF2 ¢ fosforilado tanto in vivo como em in vifro na proteina MEF2C. A
fosforilagiio da Ser59 de MEF2C pela Caseina Quinase I (CKII) aumenta a atividade de
ligacdo ao DNA, assim como a transcrigdo mediada por MEF2C (MOLKENTIN et al,,
1996). Além deste, outros residuos sitnados na regific C-terminal de MEF2C podem ser
potencialmente fosforilados, no entanto, os efeitos dessa fosforilac3o sobre a afinidade de
ligacdio ao DNA, ainda nfio sdo conhecidos. Tampouco se sabe a fosforilagio de MEF2C
seria responsdvel pelo aumento relativo de sua afinidade ao DNA apds o estimulo mecénico.
Assimn, os resultados indicam que a sobrecarga mecénica no coragdio aumenta a afinidade de

ligacdo ao DNA do fator de transcrigio MEF2.
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5.2. ESCOLHA DO MUTANTE DE DELECAO DE MEF2C PARA ENSAIO DE
DUPLO-HIBRIDO

No ensaio para definir qual mutante de delegio seria empregado como “isca” no
sistema de duplo-hibrido, as construcdes pBTMEF2C(1-169), pBTMEF2C(1-357),
pBTMEF2C(1-432), pBTMEF2C(107-229) e pBTMEF2((167-357) foram co-
transformadas com o vetor pGADT7-rec vazio na cepa 140 da levedura Saccharomyces
cerevisiae. Houve auto-ativacio do promotor do gene reporter lacZ por trés dos cinco
mutantes de delecdo testados: pBTMEF2C(1-357), pBTMEF2C(1-432) e pBTMEF2C(107-
357) que foram desconsiderados para o enszio de duplo-hibrido. A presenca de auto-
ativacfio do gene reporter pode significar que a proteina de fusdo LexA-MEF2C autoativou
o sistema, pois sendo um fator de transcricio, também possui um dominio de ativacio C-
terminal. Outra possibilidade, embora menos provavel, € que LexA-MEFC interagiu com o
dominio de ativacdo GAL4 do vetor vazio da biblioteca.

O primeiro estudo de mapeamento das regiGes de ativagio transcricional de MEF2C
foi feito por MOLKENTIN e colaboradores (MOLKENTIN et al, 1996b) em c€lulas 10T1/2
com um reporter de MCK, usando mutantes de delecdo fundidos a proteina GALA4. Este
estudo demonstrou que mutantes de delec@io contendo os aminoacidos 1-198 apresentavam
cerca de 70% da atividade transcricional de MEF2C inteiro, enquanto que os que tinham
apenas os aminoacidos 1-143 apresentavam apenas 2% da atividade. Também foi
demonstrado por MOLKENTIN et al. (1996b) que os aminodcidos 144-465 sdo
importantes para a ativaciio transcricional.

Nossos resultados da transativacdo encontrados, estdo de acordo com os resultados
publicados por JANSON e colaboradores (JANSON et al, 2001). Janson ¢ colaboradores

demonstraram em seus estudos de mapeamento de regies regulatorias de MEF2C que um
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forte dominio de ativagiio transcricional esta situado entre os aminoacidos 312-350 dessa
aminoicidos 386 a 473. Este fendmeno também foi observado, ja que o mutante de delecfio
contendo os aminoacidos 1-357, quando co-transformado com pGADT7-rec vazio
transativou fortemente o promotor de his3 possibilitando o crescimento da levedura, mesmo
em altas concentragdes do inibidor 3-AT (3-amino-1,2,3-triazol - um inibidor da rota de
sintese da histidina) enquanto que o mutante contendo os aminodcidos 1-432 foi sensivel as
concentra¢Bes mais altas do inibidor {Dado n3o mostrado). Também segundo Janson e
colaboradores, a ativagiio de genes reporter foi minima em mutantes contendo as deleces
C-terminal nos aminodcidos 169 ou anteriores, o que também esta de acordo com nossos

resultados.

5.3. INTERACAO DE MEF2C COM MIOSINA

() aparecimento do ¢DNA de miosina foi interpretado inicialmente como artefato, ja
que a quantidade relativa de miosina na biblioteca de ¢cDNA de coracfio de rato adulto &,
provavelmente, alta. No entanto, a repeti¢gdo do resuitado ¢ o fato de somente a regido C-
terminal da miosina de cadeia pesada aparecer nos clones segiienciados, aliadc a
especulacio na literatura sobre o envolvimento de proteinas do citoesqueleto na mecano-
transduc3o de sinais, nos levou a considerar a interagio MEF2-Miosina como um possivel
mecanismo a ser explorado.

Atuaimente, a superfamilia da miosina se encontra agrupada em quinze classes e as
miosinas musculares ou "convencionais” pertencem a classe II (SELLERS, 2000). A
miosina muscular contém duas cadeias pesadas (MHC) de aproximadamente 220 kDa e

quatro cadeias leves (MLC) de aproximadamente 20 kDa. A molécula de miosina inteira €
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geralmente caracterizada em duas regides funcionais: a cabeca e a cauda. As regides N-
terminais de cada cadeia pesada e de duas cadeias leves formam o dominio da cabega,
chamado fragmento S1 (MILLIGAN, 1996). O fragmento S1, formador do dominio do
motor catalitico € conservado em varios organismos, assim como entre outras classes de
miosmas (SELLERS E GOODSON, 1995) e contém os sitios de ligacdo para actina e
nucleotideos. A regifio C-terminal das duas cadeias pesadas formam a longa cauda. A
extremidade C-terminal da cauda, também conhecida por meromiosina leve, contem
dominios “coiled coil” envolvidos na polimerizagfo da miosina. Existem varias isoformas
de miosina provindas da combinagdo de isoformas de cadeias leves e pesadas. Por exemplo,
a miosina de cadeia pesada B € expressa no ventriculo cardiaco assim como nro musculo
esquelético enquanto que a miosina de cadeia pesada ¢ € principalmente expressa nos atrios
do musculo cardiaco. Os fatores envolvidos na regulacio da expressio de isoformas de
miosina no coragdo incluem o hormoénio da tiredide e condicOes de sobrecarga (CLARK et
al, 2002).

O fator MEF2 € conhecido por, junto com outros fatores de transcricio, regular a
expressdo da miosina se ligando a regides consenso no promotor da mesma. A interacfio de
um fator de transcri¢do da familia MEF2, uma proteina predominantemente nuclear, com a
miosina que ¢ exclusivamente encontrada no citoesqueleto, parece pouco provavel de
ocorrer. No entanto a descoberta de uma nova classe de miosinas chamada de miosina "nfio
convencional” demonstrou a possibilidade deste tipo de interagiio estar reaimente ocorrendo.
As chamadas miosinas "n30 convencionais” apresentam diferentes fungdes, em potencial,
como a regulagdo do crescimento celular ¢ do desenvolvimento (Myo3p de levedura), da
diferencia¢do leucocitaria (M9b humana), do transporte de RNA (Myo4dp de levedura), ¢ da

Discussdo
125



sinalizagio celular (myr5 de rato) (MERMALL et al, 1998). Ja foi encontrada uma isoforma
de miosina I no micleo de fibroblastos de rato. Uma andlise mais apurada demonstrou que
essa 1soforma de miosina I parece formar complexos com a RNA polimerase 11 e poderia
afetar a transcrigio (PESTIC-DRAGOVICH et al, 2000).

Um exemplo de interagdo entre fatores de transcri¢do e proteinas do citoesqueleto € o do
fator NF-3AT. Este fator exibe uma localizagio dupla, no nicleo e ligado a linha Z do
musculo esquelético. Sua translocacio nuclear é regulada durante o desenvolvimento e pela
atividade das fibras musculares maduras (LIU et al, 2001). O fator NF-AT3 ¢é
provavelmente ligado 2 linha Z pela interagiio com a calcineurina, uma proteina fosfatase
calcio-dependente que pode defosforilar NF-3AT, ativando-o e permitindo suz entrada no
nucleo. (FREY et al, 2000; OLSON et al, 2000). Os fatores de transcricio NF-AT e a
calcineurina sdo mediadores bem caracterizados de hipertrofia em miisculo esquelético e
cardiaco (OLSON et al , 2000) indicando que este mecanismo provavelmente seja critico
para a funcio de midcitos normais (CLARK et al, 2002).

A teracdo de MEF2C com miosina e a interagio de fatores NFAT com proteinas
do citoesqueleto também chama a aten¢io por um mecanismo de ativacio de MEF2
calcineurina-dependente que envolve o recrutamento de fatores NFAT. Quando
defosforilada pela Calcineurina, NFATc2 ¢ translocada para o niicleo onde se associa
dirctamente com MEF2A e -D (BLAESER et al, 2000). NFATc2 estimula a transcricio
dependente de MEF2 por facilitar o recrutamento dos co-ativadores p300 para os elementos

de resposta a MEF2 no promotor dos genes (YOUN et al, 2000).
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5.4. INTERACAO DE MEF2C COM Ki-1/57

Continuando com o sequenciamento de clones positivos para interagdio na triagem
de duplo-hibrido, obtivemos quatro seqiiéncias de ¢cDNA de rato que apresentaram mais
de 90% de identidade com a regifio N-terminal de uma proteina denominada Ki-1/57 de
origem humana e que apresenta 413 aminoacidos.

A proteina Ki-1/57 humana foi inicialmente isolada de células Sternberg-Reed de
linfoma de Hodgkin como uma molécula de 57 kDa que apresentou reatividade cruzada
com o anticorpo Ki-1 anti-CD30 (SCHWARB et al., 1982; HANSEN et al, 1989; FROESE
et al, 1987, KOBARG et al, 1987). Anélises de microscopia eletronica demonstraram que
Ki-1/57 esta localizada no citoplasma, nos poros nucleares e no niicleo da célula, onde esta
freqiientemente associada com o nucléolo (RHODE et al, 1992). Xi-1/57 também ¢
chamada de Intracellular Hyaluran-Binding Protein 4 (IHABP4) por sua capacidade de se
ligar ao acido hiaturénico in vitro (HUANG et al, 2000).

A funcdo de Ki-1/57 ainda € desconhecida, no entanto a procura no banco de dados
com o cDNA de Ki-1/57 revelou uma proteina chamada CGI-55 com 40,7% de identidade
¢ 67,4% de smmilaridade com a seqiiéncia de aminoacidos de Ki-1/57 (LEMOS et al, 2003).
Este alto grau de similaridade sugere que as duas proteinas podem ser paralogas ¢ podem
exercer fungBes semelhantes na célula. CGI-55 também ja foi descrita por se ligar a regifo
3" do RNA mensageiro que codifica a proteina Plasminogen Activator Inhibitor type 1
(PAI-1), sendo portanto conhecida como PAI-RBP1 (Plasminogen Activator Inhibitor —
mRNA Binding Protein I). Foi especulado que CGI-55 poderia estar envolvida na
estabilizacdo do mRNA de PAI-1 (KRUITHOF, 1988; HEATON et al, 2001). PAI-1, por
sua vez, reduz a conversio de plasminogénio em plasmina e tem sua expressdo aumentada

em ratos hipertensos via receptor de angiotensina II (CHEN et al, 2000). Esses dados
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sugerem que se Ki-1/57 e CGI-55 forem realmente proteinas paralogas, élas poderiam estar
envolvidas em vias de sinalizacdo que levam a hipertrofia cardfaca. Além disso, também
foi descrita a interagio de Ki-1/57 com a proteina regulatoria RACK1 (Receptor of
Activated Protein Kinase C 1) (NERY et al., 2004). No mesmo artigo, foi demonstrada a
associacdo de PKC com Ki-1/57 apés estimulacio de células L3540 com PMA (Phorbol 12-
myristate 13-acetate). Ki-1/57, quando fosforilada por PKC, deixa de interagir com
RACK1 ¢ sai do niicleo. PMA, por sua vez é um agonista hipertrofico bem caracterizado,
atuando downstream dos receptores de membrana para ativar as isoenzimas de PKC
(VIJAYAN et al, 2004).

RACK1 se encontra ativada em carcinomas humanos € em regeneragdo de tecidos
apos isquemia renal (BERNS et al, 2000). Além disso, RACK1 ja foi implicada
funcionalmente no desenvolvimento de hipertrofia cardiaca ndo patolégica através das
PKCs & e & (CHEN et al, 2001). A interacdo entre PKCe e RACKI1 parece estar
refacionada como o fendtipo hipertrofiado de coragio em camundongo (PASS et al., 2001).
A familia de isoenzimas de proteinas quinases C (PKC) ja foi descrita como indutora de
sintese proteica e mudancas na expressio génica cardiaca durante a hipertrofia do
cardiomiécite (BOGOYEVITCH E SUGDEN, 1996; JALILI et al, 1999).

As principais isoenzimas de PKC que sdo expressas em cardiomidcitos de
mamiferos incluem as PKCa e PKCB, assim como as PKCd e PKCe. A ligagio de cada
isoenzima de PKC a sua proteina receptora especifica (RACK1) ativa a enzima,
promovendo sua translocagdo para o sitio subcelular onde a mesma podera desempenhar
sua funcdo (CHEN et al, 2001). PMA induz a translocagio nuclear de PKCa e esta € tanto

necessaria, quanto suficiente para o aumento da sintese protéica, assim como para 0
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aumento na area superficial da célula, que sfo caracteristicas da hipertrofia do
cardiomiocito (VIJAYAN et al, 2004).

Ensatos de duplo-hibrido demonstraram que a proteina Ki-1/57 também interage
com a proteina CHD3 (Chromatin Helicase-DNA-binding Domain protein 3) (LEMOS et
al, 2003). As proteinas CHD sdo membros de uma familia de proteinas envolvidas na
regulagéio da transcrig3o e no remodelamento da cromatina.

A interaciio entre MEF2C and Ki-1/57 foi confirmada in vivo por ensaic de co-
imunoprecipitacio em coragdo de ratos. A associagdo entre MEF2 e Ki-1/57 decresce
drasticamente quando os animais s30 expostos 2 1h ou mais de sobrecarga mecénica por
coarctacdo da aorta. A dissociacio de MEF2 com Ki-1/57 por sobrecarga mecanica é
acompanhada por aumento da expressdo de Ki-1/57 em coragfio de ratos a partir de 3h de
coarctacdo da aorta. Um ensaio de co-precipitagio com as proteinas recombinantes GST-
MEF2C(1-169) e 6x-His-Ki-1/57 também confirmou a intera¢fo destas duas proteinas in
vitro.

A dissociagdo de MEF2 com Ki-1/57 em resposta a sobrecarga mecinica também
foi observada em estudos de imunocitoquimica com microscopia confocal a laser. Em
miocitos 1solados de ratos controle, MEF2 foi localizada predominantemente no nicleo,
embora também tenha sido observada uma marcaco de menor intensidade no sarcoplasma
da célula seguindo um padrio de distribuiciio sarcomérico. A marcagio de Ki-1/57
mostrou uma distribuigdo tanto nuclear como sarcoplasmitica da proteina. Neste caso, a
marcacdo de Ki-1/57 foi mais forte no sarcoplama do que no nicleo da célula. A dupla-
marcagiic com anticorpos Anti-MEF2 e anti-Ki-1/57 indicou que MEF2 e Ki-1/57 se
encontram co-localizados no nicleo de midcitos cardiacos, mas ndc apareceram co-

localizados no sarcoplasma da céluia.
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Midcitos cardiacos isolados de ratos submetidos a coarctagio da aorta também
foram marcados com anticorpo anti-MEF2 ¢ anti-Ki-1/57 para estudos de co-localizacio.
Neste caso, foi notada uma diminuicio de MEF2 no sarcoplasma assim como uma
diminui¢io de Ki-1/57 no nicleo, onde a co-localizac@o das duas proteinas nfio pode mais
ser detectada. Este uiltimo resultado foi confirmado por um experimento de fracionamento
celular de coragbes de ratos controle e submetidos a coarctagiio da aorta. Os extratos
subcelulares foram submetidos a Western blot com anticorpo anti-Ki-1/57 e o resultado
deste indica uma diminuigdo significativa da proteina no nicleo da célula de animais
coarctados em relagio aos animais controle.

E interessante notar que no mesmo periodo de tempo, 1 hora, em que foi observada
a dissociagdo de MEF2 e Ki-1/57 por coarctagio da aorta em coracdo de ratos, MEF2 é
ativado ¢ tem a afinidade por seu DNA aumentada, observada como um aumento
significativo do complexo DNA/proteina no ensaio de EMSA (NADRUZ et al, 2003).

Para avahar o efeito de Ki-1/57 sobre a propriedade de ligagio aoc DNA de MEF2C,
um ensaic de EMSA foi feito utilizando as proteinas recombinantes GST-MEF2C(1-169) e
GST-Ki-1/57. A proteina recombinanie GST-MEF2C(1-169) formou complexo de ligag3o
com a sonda de DNA, demonstrando que a proteina reteve sua atividade. A adicio da
proteina GST-Ki-1/57 ou 6xHis-Ki-1/57 na reac@io de ligagio, promoveu uma diminui¢io
na intensidade da banda de complexo DNA/proteina. A adigio de GST nfo exerceu efeito
sobre o complexo DNA/proteina formado, assim como 2 proteina 6xHis-RACK1, que
serviu como conirole. Ficou evidente que o efeito causado pela interagfio das proteinas Ki-
1/57 com MEF2C € inibitorio sobre a formacio do complexo de DNA/proteina.

Provavelmente, a inibicdo causada por Ki-1/57 se estenda sobre a transcricdo de

genes regulados pelos fatores MEF2. Ja foi relatado anteriormente por nosso grupo que o
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estimulo mecénico ativa MEF2 no miocéardio. Também foi observado que em coragdes de
ratos transfectados com construgdes contendo ou ndo os sitios AP-1 e MEF2 do promotor
de c-jun acoplado ao gene reporter, a ativagio dos fatores MEF2 € essencial para a ativaciio

transcricional de c-fun induzida por estimulo mecinico (NADRUZ et al, 2003).

Os fatores MEF2 podem ser regulados a nivel transcricional e pés-transcricional.
(BLACK e OLSON, 1998). As MAP Quinases p38 e ERKS apresentam efeito regulatorio
sobre os fatores MEF2 (YANG et al, 1998; KATO et al, 2000). Além dessas enzimas,
também sdo conhecidas algumas proteinas repressoras de MEF2 que regulam sua atividade
transcricional negativamente como MITR (MEF2 Interacting Transcription Repressor)
(ZHANG et al, 2001) e HDACs (Histonas Deacetilases da classe 11} (ZHANG et al.,2002).
O mecanismo de acetilagio/deacetilagio de histonas jé foi amplamente descrito na
literatura como um mecanismo fundamental de regulagfic de transcrigiio € postula que a
acetilacio de histonas pelas HATs (Histonas Acetilases) resulta no relaxamento das
estruturas do nucleossomo, estimulando a transcricdo, enquanto que as Histona-
Deacetilases (HDACs) exercem um efeito antagbnico, reprimindo a transcricdo

(KORNBERG, 1999).

A associagdo entre HDAC4 e MEF2 foi relatada independentemente por dois
grupos em 1999: MISKA e colaboradores observaram que MEF2A co-imunoprecipita e se
co-localiza com HDAC4 in vivo e que a transcrico dependente de MEF2 € reprimida pela
atividade de deacetilase de HDAC4 (MISKA et al, 1999). WANG e colaboradores
acharam evidéncias que MEF2C recruta HDAC4 para reprimir a transcrigio (WANG et al,
1999). Uma das hipéteses regulatorias dos fatores MEF2 apresentada por McKINSEY e
colaboradores, diz que a regulagio da miogénese depende de HDACS, uma Histona
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Deacetilase da classe II que mantém MEF?2 reprimido no niicleo. HDACS sé libera MEF2
quando for fosforilada pela Calmodulina Quinase (CaMK), estimufando assim a migracio
de HDACS para o citoplasma e liberando MEF2 para cooperar com MyoD, ativando os
genes requeridos para a miogénese (McKINSEY et al, 2000).

Ki-1/57 apresenta um padrio de trafico niicleo-citoplasmatico semethante a HDAC4
quando fosforilada por PKC (NERY et al, 2004). No entanto, a inibigio que Ki-1/57 exerce
sobre MEF2 parece ser diferente das HDACs. A inibigdo que HDAC4 exerce ocorre sem
interferer na ligacdo de MEF2 ao seu DNA consenso (CHAN et al, 2003).

A repressdo da ligagio de MEF2 ao seu DNA j& foi observada com a proteina
Notch. O receptor transmembrana Notch interfere com 2 atividade muscular induzida por
fatores miogénicos bHLH. Uma forma ativada de Notch bloqueia a ligagio de MEF2C ao
seu DNA, assim como sua habilidade de cooperar com os fatores MyoD e miogenina para
ativar a miogénese (WILSON-RAWLS et al, 1999).

Os resultados encontrados nos levam a crer que a interagio de MEFC com Ki-1/57
possa ter importincia funcional na regulagio de MEF2C durante o processo de hipertrofia

cardiaca.
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6. CONCLUSAO




1) Os fatores MEF2 sdo ativados por estimulo mecinico no miocardio. Essa ativagio
ocorre por um aumento de formagio de complexo DNA/Proteina em ensaios de EMSA.
No entanto, ndo houve aumento na expressio dos fatores MEF2 apos as primeiras horas de

estimulagio mecéanica.

2) Em uma triagem de duplo-hibrido de biblioteca de coracdo de rato com a “isca”
MEF2C(1-169) de rato foram isolados 4 clones contendo o cDNA codificante de uma
regido C-terminal da miosina de cadeia pesada ¢ 4 clones de uma regido N-terminal da

proteina reguladora Ki-1/57.

3) A interagfio entre MEF2C e miosina foi confirmada por imunoprecipitagio. A interagio
entre MEF2C e Ki-1/57 foi confirmada por imunoprecipitagdo, co-precipitacio e analise

microscopica da imuno-co-localizagio.

4) O estimulo mecanico nio interfere na associagdo de MEF2 com a miosina, engquanto que

a associagio entre MEF2 e Ki-1/57 diminue apos o estimulo mecinico em coragdo de ratos.

5) A interagdo de Ki-1/57 com MEF2C apresenta carater imibitério, pois diminue a
capacidade de ligacio ao DNA de MEF2C. Essa inibigdo foi visualizada pela adicio da
proteina Ki-1/57 num ensaio de EMSA, resultando na diminuicio da formagiio do

complexo DNA/Proteina de MEF2C com sua regifio consenso de DNA.

6) MEF2 e Ki-1/57 se encontram tanto no niicleo, como no citoplasma de midcitos

cardiacos. Em situaglo controle, essas duas proteinas se encontram co-localizadas
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predominantemente no nicleo. No entanto, a quantidade de Ki-1/57 no nicleo diminue
consideravelmente apoés estimulo mecénico no coragio, nfo sendo mais possivel se

observar a co-localizagdo de Ki-1/57 com MEF2 no niicleo dos midcitos nesta situacio.

Os resultados demonstram claramente o efeito inibitério de Ki-1/57 sobre MEF2,
sendo que esse efeito parece ser regulado por estimulo mecdnico. O estimulo mecénico
inibe a associagdo das duas proteinas, assim como sua co-localizacio no micleo de
miocitos, possivelmente liberando MEF2 para atuar na transcricio de genes musculo-
especificos. Um mecanismo semelhante de inibicio dos fatores MEF2 j4 foi relatado com
as Histona-Deacetilases de classe II (HDACs) (Mc KYNSEY et al, 2000). Neste caso, a
inibi¢do da ligacio ao DNA de MEF?2 por sua regido consenso de DNA nfo foi observada.

Parece que a interagio de MEF2 com Ki-1/57 apresenta um novo mecanismo de
sinalizagdo para a regulagio de MEF2. Esse novo mecanismo responde ao estimulo
mecénico no miocardio.

Propomos um modelo baseado no modelo de McKINSEY ¢ colaboradores
(McKINSEY et al, 2000) em que a fosforilagiio da HDACS pela CamK seria responsavel
pela saida da HDACS do nicleo, liberando MEF2 para a transcricio.

No nosso modelo (Figura 30), a sobrecarga mecénica no coragiio do rato induziria 2
uma dissociagio da interaggo entre MEF2 e Ki-1/57 no ntcleo do midcito e a ativagio de
MEF2. Com a sobrecarga mecénica, Ki-1/57 sofreria alguma mudanga pés-traducional por
meio de outras proteinas provaveis (PKC?, CHD3?, 7?7) ¢ sairia do nicleo da célula,
cessando seu efeito inibitorio sobre MEF2. MEF2 por sua vez, ficaria liberado para a

transcrigdo de genes especificos pelo aumento de afinidade com seu DNA consenso.
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Estimulo hipertroéfico por
sobrecarga mecinica

Citosol

1) Saida de Ki-1/57 do nicleo por mecanismo ainda nic determinado (Fosforilagdo por
PKC? Associagdo com CHD37).
2) Aumento da ligagdo de MEF2 ao seu DNA, ativando assim a transcrigio de genes

regulados por MEF2.

Figura 30. Modelo esquemdtico do mecanismo proposto de inibigio de Ki-1/57 sobre

MEF?2 e sua liberagéo através da sobrecarga mecéanica em coragdo de rato.
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8. ANEXOS




Em anexo, se encontram artigos relacionados a tese ou a atividades paralelas da

aluna durante o periodo de doutorado:
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Load-Induced Transcriptional Activation of c-jun in
Rat Myocardium
Regulation by Myocyte Enhancer Factor 2

Wilson Nadruz, Jr, Claudia B. Kobarg, Sabata S. Constancio, Patricia D.C. Corat, Kleber G. Franchini

Abstract—The increased expression of immediate-early genes is a key feature of the myocardial response to hypertrophic
stimuli. In this study, we investigated whether pressure overload or phenylephrine treatment stimulated myocyte
enhancer factor 2 (MEF2)-dependent transcriptional activation of c-jun in cardiac myocytes. Western blotting and
immunohistochemical analysis of rat myocardium demonstrated that p70° ™ is highly expressed in the rat heart and is
predominantly located at the nuclei of cardiac myocytes. Electrophoretic mobility shift assays of myocardial nuclear
extracts revealed a consistent DNA binding activation of MEF2 after 1 and 2 hours of pressure overload. We further
showed that pressure overioad induced a progressive nuclear translocation and activation of extracellular signal-
regutated kinase 5 (ERKS). Coimmunoprecipitation and in vitro kinase assays indicated that the activation of ERKS was
paralleled by increased association of ERK5/p70™™ and by enhanced ability of ERKS to phosphorylate p70M&?,
Experiments with in vivo transfection of the left ventricle with the c-jun promoter reporter gene showed that pressure
overload induced a consistent increase of ¢c-jun transcriptional activity in the rat myocardium. Rendering the MEF2 site
of the ¢yjun plasmid inactive by mutation abolished the load-induced activation of the ¢-jun promoter reporter gene.
Mutation of the MEF2 site also abolished the phenylephrine-induced c-jun promoter activation in neonatal rat
ventricular myocytes. In addition, we demonstrated that neonatal rat ventricular myocyte transfection with ERKS-
antisense oligodeoxynucleotide inhibited the phenylephrine-induced c-jun promoter activation. These findings identify
MEF2 as a potential regulator of c-jun transactivation and suggest that ERKS might be an important mediator of
MEF2 and ¢-jun promoter activation in response to hypertrophic stimuli in cardiac myocytes. (Cire Res. 2003;92:243.
251.)

Key Words: pressure overload ® transcription factors s myocyte enhancer factor 2 W c-jun
& cxtraceliular signal-regulated kinase 5

ong-term hemodynamic overload induces myocardial Binding of the AP-1 complex (c-Fos/ATF or c-Jun/c-Jun

hypertrophy and remodeling of cardiac chambers that
assume a key role in the compensation of the increased
hemodynamic burden.! The initial response of cardiac myo-
cytes to mechanical stress includes a coordinated rapid and
transient activation of immediate-early genes, which is fol-
lowed by activation of the fetal gene program and a fime-
dependent increase in protein synthesis.? The immediate-
early genes (ie, ¢-jun, ¢-fos, and c-myc) encode for
transcription factors that are normally expressed at low levels
in cardiac myocytes. Nevertheless, the signaling mechanisms
involved in the regulation of these genes by hypertrophic
stimuii remain to be determined.

One such gene, c-jun, has been shown to be rapidly and
transienily activated by mechanical stress in isolated myo-
cytes® and myocardium.® The c-jun promoter contains bind-
ing sites for transcription factors such as Spl, CTF, activator
protein-1 (AP-1), and myocyte enhancer factor 2 (MEF2).5

dimer) to the tissue plasminogen activator-responsive ele-
ment in the e-jun promoter has been shown to result in the
stimulation of its transcription.® Studies in NIH 373 fibro-
biasts and monocytic cells have shown that MEF2 transcrip-
tion factors also play an important role in the transcriptional
regulation of c-jun.”8 Moreover, MEF2 activation in multiple
models of cardiac hypertrophy supports the view that factors
of this family might play a central role in the regulation of
fundamental signaling mechanisms during the myocardial
hypertrophic growth.®-t1 Although it is well established that
MEF2 is important for the activation of cardiac muscle—
specific genes,'? the regulation of MEF2 factors in the early
phase of load-induced cardiac hypertrophy and the set of
genes controlled by these factors in cardiac myocytes remain
essentially unknown.

In the present study, experiments were performed to
examine the importance of MEF2 in the regulation of c-jun
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transcriptional activation during acute pressure overload in
the myocardium of rats. Additional assays were performed o
investigate the importance of extracellular signal-regulated
kinase 5 {(ERKS) and the MEF2 element in the regulation of
c-jun activation induced by phenylephrine in isolated neona-
tal rat ventricular myocytes (NRVMs).

Materials and Methods

Experimental Models

Male Wistar rats (160 to 200 g) were subjected 10 acute pressure
overload (10 minutes to 3 hours) induced by constriction of the
iransverse aorta. NRVMs were cultured as previously described?®?
and subjected 1o hypertrophic stimuli through treatment with 100
pmol/L phenylephrine.

Immaunoblotting

Homogenates of left ventacles (LVs) were resolved on SDS-PAGE
and transferred to nirocellulose membranes. The membranes were
incubated with primary antibodies (amti-phospho-p38, anti-p38,
anti-MEF2A, and anti-c-jun from Santa Cruz Biotechnology; anti-
ERKS5 from Calbiochermn) and stained with “*l-protein A.

ERKS Kinase Activity and In Vitro Assay

ERKS activity was assessed through an autophosphorylation assay.#
ERKS activity roward MEF2 was analyzed by in vitro kinase assay,
as described previousty with modifications.’ Briefly, immunopre-
cipitated ERK3 from sham or overloaded rat LVs was mixed with
MEFZ immunoprecipitated from the LVs of sham rats. The reacton
was carried out by addition of {y-"PJATP. Proteins were resolved in
SDS-PAGE, and bands corresponding to p70"*™ were quantified by
densitometry.

Tissue Preparation for Immunohistochemistry
Procedures for immunohistochemistry were performed as described
previousiy.*® LVs were fixed with 4% paraformaldehyde and set in
paraffin. Sections were incubated with primary antibodies, followed
by incubation with peroxidase-conjugated secondary antibodies; the
sections were then stained by reacting diamincbenzidine with H,0,.
Secondary antibody specificity was tested in a series of positive and
negative conirol measurerments.

Isolation of Total RNA/Reverse
Transcription—Polymerase Chain

Reaction Analysis

Total LV RNA was isolated with Trizol reagent.’® ¢cDNA synthesis
was performed in 6-ug aliquots of RNA with the Superscript
preamplification system (Life Technologies). Tag DNA polymerase
was used 10 amplify the cDNA in the presence of sense and antisense
primers for c-jun (3'-GACCTTCTACGACGATGC-3" and 5'-
CAGCGCCAGCTACTCGAGGC-3', respectively) or S-actin (5'-
TTCTACAATGAGCTGCGTGTGGCT-3 and 5'-GCTICTCCT-
TAATGTCACGCACGA-3', respectively).

Preparation of Nuclear Extracts and EMSAs

The preparation of LV nuclear extracts and electrophoretic mobility
shift assays (EMSAs) were carded out as described previously.t?
MEF2 (GATCGCTCTAAAAATAACCCTGTCG) and nuclear
factor-xB (AGTTGAGGGGACTTTCCCAGGC) DNA binding site
oligonucleotides were from Santa Cruz. The specificity for MEF2
binding was confirmed by competition assays with unlabeled oligo-
rucleotides and knmuno-gel-shift experiments with anti-MEF2A
antibody and preimmune serum.

Plasmid Transfection and Dual Reporter
Gene Assays

Plasmids!® containing the murine c-jur promoter fused to the firefly
fuciferase gene (pIC6GL3, wild type) with mutations at the MER2

(pISXGL3) and AP-1 (pITXGL3) sites were generated by Dr Ron
Prywes {Columbia University, New York, NY}. Experiments were
first carried out in the in situ rat hearts. ¢-jun promoter reporter
plasmids and the internal control SV40-renilla luciferase were
injected into the LVs of anesthetized rats. After 1 week of recovery,
the rats were subjected to aortic constriction (lasting frorn 10 minutes
to 3 hours). A fransconstriction systolic gradient was measured, and
the LV was assayed for luciferase activity. In a different set of
experiments, c-jun premoters and SV-40 reporter plasmids were
transfected in NRVMs, which were then treated with phenylephrine.
All firefly luciferase values were normalized o renills firefly
activities,

ERKS5-Antisense QDN Transfection

An ERKS35-antiserse oligodeoxynucleotide {(QDN) (5'-
GGCTTTCGAGGTTCAG-3") based on nucleotides 91 to 105 of the
rat ERKS5 mRNA partial sequence (GenBank No. AJ003424) was
constructed. The sense sequence (5'-CTGAACCTCGAAAGCC-3)
was used as a control. All bases were obtained from Life Technol-
ogies and were phosphorothicate-protected. The ERKS ODNs were
wransfected in NRVMs 24 hours after the transfection with reporter
genes. NRVMs were maiatained for 18 hours in medium containing
10% serum angd then for 6 hours in serum-free medium, treated with
phenylephrine for an additional 3 hours, and then harvested for
reporter gene assays. Cells used for immunoblotting and confocal
analysis were collected immediately after the 18-hour serum
exposition.

Laser Confocal Analysis

NRVMs were fixed with 4% paraformaldehyde and incubated with
primary antibodies. This was followed by incubation with biotin-
conjugated secondary antibodies and then with streptavidin-Cy2 and
rhodamine-conjugated phalloidin. Images were obtained with a taser
confocal microscope (Zeiss LSM310).

Statistical Analysis
Data are presented as mean® SEM. Differences between the mean
vaiues of the densitometric readings were tested by 1-way ANOVA
for repeated measurements and the Bonferroni muitiple-range test. A
value of P<0.05 indicated statistical significance.

An expanded Materials and Methods section can be found in the
online data supplement available at http://www.circresaha.org.

Results

Effect of Aortic Constriction on Blood Pressure
Figure 1 summarizes the effect of aortic constriction on
systolic blood pressure measured in the ascending and ab-
dominal aortas of anesthetized rats. Systolic blood pressure
measured in the ascending aorta increased by =40 mm Hg
(from 130 to 170 mm Hg) in the period ranging from 10
minutes to 2 hours after aortic constriction. Systolic pressures
measured in the abdominal aorta were similar ia aorta-
constricted and in sham-operated rats.

Protein Expression and Activation of p70™* in
Overloaded Myocardium

As a first step toward studying the regulation of MEF2 in
overtoaded myocardium, immunoblotting experiments were
performed to assess the amount of the MEF2 protein with
anti-MEFZA antibody. Because this antibody has been shown
to cross-react with other isoforms of MEF2 proteins, the
specific product recognized by this antibody was named
p70"™. As shown in Figure 2A, a prominent double band
was stained at =70 kDa in the homogenates of the rat LV,
Experiments performed with blocking peptide indicated the
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Figure 1. Hemodynamics. Systolic blood pressure measured

proximally and distally to aortic constriction {n=10) along the
experimental period. *FP<0.05.

specificity of this antibody to p70M¥? (please see online
Figure 1A, available in the data supplement at http://ww-
w.circresaha.org). Aortic constriction lasting from 10 minutes
up to 2 hours produced no change in p70M%? protein levels in
the rat heart. p70"=™ was then localized in sections of LV by
immunohistochemical staining. Myocardial p70™ was lo-
calized predominantly at the nuclei of cardiac myocytes
(Figure 2C). Pressure overload caused no major change in the
p70*™ distribution pattern in cardiac myocytes {data not
shown).

To obtain evidence that pressure overload activates MEF2
in the myocardium, we performed EMSA of LV nuclear
extracts to study the imferaction between MEF2 and an
oligonucleotide containing the consensus binding DNA se-
quence for MEF2 (Figure 2D). A consisient increase in DNA
binding activity of MEF2 was observed after 1 and 2 hours of
sustained pressure overload. The specificity of the DNA
probe for MEF2 binding was confirmed by competition
assays with unlabeled oligonucieotides (Figure 2D) and by
supershift assay with the anti-MEF2 antibody (Figure 2E).
The immuno-gel-shift assay showed that a major component
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of the DNA-protein complex was shifted by the anti-MEF2
antibody, confirming that the MEF2 consensus oligonucleo-
tide was bound by MEF2 proteins.

Effect of Pressure Overlead on

MAPK-MEF2 Pathway

MEF?2 proteins have potential mitegen-activated protein ki-
nase (MAPK) phosphorylation sites,'’2 which have been
suggested to be involved in the activation of this transcription
factor.1%2 Nevertheless, the available data indicate that only
p38 and ERKS are able to regulate MEF2 factors.?%20 To
analyze the role of p38 and ERKS in mediating the load-
induced activation of p70™* in the myocardium, we first
studied whether pressure overload regulates ERKS and p38
activity in this tissue. Immunoblotting analysis with antibod-
ies against phospho-p38 and pan-p38 indicated that pressure
overload ranging from 10 minutes to 2" hours did not change
the activity or quantity of p38 in the LV myocardium (Figure
3A). Immunohistochemical analysis showed that p38-MAPK
i3 constitutively present in the sarcoplasm and nuclei of
cardiac myocytes (online Figure 1B), However, in overloaded
myocardium, no change was detected in the nuclear and
sarcoplasmic staining with specific antibody (data not
shown}.

Analysis performed through an in vitro kinase assay based
on immunoprecipitated ERKS autophosphorylation showed a
progressive increase of ERKS activity in overloaded hearts
that was detected as early as 30 minutes, up to a maximum of
4.2-fold, after 2 hours of pressure overload (Figure 3B).
Western blotting with anti-ERKS5 antibody showed that
equivalent amounts of ERKS protein were present in LV
homogenates during the experimental protocol (Figure 3B).
Immunohistochemical analysis of ERKS in myocardial sec-
tions of control rats showed & diffuse staining in the cytosol
of cardiac myocytes (Figure 3C). However, consistent nu-
clear staining of cardiac myocytes was observed in the
myocardial sections obtained from rats subjected {o pressure
overload (Figure 3D).

Figure 2, MEF2 expression and activa-
tion. A, Representative biot {from 6
experiments} of anti-MEF2 blotting from
sham and overloaded heart extracts. IB
indicates immunobiotting; 8, sham. B
and C, iImmunohistochemical studies
showing negative control (B} and local-
ization of p70M*2 in the myocardium of
sham rats {C), most intense in cardiac
myocyte nuclei (brownish staining,
arrows). D and E, Representative EMSA
{from 3 expenments) using a MEF2 con-
sensus oligonucleotide. Twenty micro-
grams of protein was used in each sam-
ple. Specificity of the MEF2 complex
was determined by unspecific (unlabeled
muclear factor [NF]-«B consensus oligo-
nuciectide} and specific {unlabeled MEF2
consensus cligonucleotide) competition
(&) and by immuno-gel-shiff assay with
anti-MEF2 antibody and preimmune
serum (E). Arrows indicate protein-DNA
complex.
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We then investigated whether acute pressure overload
coutd induce ERKS to interact with p70M¥2, Coimmunopre-
cipitation: assays of LV homogenates showed a progressive
association between ERKS and p70™= in vivo (Figure 4A).
The ability of activated ERKS to phosphorylate p70M™= was
confirmed by an in vitro kinase assay. ERKS immunoprecipi-
tated from LV homogenates of control and overioaded hearts
was added to p70"* immunoprecipitated from LV homog-
enates of control rats suspended in a kinase buffer and
[v-**PIATP. Densitometric analysis indicated a progressive
increase in the phosphorylation of p70™¥2, beginning at 30

‘ Ami-ERKS - Sham

D, .=

U
9 10um’ -

‘

4

Figure 3. p38 and ERKS activation. A,
Representative biots of myocardial p38-
MAPK detected by phosphospecific {top)
and regular {bottom) antibodies against
P38 and average values (6 experiments)
of p38 activity. B, Representative blots
showing ERKS kinase activity {top) and
ERKS protein levels (bottom) and the
average values {5 experiments) of densi-
tometric analysis of ERKS kinase activity.
|P indicates immunoprecipitation.
*#<0.05 compared with unloaded hearts.
C, Myocardial distribution of ERKS in

R S 1"
e R unloaded heart showing diffuse immuno-
I & S 5 staining at the sarcopiasm (yellowish
= staining, asterisk). D, Localization of
ERKS protein in myocardium subjected
. - to 2 hours of pressure overtoad (P.O.).
P ) Strong ERKS staining was detected at
. cardiac myocyte nuclei {brownish stain-
i S ing, arrows).
> -
. . k=

minutes and reaching a 2.2-fold maximum increase at 2 hours
after the onset of pressure overload (Figure 4B). Immuno-
blotting analysis showed that an egual amount of MEF2
substrate was present in samples containing immunoprecipi-
tated MEF2. In contrast, a weak band of MEF2 was detected
ir samples containing only ERKS immunoprecipitates, which
may represent the amount of MEF2 associated with ERKS.
Accordingly, a minor phosphorylated MEF2 band was also
encountered in the lane correspondent to ERKS immunopre-
cipitates zlone, further indicating that MEF2 is a physiolog-
ical substrate of ERKS.

A 8
[ PRATP +
1P MEF2 IP:MEF2 8§ § § § § -
- - IFCERKS S 10m 30m 1h 2R 2h - 4, ERKS-MEF2 interaction. A,
wmerz e A a BE 70kDa Vo R mi: e i igure 4. - interaction.
B =PRIOU R . Taxba Representative blot and average vaiues
IBERKS s e - W 90 kDa . (5 experiments) showing the results of
encrz i 3 0 R - 700 MEF2-ERKS coirmmunoprecipitation
60 R 00 experiments. B, Representative blot and
average values (n=5) of p70"*2 in vitro
. phosphoryiation mediated by ERKS in
= 240 T g * overloaded hearts. Immunoprecipitated
2 . 2 ERKS5 from sham or overloaded rat LVs
= - 32 was mixed with MEF2 immuneprecipi-
8 E 1o 85 tated from sham hearts. The reaction
::, > ) was carried out by addition of
x2 T % =2 [+*2P|ATP. Proteins were resolved in
W g 120 b 3 o SDS-PAGE, and bands corresponding o
5 < X p70M2 were quantified by densitometry.
w B *P<0.05.
R 56
o 3

& 10m 3Mm th 2h
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e - Figure 5. Regulation of c-jun expression
4 o by pressure overload. A, RT-PCR of
. ». . c-jun and B-actin mRNA in rat myocardi-
* %? ™ 1Y um. Representative gels from 3 experni-
-t ) ments are shown, B, Representative blot
Y kR ] and average values of densitometric
S 16m 30m 1h 2h - e " readings (n=6} of the immunoblotting of
- L. anti-c-Jun from sham and overloaded
heart extracts. *F<0.05. C, Distribution
B - Anti-c~Jun - 2h P.O. of c-Jun in the myocardium of control
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MEF2 Element Regulates c-jun Promoter
Activation by Pressure Overload

Pressure overload has been shown to induce a rapid increase
in myocardial c-jun expression.* In addition, in cell culture
systems, c-jun expression has been reported to be increased
by transcription factors activated by MAPKSs, including
MEF2 and the AP-1 complex.’”® In the present study, the
influence of pressure overload on LV c¢-jun expression was
analyzed by reverse transcription (RT)}-polymerase chain
reaction (PCR), Western blot, and immunohistochemistry.
Pressure overload induced a biphasic increase in ¢-jun mRNA
and protein expression in the LV, with an early peak
{=3-fold) at 10 minutes and a second peak {(=2.5-fold) at 2
hours after aortic constriction (Figures 5A and 3B). In the
LVs of control rats, immunostaining with anti—c-Jun anti-
body was found predominantly at the sarcoplasm of cardiac
myocytes (Figure 5C). Pressure overload markedly increased
the nuclear staining for c-Jun, as demonstrated in the repre-
sentative example of Figure 5D.

Experiments using in vivo transfection of LVs with the
c-jun promoter reporter gene were performed to evaluate the
role of MEF2 in the regulation of load-induced c-jun expres-
sion in the myocardinm (Figure 6). The LV was transfected
with firefly luciferase—fused plasmids containing wild-type
c-jun promoter (pJCOGL3), a c-jun promoter mutated for the
AP-1 site {pJTXGL3), or & c-jun promoter mutated for the
MEF2 site (p}SXGI3) by direct injection in the wall of the
LV (Figure 6A). After 1 week, transfected rats were subjected
to aortic constriction or sham operation and euthanized 3
hours after these procedures for the analysis of luciferase
activity (Figures 6B and 6C). Pressure overload induced a
2-fold increase in luciferase activity in the LV wansfected
with the wild-type plasmid (pJC6GL.3), which confirmed that

pressure overload induces c-jun transactivation. In contrast,
LVs of 30-minute~overloaded hearts showed ne change in
luciferase activity, indicating that the first peak of c-jun—
enhanced expression was probably regulated by posttran-
scriptional mechanisms. Pressure overload still increased
Jirefly luciferase activity in the LVs of rats transfected with
the ¢c-jun promoter mutated at the AP-1 site (pJTXGL3) by
2-fold, although the basal luciferase activity of this promoter
was 3-fold less than wild-type c-jun. In contrast, no change
was observed in luciferase activity in the LVs of rats
transfected with MEF2-mutated plasmid (pJSXGL3), even
though in these experiments this plasmid showed basal
activity similar to that of wild-type plasmid. In general, these
data support the notion that the MEF2 site plays an imnportant
role in c-jun promoter transactivation by acute pressure
overload.

ERKS and MEF2 Element Regulate c-jun
Promoter Activation Induced by Phenylephrine

in NRVMs

To further analyze the regulation of c-jun promoter activity
by ERKS and MEF2, additional experiments were performed
on NRVMs subjected to hypertrophic stimulus with phenyi-
ephrine The results obtained in this model were consistent
with the data from our in vivo studies. As shown in Figure
7A, NRVMs ansfected with wild-type ¢-jun promoter
showed a ~2-fold increase in luciferase activity after a 3-hour
phenylephrine treatment. MEF2 element mutation abolished
the phenylephrine-induced increases in. c-jun promoter lacif-
erase activity. However, similar increases in luciferase activ-
ity were found in NRVMs transfected with the AP-1-mutated
C-jun promoter. It was noticeable that luciferase baseline
activities of MEF2-mutated and AP-1-mutated plasmids
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Figure 6. c-jun promoter regulation by pressure overload. A, Schematic representation of the wild-type murine c-jun promoter
{pJCBGLI) and its derivatives mutated at MEF2 (pJSXGLY) and AP-1 (pdTXGL3) regulatory elements. B, Systoiic blood pressure mea-
sured proximally and distally to the aortic constriction of sham and overloaded transfected rats. P indicates proximal; D, distal.
*P<0.05. C, Graphic represeniing the average values (n=6) of firefly luciferase activity normalized to reniffz luciferase activity present in
each sample. #7<0.05 for sham-pJTXGL3 compared with sham-pJCBGLS and -pJSXGL3.

were markedly reduced (==50-fold) compared with the base-
line activity seen in NRVMs transfected with the wild-type
¢-jun promoter.

The role of ERKS5 on phenylephrine-induced activation of
c-jun promoter in NRVMs was assessed by transfecting NRVMs
with ERKS-antisense OODNs. As shown in Figure 7B, ERKS
antisense produced an inhibitory effect on phenylephrine-in-
duced activation of the c-jun promoter similar to the MEF2
element mutation, supporting a ceniral role of ERKS in the
agonist-indaced activation of c-fun promoter in NRVMs. The
effectiveness of ERKS-antisense ODN transfection to reduce
ERKS protein expression and the absence of a deleterious effect
of this procedure on NRYMs were demonstrated by immuno-
blotting and laser confocal analysis with ang-ERKS antibody
(Figures 8A through 8E). As shown in Figure 8A, antisense
transfection markedly reduced ERKS protein expression
(=T2%), an effect confirned by immunohistochernical analysis
(Figures 8B and 8C). The specificity of this procedure was
demonstrated by our data, which indicated that the expression of
p38-MAPK and MEFZ were not changed by antisense transfec-
tion (Figures 8A, 8D, and 8E).

Discussion
The rapid activation of the immediate-carly gene program
that includes upregulation of c~jun, c-fos, c-mye, and egr-1 is

an essential feature of cardiac myocytes in response to
hypertrophic stimuli.»*' in the present study, we provided
evidence of a rapid activation and interaction of ERKS and
MEF2 in cardiac myocytes in response to mechanical stimuli.
By transfecting LVs and NRVMs with the c-jun promoter
reporter gene, we demonstrated that the MEF2 site of the
¢-jun promoter is essential for the early transcriptional acti-
vation of c-jun in cardiac myocytes evoked by hypertrophic
stimuli. In addition, the transfection of NRVMs with ERKS
antisense abelished c-jun promoter activation by phenyleph-
rine. Overali, these results are compatible with the notion that
the ERK5-MEF2 pathway might work as a major regulator of
early c-jun transcriptional regulation in cardiac myocytes in
response to hypertrophic stimuli.

Franscriptional Regulation of c-jun by MEF2

The early induction of c-jun expression in the myocardium in
response to acute mechanical stress is a well-characterized
phenomenon.* In the present study, we first investigated the
regulation of c-Jun by characterizing its expression by protein
blotting and RT-PCR and its localization in the LV by
immunchistochemistry. The analysis of LV sections stained
with anti-c-Jun antibody indicated that myocardial c-Jun is
located mostly in cardiac myocytes. In addition, it was shown
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Figure 7. ¢-jun promoter regulation by phenylephring (PE). A,
Graphic representing the average values (n=4} of iuciferase
activity in NRVMs stimulated with PE. C indicates control.
#P<0.05 compared with controi-pJC6GL3. B, Average vaiues
{n=4 of luciferase activity in pJCSGL3-transfected NRVMs stim-
ulated with PE and transfected with ERKS ODNs.

that the amount of c-Jun in the nuclei of cardiac myocytes
increases dramatically in overloaded hearts, indicating a
load-induced translocation of c-Jun to the nuciei. RT-PCR
and Western blot analysis of the myocardial homogenates
indicated that the enhanced expressions of c-Jun protein
and mRNA in overloaded hearts are actually biphasic, with
an initial peak at 1{} minutes and a later peak at 2 hours
after the beginning of sustained pressure overload. Be-
cause reporter gene assays showed no incresse in c-jun
promoter activity after 30 minutes of pressure overload,
the first peak of c-Jun mRNA and protein expression
would be explained by postiranscriptional regulation un-
less the prometer sequence used in the present study does
not contain the appropriate regulatory domains to detect
early regulatory function.

The second peak of c-Jun mRNA and protein expression,
seen at 2 hours of sustained pressure overload, might repre-
sent a more transcripticnal regulation of c-jun. The analysis
of load-induced transcriptional regulation of c-jun was as-
sessed by transfection of intact hearis with constructions of
the c-jun promoter-reporter gene. Wild-type and MEF2 or
AP-1 site-mutated constructions were directly injected into
intact rat hearts that were then overloaded as a result of aertic
constriction. We observed that sustained increases of aortic
pressure by 3 hours were paralleled by consistent increases in
the wild-type reporter gene activity. Mutation that abolished
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Figure 8. Effect of ERKS ODNs on NRVMs. A, Representative
immuncblotting (from 3 experiments) of extracts from NRVMs
transfected or not with ERKS ODNs performed with anti-ERKS,
-MEF2, and -p38 antibodies. B through E, Laser confocal analy-
sis of control and antisense-transfected NRVMs double-labeled
with phallcidin and anti-ERKS or anti-MEF2 antibodies. Celis
were coliected after maintenance in medium containing serum
for 18 hours.

AP-1 binding did not affect the load-induced increase in
reporier gene activity, although it was accompanied by a
3-fold reduction in ¢-jur promoter basal activity. These
results suggest that the AP-1 site is important for basal but not
for load-induced c-jun transcription in rat hearts. However,
mutation that inhibits binding of MEF2 factors abolished the
load-induced increase in reporter gene activity, indicating that
the MEF2 site is essential for the load-induced transcriptional
activation of c-jun. Experiments performed in NRVMs
treated with phenylephrine confirmed the results obtained in
in vive preparations, strengthening the idea that the MEF2
site of the c-fun promoter and presumably MEF2 factors are
important regulators of c-jun expression in cardiac myocytes
in response to hypertrophic stimuli. In this context, although
the present study lacks a direct demonstration that changes in
MEF2 protein function interfere with c-jun expression, sev-
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eral studies have shown that procedures that render MEF2
proteins inactive affect c-jun promoter-reporter gene activity
to a similar extent as mutation of the MEF2 site. This
indicates that the use of c-jun promoter construction contain-
ing MEFZ site mutation is a useful tool to assess the
regulatory function of MEF2 transcription factors.?-24

The contribution of MEF2 factors to the regulatory events
that occur early in response to hypertrophic stimuli was not
previously explored in cardiac myocytes. The idea that MEF2
proteins regulate transcriptional events in the myocardium
that precede the activation of muscle-specific genes during
the hypertrophic stimuli was strengthened by our demonstra-
tion in the present study that p70"™ is expressed at high
levels in cardiac myocyte nuclei and that MEF2 is rapidly
activated in overloaded hearts, as demonstrated by EMSA.
Although our data indicate that MEF2 factors play an
important role to the regulation of c-jun expression in
response to hypertrophic stimuli, questions such as the
relative contribution of specific members of MEF2 family to
the regulation of c-jun and the importance of this pathway 10
the whole process of cardiac hypertrophy remain to be
determined.

Upstream Activater of MEF2 in Cardiac Myocytes
in Response to Hypertrophic Stimuli

MEF2Z can be regulated at transcriptional and translational
levels.’? Two other potentially important mechanisms for the
regulation of MEF2 activity may lie in the control of their
nuclear localization and transcriptional activity, with both
probably regulated by reversible phosphorylation of this
factor in serine and threonine residues.’? In this context,
MAPKs have been shown to phosphorylate and activate
MEF2 transcription factors.!®20 In addition, MEFZ activity
has been shown to be regulated by dissociation from class I
histone deacetylases!®?® as well as through dephosphoryla-
tion by calcineurin, **2¢ However, the relative importance and
the necessity and sufficiency of each of these mechanisms to
MEF?2 activation in response to hypertrophic stimuli remain
to be elucidated.

Although any MAPK could potentially influence MEF2
activity, the available data have restricted this effect to p38
and ERKS.7%2 Moreover, distinct experimental evidence
indicates that p38 and ERKS pathways may regulate cardiac
myocyte hypertrophy. 2”2 In this context, experimental evi-
dence has indicated that MEF2 proteins are targets of p38
activity during cardiac growth in a transgenic murine model
of myocardial hypertrophy.!? However, our preseni data
indicate that pressure overioad lasting up to 2 hours is not
accompanied by a detectable change in the activity of p38 in
the rat myocardium. Thus, these results do not support a role
for p38 in the early activation of MEF2 in overloaded
myocardium of rats, This agress with a previous observation
indicating that the activation of p38-MAPK rather than
initiation of the hypertrophic response may be more impor-
tant in its maintenance over a longer period of time.?
However, this contrasts to a more recent report showing an
early activation of p38 in the rat myocardium after zortic
constriction.’® The reason for the discrepancies is not appar-
ent, but differences in the experimental design and stimulus

intensity couid explain the difference between the results of
the present and previous studies. To date, although rats of the
present study were subjected to increases in peak systolic
pressure of the ascending aorta of =40 mm Hg, systolic
gradients of 100 mm Hg were observed in the above-
mentioned study of Fischer et al.?® Such pressure stimulus, by
inducing greater systolic stress, might trigger additional
effects, such as ischemia and inflammatory activation, which
are known to be effective activators of p38-MAPK.>

In contrast to p38, our present findings indicate that ERKS
was rapidly activated and migrated to the nuclei of cardiac
myocytes of overloaded hearts, as assessed by kinase assays
and immunohistochemical analysis, respectively. In addition,
we showed that pressure overload induced an ERKS-p70MEFR
association and that load-induced activated ERKS is able to
phosphorylate p70™* in vitro. These phenomena paralleled
the increase in MEF2-DNA binding activity, supporting the
idea that ERKS might modulate the activation of p70™=™ by
acute pressure overload in the rat heart. On the other hand, by
rransfecting NRVMs with ERK5-antisense ODNs, we also
demonstrated that ERKS plays a central role in phenyleph-
rine-induced c-jun promoter upregulation. A further sugges-
tion of the interaction of ERKS5-MEF2 in the regulation of
¢-jun promoter activation is supported by the fact that ERKS
antisense inhibited the phenylephrine-induced c-jun promoter
activation to the same extent as MEF2 element mutation.

‘The mechanisms whereby hypertrophic stimuli induces the
activation of ERKS in vivo remain to be determined, but
studies have shown that stimuli such as mechanical stress,
ischemia, oxidative stress, interleukins, and growth factors
may activate ERKS in cardiac myocytes.®*232 Qur present
results, which show the c-jun promoter activation by phen-
ylephrine in NRVMs and its abolition by transfection with
ERKS5-antisense ODNs, suggest that e,-adrenergic receptors
may aiso be involved in ERKS5 activation, which is in accord
with results from studies that have demonstrated ERKS
activation by G-protein—coupled receptor pathways. 2834

In conclusion, our data indicate that the transcriptional
activation of c-jun elicited by mechanical and agonist-
induced stimuli in cardiac myocytes involves the activation of
MEF2, suggesting that this transcription factor may play a
central role to the regulation of early gene expression induced
by hypertrophic stimuli. In searching for the upstream regu-
lators, we have also shown data compatible with the notion
that ERKS might be an important mediator of MEF2 and
¢-fun promoter activation in response to hypertrophic stimuli.
Further work will be required to unravel the importance of
c-Jun upregulation in the process of myocardial hypertrophy.
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Nadruz, Wilson, Jr., Claudia B. Kobarg, Jorg Kobarg, and
Kleber G. Frapchini. c-Jun is regulated by combination of enhanced
expression and phosphorylation in acute-overkaded rat heart. Am J
Physiol Heart Circ Physiol 286: H760-H767, 2004; 10.115%/
ajphears.00430.2003.—The transient increase in the expression of
mranscription factors emcoded by immediate-carly genes has been
considered to play a critical role in the coordination of early gene
expression during the hypertrophie growth of cardiac myocytes. Here,
we investigated the regulation of c-Jun and its upstream activators
JNKs in the myocardium of rats subjected to acute pressure overload
induced by transverse aortic comstrictios. Western blotting and im-
munochistochemistry analysis demonstrated that both INK1 and JINK2
were transiently activated by pressure overtoad, but only INK1 was
activated at the nuclet of cardiac myocytes. JNKI activation was
paralieled by phosphorylation of c-Jun at serine-63 in the myocardial
nuclear fraction and by an increase in c-Jun expression in cardiac
myocytes. A consistent increase in DNA binding of activator pro-
tein-1 (AP-1) complex was observed after 10 and 30 min of pressure
averload and Supershift assays confirmed that c-Jun was a major
component of activated AP-1 complex. Moreover, experimenis per-
formed with the specific JNK inhibitor SP-600125 abolished c-Jun
phosphorylation and markedly attenuated its expression as well as the
expression of the fetal gene B-myosin heavy chain. Overall, these
findings demonstrate a molecular basis for load-induced activation of
c-Jun in cardiac myocytes and its connection with the regulation of
fetal gene, characteristic of the acute response to pressure overload.

pressure overload; protein; myocardium; activator protein-1

HYPERTROPHY IS AN ADAPTIVE response of cardiac myocyies o
increased hemodynamic stress (24, 25). The development of
the hypertrophic phenotype is characterized by a coordinated
pattern of gene expression, which includes an early and tran-
sient expression of immediate-carly genes, followed by a
recapitulation of an embryonic patiern of genetic wanscription,
and an increase in contractile protein content (16, 24). The
immediate-early genes are rapidly and transiently activated in
response o sustained hypertrophic stimuli and encode tran-
scription factors, such as ¢-Jum, c-Fos, and ¢-Myc, that are nor-
mally expressed at low levels in cardiac myocytes (12, 15, 16).
¢-hum homo activating and heterodimers with c¢-Fos and
transcription factor-2 constitute transcription factors of the
activator protein-I (AP-1} complex (13). c-Jun has been shown
to be regulated either by increased expression or by posttrans-
lational enhancement of its transcriptional activity, which in-
clodes phosphorylation of serines-63 and -73 by JNKs (7, 29).
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In the myocardium, mechanical overload has been shown to
increase c-Jun expression only transiently (5, 23, 27), but
several lines of evidence indicate that this franscription factor
might be important for the subsequent activation of genes that
are characteristically expressed during cardiac hypertrophy,
such as a-skeletal actin and atrial nawiuretic factor (1, 5).
Transfection of cardiac myocytes with a dominant negative of
c-Jun has been shown to inhibit cardiac myocyte hypertrophy
in response to phenylephrine and endothelin, suggestng that
c-Jun might play an important role in cardiac hypertrophy (20).

Concerning the regulation of ¢c-Jun expression in overloaded
myocardivm, we recently demonsirated that the increases in
c-Jun expression occur through a combination of an unknown
posttranscriptional mechanism and transcriptional regulation
by myocyte enhancer factor-2 transcription factors in the rat
myocardium (19). On the other hand, posttranslational regula-
tion of ¢-Jun by hemodynamic overload has been also previ-
ously suggested (9). However, little is known about the sig-
naling mechanisms involved in the activaton of c-Jun by
mechanical stress in cardiac myocytes in vivo,

In the present study, we aimed to investigate the activation
of c-Jun induced by pressure overload and the role of INK
isoforms in this process. EMSA and supershift assays revealed
that c-Jun was a major component of the AP-1 complex
activated by pressure overload. Western blotting and immuno-
histochemistry analysis demonstrated that both JNKI1 and
INK2 were transiently activated by pressure overload, but only
TNK1 was activated at the nuclei of cardiac myocytes, INK1
activation was paralleled by c-Jun phosphorylation in the
myocardial nuclear fraction 2nd by an increase in ¢-Jun ex-
pression in cardiac myocytes. Experiments performed with
specific JNK inhibitor abolished c¢-Jun phosphorylation and
markedly attenuated its expression as well as the expression of
the fetal gene B-myosin heavy chain (B-MHC),

MATERIALS AND METHODS

Animals. The experiments were performed on male Wistar rats
{160-200 g) obtained from animal facilities of the State University of

Campinas {Campinas, Brazil}, All animals received care in compli-

ance with the principles of laboratory animal care formulated by the
university’s Animal Care aad Use Committee.

Antibodies and chemicals. Mouse monoclonal anti-phospho-JNK
{s¢c-6254), anti-phospho-c-Jun (sc-822), anti-phospho-ERK1/2Z (sc-
7383), rabbit polyclonal anti-INK1/2 {sc-371), anti-ERK1/2 (s¢c-133),
anti-c-Jan (sc-1694), and anti-INKI (sc-474) antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). ['*[]pro-
tein A was from Amersham. The JNK inhibitor SP-600125 was from
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C-JUN ACTIVATION IN ACUTE OVERLOADED MYOCARDIUM

Calbiochem. Anti-mouse Ig(G antibody and all other grade chemicals
were from Sigma.

Aertic constriction. Rats were anesthetized with pentobarbital so-
dium (50 mg/kg rat body wt ip) and placed on a temperature-
controlied swrgical table. Catheters were placed in the right commeoen
carotid artery and right femoral artery for blood pressure measure-
ment. The transverse thoracic aorta was dissecied, and a silver clip
(300 pm ID) was positoned around the transverse thoracic aorta
between the brachiocephalic tuncus and the left common carotid
branches. The thoracic cavity was closed and the rats were studied
after a period of 10 up to 120 min after surgery. Sham-operated
animals underwent an identical procedure except for placement of the
silver clip.

Pharmacological inhibition of JNK. Wistar rats were treated with
the specific JNK inhibitor SP-600125 (& mg/kg ip) 1 h before aortic
constriction as previously described (28). Sham rats were treated with
vehicle (6 mikg dimethyl sulfoxide). After 10 min, 4 and 6 h of
pressure overload, blood pressure was measured, the hearts were
excised, and whole extracts (19) of the left ventricle were analyzed by
immueoblotting with anti-JNK1/2, anti-phospho-JNK, anti-c-Jua, an-
ti-phospho-c-Jun, anti-ERK1/2, and anti-phospho-ERK1/2 as well as
by RT-PCR for 8-MHC.

Subcellular fractionation. Subcellular fractionation was performed
as previously described (18) except for minor modifications. At the
end of each aortic constriction period, the thoracic cavity was opened
and the left ventricle excised and homogenized in 5 volumes of
solubilization buffer compesed of (.32 moll sucrose, 10 mmol/i
Tris-HCL, pH 7.4, I mmol]l EGTA, 2 mmol/i EDTA, | mmolT DTT,
50 mmol/i sodiem pyrophosphate, 50 mmol/l sodium fluoride, 1
mmel/ sodium orthovanadate, 2 mmeol/l PMSF and 0.1 mg of apro-
tinin/ml at 4°C with the use of a Polytron PTA 2085 generator (model
PT 10/35; Brickmann Instruments; Westbury, NY) operated at max-
imum speed for 30 s. The homogenates were centrifuged (1,600 g, 10
min, 4°C} w obtain pellets that contained the auclear fraction. The
supernatant was centrifuged (100,000 g, 60 min, 4°C) to obtain the
cytosolic fraction. The nuclear fraction was solubilized in Triton buffer
[1% Triton X-100, 1530 mmold NaCl, 10 mmo¥] TrisHCI (pH 74), 1
mmol/1 EGTA, 1 mmel/l EDTA, 50 mmol/ sedium pyrophosphate, 50
mmol/l sodiom fluoride, 1 mmoll sodium orthovanadate, 2 mmeol/]
PMSF, and 0.1 mg of aprotinin/ml], and then centrifuged (15,000 g, 30
min, 4°C). The nuclear extract was obtained from the supernatant.

Protein analysis by immunoblotting. Aliguots of subceliular or
whole myocardial extracts were treated with Laemmli sample buffer
containing 100 mmol/l DTT and heated in a boiling water bath for 5
min, after which they were subjected to SDS-PAGE (10% bis-
acrylamide) in a miciature gel apparatus (Mini-Protean, Bio-Rad
Laboratories; Richmond, CA}. Electrotransfer of proteins from the gel
to nitrocellulose membrane was performed for 90 min at 120 V
(constant) in the Mini-Protean miniature transfer apparatus. Nonspe-
cific protein binding te the nitrocellulose membrane was reduced by
preincubating the filter in blocking buffer (5% nonfat dry milk, 10
mmol1 Tris, 130 mmol/l NaCl, aad 0.02% Tween 20) overnight at
4°C. The nitrocellulose membrane blot was incubated with primary
antibodies diluted in 10 ml of blocking buffer (3% BSA instead of
noofat dry milk) overnight at 4°C and then washed for 60 min in
blockiag buffer without milk or BSA. The blots were subsequently
incubated with 2 wCi of [*Jprotein A (30 pCipg) in 10 ml of
blocking buffer for 2 b at room temperature and then washed again for
30 min as described above. ["**I]protein A bound to the specific
antibodies was detected by autoradiography using preflashed XAR
film (Eastman Kodak; Rochester, NY) with Cronex Lightning Plus
imtensifying screens (DuPont; Wilmington, DE) at —80°C for 24 k.
Band intensities were gquantified by optical densitometry of the devel-
oped autoradiographs.

Tissue prepararion for immunohistochemisiry. Immunohistochem-
ical assays were performed as previously described (8). Rats were
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heparinized and enthanized with a lethal dose of lidocaine. The
ventricles were fixed by overnight immersion with 4% paraformalde-
hyde in 0.1 mol/1 phosphate buffer, pH 7.4, and processed 1o inclusion
ia paraffin. Sections (5 ym) were transferred to poly-L-lysine-coated
glass slides. The eadogenous peroxidase activity was blocked by
reatrnent with 0.03% H,0; in 0.1 mol/l PBS at room temperature for
30 min. The sections were preincubated in blocking buffer (5% nonfat
dry milk on 0.1 mol/l PBS) for 45 min at 37°C, followed by overnight
incubation with the primary antibodies (1:;75) at 4°C. The sections
were extensively rinsed in 0.05 mol/l PBS and incubated with perox-
idase-conjugated secondary antibodies (1:100) for 2 b at 25°C. After
being washed in the same method as above, the sections were
subjected for 10 min to freshly prepared diamincbenzidine that
coatained H;02 (0.8%). Secondary antibody specificity was tested in
a series of positive and negative control measurements. In the absence
of primary antibodies, application of secondary amtibodies failed to
produce any significant staining.

Preparation of nuclear extracts and EMSA. Nuclear extracts were
prepared as described previously (30). Left ventricles were harvested
and spap frozen in lqaid nitrogen. A pool of two hearts was used for
each experimental period. The frozes tissues were pulverized in liquid
nitrogen and homogenized in 10 volumes of homogenization buffer A
(230 mmolZ sucrose, 10 mmol/d HEPES, pH 7.6, 25 mmol/1 KCI, 1
mmol/l EDTA, 10% glycerol, 0.1 mmoll PMSF, 2 pg/ml cach
aprotinin and leapeptin, and 10 mmold sodium orthovanadate) with
10 strokes of a Teflon pestie. The homogenate was layered over a
one-half volume of buffer B (1 mol/ sucrose, 10 mmol/l HEPES, pH
7.6, 25 mmoil XKCl, 1 mmol/i EDTA, 10% glycerol, 0.1 mmol]
PMSF, 2 ug/ml each aprotinin and leupeptin, and 10 mmol/ sodium
orthovanadate) and centrifuged at 3,900 g for 10 min at 4°C. The
pellet was resuspended in buffer A-glycerol [9:1 (wt/wr)] and layered
over a one-third volume of buffer B-glycerol [9:1 (wi/wt)]. The
gradient was centrifuged at 48,000 g for 30 min at 4°C. The semipu-
rified muclear peliet was resuspended in 1 ¥ol of nuclear extraction
buffer (10 mmol/t HEPES, pH 7.6, 400 mmo¥/l KCY, 3 mmoll MgCla,
0.1 mmol/t EDTA, 10% glycerol, | mmoil DTT, 0.1 mmol] PMSF,
and 10 mmo¥/l sodium orthovanadate). Nuclear proteins were then
extracted on ice for 30 min, and the particulate material was removed
by centrifugation at 13,000 g in a microcenirifuge for 10 min at 4°C.
The supernatant was dialyzed against buffer C (25 mmol/i HEPES, pH
7.6, 100 mmol/l KCl, 8.1 mmoll EDTA, 10% giycerol, I mmol/l
DTT, 0.1 mmol/t PMSF, 2 pg/ml each aprotinin and leupeptin, and 10
mmol/l sodium orthovanadate) for 3 to 4 h. The dialysate was assayed
for toial proswein (Bradford) and stored at 70°C.

EMSA were performed as previously described with modifications
{19). AP-1 DNA-binding site oligonucleotides (CGCTTGATGACT-
CAGCCGGAA) were from Santa Cruz Biotechnology. The oligonu-
cleotides were end labeled with [y-*2P]ATP and T4 polynucleotide
kinase. The probes (5 and 7 pmol/] in final reaction volume) were
incubated with 20 g of nuciear extracts in a 20-p] reaction contain-
ing 1 pg poly(dl-dC), 50 mmel/1 NaCl, 5 mmol/l MgCls, 10 mmold
Tris-HCI, pH 7.5, 0.5 mmol/l EDTA, 1 mmo¥/l DTT, and 2% glycerol
for 20 min at room ternperature. For competition studies, the extracts
were incubated with X 100 excess of unlabeled AP-1 oligonucleotides.
For immunogel shift assays, the extracts were incubated with 3 pg of
anti-c-Jun antibody or noaimmuse serum 45 min before electrophore-
sis at room temperature. The samples were then analyzed on a
nondenaturing 6% polyacrylamide gel and run at 400 V for 90 min at
4°C, The dried gels were exposed and the bards were visualized by
autoradiography.

RT-PCR analysis. Left ventricles were homogenized in TRIzol
reagent, and total RNA was isolated by precipitation with isopropyl as
previously described (19). A 5-pg alignot of total RNA was used for
¢DNA synthesis with the Superscript preamplification system (Life
Technologies) according to the manufacturer’s instructions. cDNA
was amplified by PCR using Tag DNA polymerase with oligonucle-
otides derived from the B-MEHC gene (5'-CCAACACCAACCTGTC-
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Fig. 1. Hemodynamics. Blood pressure g "
measured al ascending (A) and abdominal 190
(B) aorta (n = 10} along the experimental 2
period is shown. *P < 0.05. ]
2
4 X
] :
B

Sham  10min

CAAGTTC-3 and 5'-TGCAAAGGCTCCAGGTCTGAGGGC-3) or
B-actin gene (5-TICTACAATGAGCTGCGTGTGGCT-3" and 5'-
GCTTCTCCTTAATGTCACGCACGA-3). Oligonucleotides were syn-
thesized by Life Technologies. The amplification conditions consisted of
denatering at 94°C for 2 min, annealing at 45°C {B-actin) and 54°C
{(B-MHC) for | min, and extension at 72°C for 2 min. The number of
cycles was 25, PCR products were size fractionated with agarose gel
electrophoresis. After being stained with ethidium bromide, the DNA
bands were visualized with a UV transilluminator.

Sratistical analysis. The data are presented as means = SE. Dif-
ferences between the mean values of the densitometric readings were
tested with one-way ANOVA, followed by post hoc multiple com-
parisons with the use of Bonferront's corrected r-test. A value of P <
0.05 indicated statistical significance.

RESULTS

Effect of aortic constriction on blood pressure. Figure 1
summarizes the effect of aortic constriction on blood pressure
measured in the ascending and abdominal aorta of anesthetized

30 min 14 2h

¢-JUN ACTIVATION IN ACUTE OVERLOADED MYOCARDIUM

B

¥
¥
g

g

Blood fressure (mmHg)
B

@ : i H !
Sham  10min 30 min 1h

rats. Ascending aorta systolic blood pressure increased by ~40
mmHg in the period ranging from 10 min to 2 h after aortic
constriction {Fig. 14). Blood pressure measured in the abdom-
inal aorta remained stable at levels similar to those seen in
control rats (Fig. 18).

Effect of pressure overioad on JNKs. Immunoblotting assays
with anti-JNK1/2 antibody showed that cytosolic and nuclear
fractions of rat left ventricles expressed both p46 (JNK1) and
p54 (INK2) isoforms (Fig. 24). Experiments with fractional
centrifugation of left ventricular myocardial homogenates ob-
tained from sham-operated rats indicated that the amounts of
JNK1 and INKZ were 8.2- and 12.5-fold greater in the ¢yto-
solic than in the nuclear fraction, respectively (Fig. 2, A and B).
A significant nuclear translocation of INK1 was detected after
10 min of acrtic constriction, as indicated by the increase in the
amount of this protein detected in the nuclear fraction, simul-
taneously to a reduction in the cytosolic fraction. On the basis
of these data, we estimated in 23% the nuclear translocation of
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JNKI1 (Fig. 2B). The redistribution of INK induced by pres-
sure overload was confirmed by immunohistochemical analysis
of myoccardial tissue with a specific antibody against INK1
(sc-474}. In control hearts, JNK1 was mainly found in the
cytosol of cardiac myocytes (Fig. 2C), whereas in overloaded
hearts (10 min), a marked ant-JNK1 antibody staining was
observed at nuclei of cardiac myocytes (Fig. 2D).

With the use of a specific antibody against the phosphory-
lated isoforms of JINKs, we assessed the effect of pressure
overload on the activity of these kinases (Fig. 24). The small
amount of activated baseline INK was found predominantly in
the cytosolic fraction of rat heart. Pressure overload induced an

Cytosolic

H763

early (10 min of zortic constriction) and transient phosphory-
lation of JNK1 and JNE2 in the cytosolic fraction of the rat
heart (3-fold for INK1 and 3.2-fold for INK2). This was
accompanied by an increase in the intensity of phosphorylated
INK1 band in the nuclear fracdon. However, the ratio of
phosphorylated TNK1 to total INK1 remained unaltered, indi-
cating that the increased JNKI1 phosphorylation seen in the
nuclear fraction of 10-min-overloaded hearts was due to nu-
clear transiocation of phosphorylated JNK1. We were unable
to find a significant increase in INK2 phosphorylation in the
nuclear fraction, although a robust activation of this isoform
was detected in the cytosolic fraction.
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Regulation of c-Jun expression/phosphorylation by pressure
overload. The effect of hemodynamic overload on c-Jun ex-
pression was assessed by immunoblotting of subcellular frac-
tions and by immunchistochemistry of myocardial sections
with anti-c-Jun antibody. Immunoblotiing of myocardial sub-
fractions showed a minor c-Jun expression in both the cytosolic
and nuclear fractions in the left ventricles of sham-operated
rats. A marked increase in c-Jun expression was obhserved in
the cytosolic fraction (~3-fold) after 10 min and in the nuclear
fraction (~5-fold) after 10 and 30 min of aortic constriction
(Fig. 3A). Cellular localization of c-Jun was then assessed by
immunohistochemical analysis. In sham-operated hearts, a
faint immunostaining of c-Jun antibody was detected in the
cytosol of cardiac myocytes (Fig. 38). In 10-min-overloaded
hearts, increased c-Jun immunostaining was noted in the cy-
tosol and in the nuclei of cardiac myocytes (Fig. 3C), whereas
in 30-min-overloaded hearts, a marked increase in c-Jun ex-
pression was only detected in the nuclei of cardiac myocytes
(Fig. 3D,

JNK has been shown to enhance the transcriptional activity
of c-Jun by phosphorylation of serine-63 (7, 28). Immunoblot-
ting analysis of myocardial subcellular fractions using a phos-
phospecific antibody against serine-63 c-Jun revealed a signif-
icant (3.5-fold) increase in the amount of serine-63-phosphor-
ylated c-Jun in the nuclear fraction after 10 min of pressure
overload (Fig. 3E). In contrast, no significant increase in ¢-Jun
phosphorylation was detected in the cyiosolic fraction along
the experimental period.

Regulation of AP-1 activation by c-Jun in overloaded myo-
cardium. ¢-Jun is a major component of the AP-1 complex of
transcription factors (13). To investigate whether the increased
expression of c-Jun in the overloaded myocardium was asso-
ciated with increased DNA binding and activation of this
transcription factor, we performed EMSA and supershift assay
of Ieft ventricle nuclear extracts with an oligonucleotide ¢on-
taining the consensus binding DNA sequence for AP-1 com-
plex of transcription factors (Fig. 4A). A consistent increase in
DNA binding activity of AP-1 was observed after 10 and 30
min of sustained pressure overload. The specificity of the DNA
probe for AP-1 binding was confirmed by competition assays
with unlabeled oligonucleotides for AP-1 hinding (Fip. 4A).
The DNA protein complex was competed away by a X100
molar excess of unlabeled AP-1 oligonucleotide.

We then evaluated the role of ¢-Jun in the load-induced
activation of AP-1 in rat myocardium through Supershift as-
says with anti-c-Jun antibody using nuclear extracts of 30-min-
overloaded myocardium (Fig. 4, A and B). The intensity of the
band comresponding to the DNA-protein complex was dimin-
ished when the reaction mixture containing the anti-c-Jun
antibody was wsed. However, this did not occor when the
reaction mixture contained the nonimmune serum.

Role of INK inhibition on c-Jun expression/phosphorylation
and on fetal type gene expression. To further investigate the
influence of load-induced JNK activation on c-Jun phosphor-
ylation and expression in the early period after aortic constric-
tion, rats were treated with the pharmacological INK inhibitor
SP-600125 and left ventricle extracts analyzed with antibody
against ¢-Jun and phospho-c-Jun. The results shown in Fig. 54
indicate that SP-600125 treatment efficiently abolished the
load-induced activation of JNKs. The specificity of INKs
inhibition by §P-600125 was indicated by the absence of effect
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Fig. 4. DNA binding of activator protein {AP)-1/c-Jun by PO. A: representa-
tive EMSA {from 3 experiments) with the use of an AP-1 consensus oligonu-
cleotide. Protein (20 j2g) was used in each sample. Specificity of the AP-i
complex was determined by specific (uniabeled AP-1 consensus oligonucleo-
tide} competition. B: supershift assay with nonimmune {NI} serum and anti-
¢-Jun antibodies. Arrows indicate protein-DNA complex.

of this inhibitor on ERK activation. Western blot analysis
staining with anti-c-Jun and anti-phospho-c-fun antibodies
revealed that JNK inhibition significantly reduced the early
increases in c-Jan expression and phosphorylation at serine-03
induced by pressure overload (Fig. 5B). Treatment with SP-
600125 produced no change in rat blood pressure in this study
(Fig. 5C).

To test whether INK-mediated signaling is involved in the
lpad-induced expression of the myocardial fetal gene program,
we examined the regulation of B-MHC expression in left
ventricles by RT-PCR. As shown in Fig. 5D, B-MHC tran-
scripts increased significantly after 6 h of pressure overload.
Treatment with SP-600125 did not change the baseline §-MHC
transcript, but abolished its increase induced by pressure over-
load. Figure 5D also shows that neither pressure overload nor
the treatment with SP-600125 changed B-actin mRNA expres-
sion in left ventricles.

DISCUSSION

The present data add comprehensive, information on c-Jun

activation induced by acute pressure overload in the rat heart.

EMSA showed that DNA binding of AP-1 complex is rapidly
enhanced by pressure overload in myocardial cells. Further
analysis with Supershift assay revealed that c-Jun is a major
component of DNA protein complex. By combining immuno-
blotting of subcellular fractions and immunohistochemical
analysis of rat myocardium we showed that increased c-Jun
expression by pressure overload was accompanied by transient
JNK-induced phosphorylation of serine-63 in this transcription
factor at the nuclei of cardiac myocytes. The correspondence of
JNK! subcellular distribution and activation with those of
¢-Jun indicates that this isoform, rather than JNK2, is respon-
sible for c-Jun phosphorylation in overloaded myocardium.
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The ablation of JNK activity by a specific pharmacological
inhibitor impaired the load-induced c-Jun serine-63 phosphor-
vlation and increased expression, confirming the central role of
INKs for the early load-induced c-Jun activation, The inhibi-
tion of INK/c-Jun activation resulted in marked reduction of
load-induced B-MHC expression. Overall, these results dem-
onstrate that acute pressure overload regulates ¢-Jun in cardiac
myocytes by a combination of increased expression and phos-
phorylation induced by JNK activation and that the INKs/c-Jun
pathway plays a role in the regulation of early myocardial gene
expression in response to pressure overload.
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A transient increase in the expression of myocardial ¢-Jun
induced by mechanical stimuli has been demonstrated in di-
verse experimental models (23, 27). Recently, we (19} have
shown that pressure overload increases c-Jun expression in rat
myocardium through an earlier posttranscriptional mechanism
and a later transcriptional regulation mediated by myocyte
enhancer factor-2 transcription factors in the rat myocardiam.
In the present study, we extended those observations to show
that earlier increases on c-Jun expression are simultaneous to
increased serine-63 phosphorylation of this transcription fac-
tor. Moreover, our demonstration here that pharmacological

Fig. 6. Schematic model of acute INK and c-Jun activation
mduced by PO in the rat heart.
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inhibition of ¢-Jun phosphorylation by JNKs induced a con-
comitant attenuation on c-Jun expression suggests that post-
translational mechanisms might regulate the amount of c-Jun in
acute overloaded hearts. Accordingly, recent evidence obtained
in isolated cardiac myocytes demonstrated that JNK-induced
phosphorylation of c-Jun is required for efficient upregulation
of c-Jun protein in response to hypertrophic agonists {4), due to
a reduction of ubiquitin/proteasome-mediated ¢-Jun degrada-
tion (10).

By taking advantage of Supershift assays with anti-c-Jon
antibody, we provided new evidence that c-Jun is a major
component of the activated AP-1 complex in the nuclear
fraction of overloaded myocardium. It was noticeable that the
increased AP-1/c-Jun DNA-binding was accompanied by in-
creased expression of c-Jun at the nuclei of cardiac myocytes
subjected to pressure overload, indicating that the increased
expression of c-Jun-induced by pressure overload might play a
role in DNA-binding of AP-1 in cardiac myocytes. Accord-
ingly, previous studies (2, 7, 28, 31) have demonstrated that
increased c-Jun expression enhances AP-I DNA binding. On
the other hand, besides enhancing c-Jun expression, phosphor-
ylation of serine-63 has been also shown to increase the
transcriptional activity of this factor (7, 28). These observa-
tions indicate a complex regulation of c-Jun by acute pressure
overload, suggesting that although the increased expression of
¢c-Jun might enhance its DNA binding, phosphorylation of
serine-63 might increase its expression and transcriptional
activity in cardiac myocytes.

Qur present results were extended to show that pressure
overload also activates JNKI1 in both cytosolic and nuclear
fractions, whereas JNK2 is only activated in the cytosolic
fraction of overloaded left ventricles. The distinct subcellular
localization of activated INK1 and JNK2 suggests different
targets for these two kinases (i.e., nuclear proteins for JNK1
and cytosolic proteins for INK2), which might be of functional
importance in cellufar signaling mechanisms. Activation of
specific INK isoforms (i.e., JNK1 in the nuclei and INK2 in the
cytosol) in different subcellular compartments was previcusly
found in a model of ischemic preconditioning in rabbit hearts
{22). Supporting the idea that this subcellular distribution has a
fonctional meaning, we showed that INK-mediated phosphor-
ylation of c-Jun coincides in its time course and subcellular
localization with the JNK1 activation, indicating that JNK1
rather than JNK2 is the kinase responsible for c-Jun phosphor-
ylation in overloaded myocardium. Accordingly, JNK iso-
forms have been previously showa to differ in their affinities
for substrates (11). However, the mechanisms involved in the
differential regulation of INK1 and JNK2 at subcellular loca-
tions was not investigated in the present study, and to the best
of our knowledge no study has explored the differential tans-
location of specific isoforms of INKs to subcellular compart-
ments. A process that is better understood, however, is the
regulatory mechanisms for ERK1 and ERK2 nuclear translo-
cation. Nuclear translocation of ERKs involves at least three
distinct regulatory steps, including cytoplasmic retention of
ERKs by MEK, phosphorylation and subseguent dimerization
of ERKs, and active transport of ERK dimers across the
nuclear membrane {6, 14). In analogy to these data, one might
speculate that substrates or upstream activators with restricted
subcellular distribution could facilitate the recruitment of the
respective JNK isoforms by direct physical interactions. How-
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ever, further studies are necessary 10 confirm whether such
mechanisms are also valid for INK regulation.

The functional role of JNKs/c-Jun pathway activation in
acutely overloaded myocardium is indicated by our finding
here that the ablation of this pathway markedly reduced the
increased expression of the marker gene B-MHC. The acute
experimental settings of the present study preclude a better
understanding of the role of this phenomenon to the develop-
ment of myocardial structural and functional changes induced
by mechanical overload. However, our data agree with previ-
ous evidence (3, 17) obtained in rats expressing a myocardial
dominant negative of JNK kinase-1 and also with those ob-
tained in mice with myocardial-specific MEKK 1™/~ genotype.
The results of these studies demonstrated that activation of the
JNK pathway is essential to the myocardial recapitulation of
the fetal gene program in response to aortic banding or to
overexpressed G, protein, respectively. In addition, our present
results also agree with those of a study that used a cre-loxP-
mediated DNA recombinant approach im adult mice and
showed a direct link between JNK activation and $3-MHC
expression (21). Interestingly, FNK activation in these afore-
mentioned models was followed by cardiac hypertrophy and/or
cardiomyopathy, implicating a potential role for the JNK
pathway in the development of heart failure. Nevertheless, this
idea apparently contrasts with the results of a previous study
performed in MEKK1™'" mice, which demonstrated an im-
pairment of load-induced INK activation without any effect on
Ioad-induced myocardial hypertrophic growth {26). The reason
for the discrepancies is not apparent but differences in the
experimental models, stimuli intensity and timing might be
taken to explain the results of the various studies attempting to
clarify the role of INKs on the myocardial phenotypic changes
induced by hypertrophic stimuli.

In conclusion, the present report demonstrates that mechar-
ical stress activates AP-1 in cardiac myocytes through a com-
bination of increased ¢-Jun expression and phosphorylation of
this transcription factor by JNK1. A model consistent with our
results is shown in Fig. 6. Load-induced activation of JNKs
mediates the phosphorylation of c-Jun-and regulates the ex-
pression and transactivation of this transcription factor. On the
other hand, the increased expression of ¢-Jun is accompanied
by enhanced DNA-binding activity. The load-induced activa-
tion of the INK/c-Jun pathway in turn plays an important role
in the early expression of the fetal gene B-MHC in acutely
overloaded myocardium. These findings demonstrate a molec-
ular basis for load-induced activation of a transcription factor
encoded by immediate-early genes in cardiac myocytes and its
connection with the regulation of fetal type genes, character-
istic of the acute tesponse 1o pressure overload. The relative
importance of these mechanisms to phenotypic myocardial
changes, such as hypertrophy and heart failure, needs further
investigation,
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Targeting to C-Terminal Myosin Heavy Chain May Explain
Mechanotransduction Involving Focal Adhesion Kinase in
Cardiac Myocytes |

Priscila M. Fonseca,* RosanaY. Inoue,* Claudia B. Kobarg, Daniella P. Crosara-Alberto,
Jorg Kobarg, Kleber G. Franchini

Abstract—Focal adhesion kinase (Fak) has been implicated as a signaling molecule involved in the early response of
cardiac myocytes to mechanical stress. The mechanism of Fak activation by mechanical stimuli is not clear. In this
study, we report the load-induced Fak activation and its association with myosin heavy chain in cardiac myocytes.
Pressure overload lasting from 3 to 60 minutes was shown to induce Fak phosphorylation at Tyr-397, -576/7, -861, and
-925 as detected by phosphospecific antibodies. This was paralleled by increases of Fak/Src association and Src activity
(Tyr-418 phosphorylation). Yeast two-hybrid screening of an adult rat ¢cDNA library revealed an interaction between
Fak and C-terminal coiled-coil region of a-myosin heavy chain. This was confirmed by pulldown assay with
GST-C-terminal myosin fragment and native Fak from rat left ventricle. Such interaction was confirmed by
coimmunoprecipitation assay with anti-Fak and anti~heavy chain cardiac myosin antibodies, confocal microscopy of
double-labeled isolated cardiac myocytes and immunoelectron microscopy with anti-Fak antibody. Fak activation by
mechanical stress was accompanied by a reduction of Fak/myosin heavy chain association and its relocation at
subcellular sites such as costameres, Z-discs, and nuclei. Thus, our present data identify Fak interaction with C-terminal
region of myosin heavy chain adding comprehensive data on Fak activation by mechanical stress and mechanotrans-
duction in cardiac myocytes. (Circ Res. 2005;96:73-81.)

Key Words: focal adhesion kinase m mechanotransduction ® cell signaling m hypertrophy ® myosin

echanical stress is a major factor involved in the Human titin mutations as well as deletion of the «-actinin

development of myocardial adaptive and maladaptive
changes in heart diseases. Local mechanical forces activate
signaling mechanisms in cardiac myocytes inducing the
expression of specific genetic programs linked to myocardial
structural and functional remodeling.! Although mechanical
forces might directly trigger signaling mechanisms in cardiac
myocyles, the mechanism by which they are sensed and
converted 10 blochemical signals remains elusive.

Structures such as sarcomeric lattice, cytoskeleton, and the
extracellular matrix operaie in the transmission of either
passive or active forces in cardiac myocytes.>* Studies have
confirmed the critical importance of the molecular integrity
of Z-disc and cytoskeleton to the expression of genetic
program induced by mechanical stress in cardiac myocytes.
Z-disc structure is organized by N-terminal titin Z repeats
linked to a-actinin and associated proteins such as MLP,
ALP, telethonin (T-cap), cypher/Zasp, and myotilin.** Nota-
bly, MLP null mice were shown to fail to upregulate brain
and atrial natriuretic factors mRNA in response to stretch.®

binding proteins such as ALP or MLP in the mouse causes
dilated cardiomyopathy.6-i® However, the mechanisms by
which these structures and proteins detect physical forces and
inttiate biochemical signals are yet unclear.

The link of Z-discs to sarcolemma at sites known as
costameres has been implicated as a potential signaling
station to mechanotransduction in cardiac myocytes. Cos-
tameres are also sites of integrin clusters and share a
similarity to focal adhesions.!112 Focal adhesion Xinase (Fak},
a primary integrin effector at focal adhesion sites,'>17 is
rapidiy activated by mechanical stimuli in cultured neonatal
rat ventricular myocytes'®-2 and in overtoaded myocardium
of adult animals.2-2¢ The importance of Fak to the reguiation
of early gene transcription in response to stretch was demorn-
strated in neonatal rat cardiac myocytes,? indicating that this
kinase may coordinate signaling pathways involved in the
hypertrophic growth induced by mechanical stress. However,
the mechanisms responsible for Fak activation by mechanical
stress in cardiac myocytes are still unclear. Although Fak is
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thought to colocalize with integrins at costameres,>12-14 there
is no precise description of Fak localization in cardiac
myocytes. We have previously shown? that stretch induces
Fak to cluster at myofilaments in neonatal rat ventricular
myocytes, but no evidence linked Fak directly to costameres
in such cells. Otherwise, experiments performed with
dominant-negative Fak and specific pharmacological Src
inhibitor confirmed that Fak activation is strictly dependent
on phosphorylation of Tyr397 and cooperation with Src as
has been shown in the focal adhesion site. However, the lack
of accurate data on localization as well as on the signaling and
structural protein partners of Fak in cardiac myocytes pre-
clude a better understanding of Fak activation by mechanical
stress in this particular cel type.

Thus, we searched for novel binding partners for Fak by
yeast two-hybrid screening of an adult rat ieft ventricle cDNA
library combined with an analysis of Fak focalization with
immunchistochemistry and immunoelectron microscopy of
control and overloaded rat myocardium.

Materials and Methods
Detailed methods are described in the expanded Materials and
Methods in the online data supplement available at
htep://cireres.ahajournals. org.

Animal Model

Male Wistar rats (160 to 200 g) underwent acute pressure overload
induced by controlled constriction of transversal sorta as previously
described.?! The animals were obtained from the Central Animal
House of the University of Campinas and received care in compki-
ance with the principles of laboratory animal care formulated by the
Animal Care and Use Comumittee of the University of Campinas.

Protein Analysis by Immunoblotting

Aliguots of left veniricle extracts (60 pg) containing equal amount of
total protein were resolved on SDS-PAGE and transferred 1o
nitroceliuiose membranes, which were incubated with specific anti-
bodies and {*®I] Protein A. Band intensities were quantified through
optical densitometry of the developed autoradiographs.

Subcellular Fractioning

SubceHular fraction enriched in nuclear proteins was obtained from
the pellet of left ventricle extracts centrifuged at 1000g. The
remaining supernatant fraction that was enariched in soluble, mem-
brane, and myofilament proteins was designated SMM fraction.

Laser Confocal Analysis

Isolated cardiac myocytes were fixed with 4% paraformaldehyde/
sucrose and incubated with ant-Fak and anti-heavy chain cardiac
myosin primary antibodies. This was followed by incubation with
secondary goat anti-rabbit Alexad488-conjugated and rabbit anti-
mouse Alexa368-conjugated antibody. Images were obtained with
laser confocal microscope (Zeiss LSMS510).

Immunoelectron Microscopy

Fragments of left ventricle were fixed in paraformaldehyde/glutar-
aldehyde {(Electron Microscopy Sciences) and embedded in LR
White resin at —20°C under UV light. Thin-sections were stained
with anti-Fak antibody ovemight at 4°C. The sections were then
incubated with anti-rabbit IgG-10 nm gold-conjugated antibody
diluted 1:20 in 1% BSA (pH 8.2}. The grids were stained with 5%
uranyl acetate and 0.5% lead citrate, examined, and photographed in
a transmission electron microscope (LEO 906). Negative controis
were accomplished by incubation with the primary antibody omitted.

c¢DNA Library

A cDNA library was constructed from of an adult rat LV total RNA.
The purified library cDINA was fused to the GAL4 activation domain of
pGADT7-rec expressing vector by recombination in LAQ yeast sirain,

Yeast Two-Hybrid Screening

The pBTM (ADEZ)Fak/NX bait construction {provided by Steven K.
Hanks, Vanderbilt University School of Medicine, Nashvilie, Tenn),
expressed a fragment spanning 748 amino acid N terminus of Fak
protein fused to LEX A DNA binding domain of the pBTMi116
vector. L40 yeast cells with left ventricle ¢DNA library were
cotransformed with FAK/NX bait. Positive clones were tested by
galactosidase assay, and cDNA cloned in pGADT7-rec was se-
quenced. Sequences were ranslated into amino acid sequence by the
ORF Finder and submitted to BI.AST and Clustal W in the NCR}
Database (http://www.ncbinim.nih.gov/}).

Protein Expression

The encoding C-terminal region of «-myosin heavy chain retrieved
after yeast two-hybrid screening was inserted imto the vector
pGEX35x2 (Amersham Pharmacia Biotech) for expression of recom-
binant GST-tagged protein in Escherichia coli BL21 (RIL) Codon
Plus.

Pulldown Assay

(GST-tagged myosin fragment (48,2 kDa) was used for the pulldown
assay with LV extracts. GST conjugated glutathione beads were used
as negative contrel for ronspecific binding. The puildown peilets
were resolved on SDS-PAGE and the membranes were stained with
anti-Fzk antibody. '

Statistical Analysis

Daza are presented as mean==SEM. Differences between the mean
vaiues of the densitometric readings were tested by ANOVA and
Bonferroni multiple-range test. A value of P<<0.03 indicated statis-
tical significance.

Results

Pressure Overload Induces Fak Phosphorylation at
Tyr397, 576/7, 861, and 925

The autophosphorylation of Fak Tyr397 has been shown to be
critical for Fak activation. Phosphorylated Tyr397 recruits
Src family kinases, which lead to phosphoryiation of addi-
tional Fak tyrosine residues, which promote the assembly of
distinct higher-order individual signaling complexes, %7
providing a mechanism for coordinating signaling through
multiple pathways. We previously demonstrated®-?* a rapid
increase in the phosphorylation and activity of Fak in the
myocardium of rats in response to mechanical stimuli. In this
study, we examined the effects of pressure overload on
phosphorylation of myocardial Fak Tyr397, 407, 576/577,
861, and 925 with phosphospecific antibodies. Experiments
were performed in rats subjected to constriction of transverse
aorta lasting from 3 to 60 minutes. Blood pressure above and
below the level of aortic constriction was monitored to
ascertain the stability of the experimenial preparation. Aortic
constriction produced a rapid and sustained increase of blood
pressure measured in the ascending aorta with no change in
blood pressure in the abdominal aorta, as compared with
blood pressure of contrel period (Figure 1A).

Pressure overload induced a rapid phosphorylation of Fak
Tvr397, beginning at 3 (=2-fold), extending up to 60 minutes
(=3-fold} after aortic constriction (Figure 1B and IC).
Stmilar results were observed with antibodies against tyrosine
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Figure 1. A, Representative blood pres-
sure recording in ascending and abdomi-
nal aorta. Aortic constriction was
adjusted {o increase the ascending asorta
systolic pressure by =40 mm Hg, with-
out reducing the mean blood pressure
levels in the abdominal aorta. B, Repre-
seniative blots showing Fak phosphory-
lation at tyrosines 397, 576/7, 861, and

¥ 925, and the amount of total Fak from

* controt {CT} and overloaded myocardium
(AoCo). C, Graphic showing the average
values {n=4 individual experiments) of
densitometric readings for anti-Fak phos-
phospecific antibodies. D, top row, Anti-
«  FalTpris? Sre immunoblotting of anti-Fak immuno-
—— Fak-Tyr576 precipitates (Fak/Src). Middie row,
—v— Fak-Tyrtél Representative immunobiot of myocar-
- FakTyrids dial extracts stained with anti-

phosphospecific antibody against Sre-

o 10

g 8 &8 #

Fak/Src - Phospho-Src (%)
8

-]

26 38 40 50 60
Time {min)

Tyr418. Botiom row, Anti-Sre
immunobilotiing of myocardial extracts.

In the immunoprecipitates of anti-Fak
antibodies, a band of immunoglobulin
staining was detected at ~5& kDa,
besides the =60 kDa Src. E, Graphic
showing the average values {(nh=4 individ-
ual experiments} of densitometric read-
ings for anti~Sro immunobiotting of anti-
Fak immunoprecipitates and anti-Sre
phosphospecific antibody. *P<0.05 com-
pared with controls.

* Fakiro
- See-Tyedtl

0 1

residues 576/577, 861, and 925, Notably, we were unable to
detect changes in the phosphorylation of Tyr407 in myocar-
dial extracts from control and acutely overloaded rats (data
not shown). No change was observed in the amount of Fak in
the immunoblottings of anti-Fak antibody.

Activation of Src by Fak autophosphorylation is central for
triggering downstream cellular events.?> Phosphorylation of
Tyr418 increases, whereas dephosphorylation decreases Src
kinase activity.?® Colmmunoprecipitation assays with anti-
Fak and anti-c-Src antibodies showed only a weak binding of
Src to Fak in the myocardinm of control rats (Figure 1D and
1E). Pressure overload increased the Src binding to Fak, in
parallel with Fak Tyr397 phosphorylation, as assessed by
coimmunoprecipitation assay with anti-Fak and anti-Src an-
tibodies. Activation of myocardial Src by mechanical stress
was examined by Western blotting of myocardial extracis
performed with Src phosphospecific antibody against Src-
Tyr418. Pressure overload increased Tyr418 phosphoryla-
tion, indicating its activation. This occurred while the amount
of myocardial Src remained constant, as detected by anti-Src
immunoblotting of myocardial extracts.

B 30 40 S0 66
Time {min}

a-Myosin Heavy Chain Interacts With Fak

We next screened a rat left veniricle cDNA library with yeast
two-hybrid system to identify the molecular components that
vnderpin Fak activation pathway. The screening was per-
formed with a bait of N-terminal Fak fragment spanning
amine acids 1 to 748 fused to LEX-A DNA binding domain
of the pBTM116 vector (pBTM{(ADE2)Fak/NX) (Figure 2A).
Approximately 3X10° ciones were screened. A coding se-
quence of 161 amino acids was found as a strongly interact-
ing protein and characterized as be homologous (98%) to the
coiled-coii C-terminal region of a-cardiac myosin heavy
chain (NP 038935-gi: 8393804) (Figure 2B). As a first step
toward the confirmation of this interaction, the positive clone
containing this fragment was plated in minimal medium
without histidine and grown against negative and positive
controls {(Figure 2C). The positive clope was also tested for
B-galactosidase turning blue (data not shown).

A pulidown assay with the fusion protein GST-C-terminal
myosin fragment (Figure 3A) conjugated to sepharose beads
and left ventricle extracts was performed to assess the
interaction of the C-terminal myosin fragment with Fak.
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Figure 2. A, Mapping of full-length Fak
and the region of Fak protein {FakNX)
used as a bait in the two-hybrid screen-
ing. Bait consists of Fak N-temminal
domain, including FERM domain and the
kinase domain. B, Mapping of full-length
myosin heavy chain ard the fragment
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on two-hybrid screen. Yeast strain L40
was cotransformed with negative con-
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GST-tagged protein binding assay followed by immunoblot-
ting analysis showed the presence of Fak in the GST-C-
terminal myosin fragment precipitates obtained from control
and overloaded myocardium (10 and 60 minutes) (Figure
3B). The specificity of this interaction was demonstrated by
the lack of Fak in GST precipitates. The relative amount of
myocardial Fak able 1o be targeted to GST-C-terminal myo-
sin fragment was examined by comparing the amount of Fak
immunoprecipitated by excess of anti-Fak antibody (Figure
3B, lane 1} with the amount of Fak precipitated by GST~C-
terminal myosin fragment (Figure 3B, lanes 2 10 4). Interest-
ingly, the amount of Fak targeted by GST--C-ferminal myosin
fragment slightly increased at 10 but it was reduced in
60-minute overleaded myocardium compared with extracts of
control rats. Next, precipitates of the pulldown assays were
blotted with anti-Fak-Tyr397 antibody. As shown in the
representative example of Figure 3B, staining with anti-Fak-
Tyr397 antibody paralleled the changes in the amount of Fak,
but was barely detected in the GST-C-terminal myosin
fragment precipitates, suggesting that GST-C-terminal myo-

trols: C1{—) pGADT/Rec+pBTM116,
C2(—) pGADT7Rec+FakNX, C3(~)
pVP16fynSH2 +pBTMADEZFAKF393), posi-
five control: G(+) pVP18HmSH2 -+ FakNX and
Fak-+myosin: pGADT7REC(CDNA library
myosin}+FakNX,

SD.L-W-H +10mM3-AT

sin fragment might bind preferentially nonphosphorylated
Fak. As shown in Figure 3C, assays performed with isolated
G5T did not retrieve Fak from myocardial extracts.

The relative amount of Fak associated with myosin heavy chain
was estimated by comparing the amount of Fak immunoprecipi-
tated by excess of anti-Fak antibody with the amount of Fak in the
anti-heavy chain cardiac myosin immunoprecipitaies. The ability
of anti-Fak immunoprecipitation o deplete Fak from myocardial
extracts from control and overloaded hearts was demonstrated by
the reduction of the amount of Fak in the supernatants to almost an
undetectable level (see online expanded Material and Methods). As
demonstrated in the representative exarmnple and in Figure 4, the
amount of Fak precipitated by anti~heavy chain cardiac myosin
antihody was ==40% of total Fak immunoprecipitated with
anti-Fak antibody. Pressure overload markedly reduced the
amount of Fak precipitated by anti-heavy chain cardiac myosin
antibody, beginning already at 3 minutes and reaching the lowest
value in the extracts of 30- and 60-minute overloaded left
ventricles. As shown in the representative example of Figure 4,
the immunoprecipitates of anti-heavy chain cardizc myosin
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antibody were barely stained with anti-Fak-Tyr397 antibody,
further indicating that Fak associated with myosin heavy chain is
mainly nonphosphorylated at Tyr397.

FAK Colocalizes With Myosin in

Cardiac Myocytes

Next, we examined the subcellular localization of Fak by
confocal microscopy of isolated cardiac myocytes doubled-
stained with anti-Fak and anti-heavy chain cardiac myosin
antibodies. Cardiac myocyies stained with anti-heavy chain
cardiac myosin antibody (red) revealed striations, suggesting
that the labeled structures represent the myosin in the sarco-
meric A-band. As shown in the representative example of
Figure 5A, in cardiac myocytes from control left ventricles
anti-Fak staining overlaps the anti-heavy chain cardiac my-
osin staining (yeliowish staining), indicating that Fak and
myosin heavy chain are colocalized in cardiac myocytes from
control left ventricles. In cardiac myocytes from 60-minute
overloaded left ventricles, cytoplasmic anti-Fak staining
(green) was substantially decreased, but it was still regularly
distributed along the myofilaments. Interestingly, the cyio-
plasmic anti-Fak staining of these cells was no longer
overlapping the anti-heavy chain cardiac myosin staining,
suggesting a relocation of Fak to distinct sarcomeric sites,
Notably, in these cardiac myocytes, we found a consistent
staining of cell nuclei with anti-Fak antibody. This nuclear
localization of Fak was further examined by immunoblotting
performed with anti-Fak antibody and tissue fractions of rat
left ventricle (Figure 3B). In extracts from control myocar-
dium, Fak was found preferentially in the supernatant fraction
{SMM) of low-speed centrifugation, which was enriched in
myofibrils, membranes, and soluble proteins, whereas in the
60-minute overloaded myocardium, Fak was found mainly in
the pellet of low-speed centrifugation, which is enriched with
nuclear proteins. The relative amounts of Fak in SMM and
nuclear fractions were estimated by comparison with the
amount of Fak from total myocardial extracts. As shown in

Pulldown
GST

Figure 3. A, Coornassie dyed 12% SDS PAGE
showing GST {26 kla) and GST-C-terminal
myosin fragment (=48 kDa) hybrid protein
{arrows) used to perform the protein binding
assay. B, Representative immuncblottings
chiained with anti-Fak and anti-Fak-Tyr397 anti-
bodies of anti-Fak immunoprecipitates (P} from
extracts of controi left ventricle and precipitates
G5T-C-terminal myosin fragment from control,
10~ and 60-minute overloaded left ventricles. C,
Representative immunobiottings obtained with
anti-Fak antibody from extracis treated with GST.

the representative example and graphic of Figure 5B, after 60
minutes of pressure overload, =70% of Fak was found in the
nuclear extracts. We also performed immunoblotting analysis
of myocardial fractions with the anti~heavy chain cardiac

P
Myosin

125 kDa

120 -

188

80 4

Fak (%)

3 10 30 60 min

AcCo

Figure 4. Representative immunoblottings obtained with anti-Fak
and anti-Fak-Tyr397 antibodies of anti-Fak and anti-heavy ¢hain
cardiac myosin immunoprecipitates (IF) from extracts of control,
3-, 10-, and 60-minuie overioaded left ventricles. Graphic shows
the average values (n=4 individual experiments) of densitometric
readings for anti-Fak staining of anti-Fak and anti-heavy chain car-
diac myosin antibodies immunoprecipitates. *P<0.05 compared
with the amount of Fak in anti-Fak immunoprecipitates.

CT CT
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Figure 5. A, Double staining of isclated cardiac myocytes from control and 60-minute overloaded {AoCo) rat heart with anti-Fak and
anti~heavy chain cardiac myosin antibodies. 8, Representative irmmunoblottings obtained with anti-heavy chain cardiac myosin and
anti-Fak from whole myocardium extracts and subcellutar fractioning samples. SMM indicates myocardial extract fraction enriched In
soluble, membrane, and myofifaments proteins. *P<0.05 compared with the amourt of Fak in myocardial crude extracts.

myosin to examine whether nuclear fractions were free of
myofilaments. Although some myosin was detected in nu-
clear fractions, its amount was similar in the nuclear extracts
of control and 60-minute overloaded myocardinm, indicating
that alterations of Fak levels in nuclear fractions were not
refated to contamination of nuclear extracts with myofibrils.

Fak subcellular localization was further examined by
immunoelectron microscopy. As shown in the representative
examples of Figure 6A and 6B, in cardiac myocytes from
control left ventricles, immunogold particles were mostly
found in the region of sarcomeric A-band. As shown in
Figure 6C and 6D, 3 minutes after the onset of pressure
overload, anti-Fak immunolabeling was preferentially found
as aggregates along the myofilaments, Z-discs, and cos-
tameres. Similar localization of Fak was detected in cardiac
myocytes from left ventricles subjected to 10-minute pressure
overload (data not shown). These results indicated that
pressure overload leads to Fak clustering at different subcel-
lular sites.

Discussion
Fak is rapidly activated and triggers the assembly of a
multicomponent signaling complex that has been considered
to occupy a central position in the transduction and coordi-
nation of the earlier responses of cardiac myocvtes to me-
chanical stress. In the present study, we showed comprehen-
sive data on Fak tyrosine phosphorylation, subcellular
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distribution, and interaction with C-terminal region of myosin
heavy chain, providing insight on the mechanism of its
activation by mechanical forces in cardiac myocytes.

By using phosphospecific antibodies against tyrosine res-
idues of Fak and Src, we extended previous demonstration of
Fak/Src signaling complex activation by mechanical stress, to
show the load-induced phosphorylation of specific Fak ty-
rosine residues Tyr397, 576/7, 861, and 925 in the rat
myocardium. These results agree with a proposed model for
Fak activation triggered by autophosphorylation at Tyr397
followed by the engagement of Src, which phosphorylates
additional Fak tyrosine residues.”* Consistent with this, we
have shown previousiy that the activation of Fak/Src complex
by mechanical stress in cardiac myocytes is strictly dependent
on phosphorylation of Fak at Tyr397.2¢ The phosphorylation
of additional tyrosine residues supports the notion that Fak
may work as a docking protein providing a scaffold to other
signaling molecules related to the activation of downstream
pathways involved in multiple cell functions. Phosphoryla-
tion of Tyr397 rot only starts cooperation with Sre, but it also
appears o be important for the recruitment of other SH2-
containing proteins.’¢-32 Otherwise, the phosphorylation of
Tyr397, as well as Tyr925, creates binding sites for the Grb2-
S0OS  complex.263435  Accordingly, we have previously
shown®*** that pressure overload increases the association of
Fak with PI3-kinase and Grb2, which occurs simultaneously to
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Figure 6. A and B, Anti-Fak antibody immunogold [abeling of
myocardiumn from control hearts. Arrows (B) indicate specific
anti-Fak antibody staining close 1o myofilaments. C through E,
Immunogold labeling of Fak in myocardium obtained from
3-minute overloaded hearts. Arrows indicate Fak clusters are
found at costameres (D), Z-discs (£}, and myofilaments (E}.
Magnification: A, 31 620x; C, 25 300x.

Akt and Erkl/2 activation. Additional studies will be necessary
to dissect out the potential role of the activation of these
signaling systems to Fak influence on early gene expression in
response to mechanical stress in cardiac myocytes.

By using yeast-two hybrid screening of a rat left ventricle
¢DNA library, pulldown, and coimmunoprecipitation assays,
we demonstrated that Fak interacts with a C-ierminal region
of myosin heavy chain. Furthermore, data from confocal
immunoflacrescence and Immunoelectron microscopy with
specific antibodies supports the notion that Fak is localized in
the sarcomeric A-band, associated with myosin heavy chain.
Comparisens of the amount of Fak immunoprecipitated by
excess of anti~heavy chain cardiac myosin with that of
anti-Fak antibody zliowed us to estimate that ~40% of total
myocardial Fak is associated with myosin heavy chain. This
data raises the question of the locatization of the remaining
60% of myocardial Fak. Although we did not perform
additional guantitative characterization of Fak distribution in
the myocardium of rat left ventricle, it is plausible to assume
that this remaining Fak was localized eisewhere in distinct
subcellular compartments of cardiac myocytes and other
myocardial cell types. Indeed, the immunoelectron micros-
copy imaging of cardiac myocytes from left ventricles of
control rats showed that anti-Fak staining was detected in
structures such as costameres and Z discs, although less
frequently than in sarcomeric A band. This is the first
demonstration of a protein partaer of Fak peculiar to muscle
cells. The amino acid sequence of C-terminal myosin heavy
chain identified as a target to Fak is part of the long
C-terminal myosin heavy chain sequence that drives the
assembly of two molecules of myosin into a coiled-coil that
constitutes the swoctural backbone of the thick filament.
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Although Fak/myosin interaction was not previously known,
the ability of Fak to directly bind the coiled-coil regions of the
p190RhoGEF?*¢ and the GITI ArfGAP?¥ protein were re-
cently demonstrated. In both cases the interaction occurred
via & helical bundle structure of the C-terminal Fak FAT
domain by means of an unknown motif. However, in the
present study, the two-hybrid screening was performed with
Fak N-terminal sequence including the FERM and kinase, but
not the FAT domain. Although the N-terminal dornain of Fak
has also been shown to interact with receptor and cytoplasmic
tyrosine kinases, it is not clear yet the specific region
responsible for this interaction. Further studies will be needed
to identify the surface residues of N-terminal Fak required for
myosin heavy chain binding and how ifs C-terminal region
functions to promote Fak association.

Fak phosphospecific antibody against Tyr397 could not
detect a significant amount of Fak in the immunoprecipitates
of anti--heavy chain cardiac myosin antibody, indicating that
most Fak associated with this sarcomeric protein is inactive.
Conversely, Fak activation by mechanical stress was paral-
leled by a drastic reduction in the association of Fak with
myosin heavy chain, indicating that such interaction is
subjected o regulation by mechanical stress. Notably, a low
amount of phosphorylated Fak was found in the precipitates
of the pulldown assays, even in the extracts of overloaded
myocardium, indicating a preferential interaction of G8T-C-
ferminal cardiac myosin to nonphosphorylated Fak. Together,
these results raised the interesting possibility of a direct
connection between myosin heavy chain and Fak activation
by mechanical stress in cardiac myocytes. Incideatally, my-
osin heavy chain contains small folded segments that make it
a truly elastic protein.® On the other hand, a recent report®
indicates that Fak activation is dependent on the release of an
autoinhibitory interaction of the N-terminal FERM and the
kinase domains. Thus, it is conceivable that myosin siretch
might canse Fak to assume a conformation that favors Tyr397
autophosphorylation. This implies thai C-terminal region of
myosin heavy chain filaments might work as a true mech-
anotransducer, transmitting mechanical forces to activate
Fak. However, further stmdies are needed to confirm the
assumptions of this model, as well as to exclude the contri-
bution of agonist mediated Fak activation in overloaded
myocardium,

We also found that in the early period after the beginning
of pressure overload sarcoplasmic Fak-specific immunofiuo-
rescence, although reduced, was no longer overlapping the
anti-myosin staining, suggesting a relocation of Fak to
distinet sarcomeric sites. This was supperted by the findings
that immunogold staining was frequently seen as aggregates
close to Z-discs and costameres. These findings, together
with the demonstration that Fak is rapidly phosphorylated by
pressure overload, is consistent with the idea that Fak
activation by mechanical stress is accompanied by clustering
and translocation to diverse subcellular structures of cardiac
myocytes. This agrees with data from our previous studies in
isolated cardiac myocytes of neonatal rats,?® indicating that
controlled stretch induces Fak to aggregate at the myofila-
ments, Z-discs, and costameres. Moreover, it is interesting to
note that Fak phosphoryiation at tyrosine residues have been
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shown to regulate the subcellular localization of Fak.#0 The
functionat significance of Fak clustering is not completely
understood at present, but clustering has been considered to
optimize Fak signaling because the molecular proximity in
clusters may serve 1o enhance and sustain Fak signaling.#!
Thus, Fak cluster and target to Z-discs and costameres, which
also serve as sites for mechanical sensing, might account for
the amplification of Fak signaling triggered by mechanical
stress in cardiac myocytes. This implies that the lack of
Z-disc integrity would impair the full activation of Fak by
mechanical stress. Therefore, it will be interesting to deter-
mine whether Fak plays & role in the pathogenesis of
cardiomyopathy associated with the lack of structural integ-
rity of Z discs.

Translocation of activated Fak was further supported by
our finding in this study that after 60 minutes of pressure
overload, almost 70% of Fak was found in the myocardial
nuclear extracts, This was strengthened by the demonstration
of a consistent staining with anti-Fak antibody of nuclei of
cardiac myocyte isolated from 60-minute overioaded left
ventricles. Similar translocation of Fak to nucleus was re-
cently reported in cardiac myocytes of spontaneously hyper-
tensive heart failure rats, suggesting that Fak might play a
role in the regulation of nuclear processes in response to
mechanical stress.*? However, the implications of such find-
ings remain to be determnined.

In conclusion, the demonstration in this study of the
subcellular localization of Fak within the sarcomeric A-bands
and its interaction with myosin heavy chain have implications
for our understanding of how cardiac myocyies sense and
transmit mechanical stimuli. Mechanistic insights of these
findings may disclose new pathogenetic aspects of mechan-
ical stress in myocardial hypertrophy and failure.
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ABSTRACT
Myocyte Enhancer Factor (MEF2) are MADS box transcription factors that play

mmportant roles in the regulation of myogenesis and morphogenesis of muscle cells. MEF2
proteins are activated by mechanical overload in the heart.

In this study, we found the interaction of MEF2C with the regulatory protein Ki-1/57
using yeast two-hybrid system. This interaction was confirmed by GS8T-pull down assay in vitro
and by co-immunoprecipitation in vive. This interaction is also dependent on pressure overload
in the heart Co-imunoprecipitation assay with anti-MEF2 and anti-Ki-1/57 antibodies
demonstrated a basal association between these proteins in the left ventricles of control rats.
Pressure overload caused a reduction in this association. Ki-1/57 co-localizes with MEF2 in the
nucleus of myocytes of control rats. However, after submitting the animals to pressure overload
Ki-1/57 leaves the nucleus thereby decreasing this co-localization. Ki-1/57 also exerts an
inhibitory effect upon MEF2C DNA binding activity

These results suggest that Ki-1/57 is a new interacting partmer of MEF2 protein and may
be involved in the regulaion of MEF2 at the onset of hypertrophy.
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1. INTRODUCTION

The enlargement of the heart during hypertrophy involves an increase in size and mass of
individual cardiac myocytes. This implies a quanfitative up regulation of the vast majonty of the
genes in the cell, a process that is controlied by complex transcriptional events activated by
postiranslational activation of a set of transcription factors {1]. The initial response fo
hypertrophic stimuli include a coordinated rapid and transient activation of immediate-carly
genes like c-fos, c-jum and c-myc [2] followed by the activation of fetal genes such as a-skeletal-
actin, f~-MHC, and atrial natriuretic peptide [3] and a time-dependent increase in protein
synthesis.

Accumulating data have suggested the significant role of the MEF2 family of
transcription factors in the hypertrophic growth of the mvocardium. The Myocyte Enhancer
Factor 2 (MEF2) family belongs to the MADS-box class of transcription factors and plays
multiple roles m muscle celis to control myogenesis and morphogenesis. There are 4 genes in the
mef2 family: A, B, C and D. The MEF2 proteins present two N-terminal conserved domains: the
MADS box and the MEF domain that are involved 1n DNA binding and dimerization whereas
the C-terminal regions of MEF2 proteins are required for transcriptional activation [4]. MEF2
proteins bind the A/T-rich DNA consensus sequence (C/T)TA{A/TRTA(G/A), as homo- and
heterodimers [5]. MEF2 transcription factors regulate many skeletal and cardiac muscie proteins
like o~-Myosin Heavy Chain and Troponins [4]. The MEF2 proteins are widely expressed, unlike
MEF2C whose transcripts are restricted {o muscle, brain, and spleen [6]. MEF2C is necessary for
proper development of the murine heart and vasculature [7] and is up-regulated by the C-
terminus of Myogenin [8].

Recently, MEF2 regulation has been broadly explored. MEF2 is constitutively bound to
its cognate DNA-binding elements in the nucleus in inactivated cells. MEF2 recruits a family of
functionally redundant transcriptional repressors including Cabinl {also known as Cain) [9],
MEF2 Interacting Transcriptional Repressor (MITR) [10,11], and HDAC-4, -5 [12]. These
MEF2-specific co-repressors recruit histone deacetylases to MEFZ-associated promoter region,
which remodel the chromatin structure, thereby silencing the promoter activity. Upon calctum
influx, these MEF2 repressors are removed from MEF2 by activated Calmodulin. This enables it
to bind to such co activators as p300, leading to franscription and activation of the target genes
[13]. Cabinl was recently identified as a transcriptional repressor of MEF2, which can be
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released from MEF?2 in a calcium-dependent fashion (14).

The MEF2 transcription factors serve as targets for hypertrophic signaling [12,15]. In the
normal adult myocardium, MEF2 exhibits only basal activity, which is likely to be required for
maintenance of contractile protein gene expression and energy metabolism [16,17].We have
shown that the rapid activation of MEF2 by hypertrophic stimuli plays a central role in the
transcriptional activation of the immediate early gene cun [15], suggesting that it may play a
central role to the regulation of early gene expression induced by hypertrophic stimuli.

In order to identify new proteins that interact with MEF2 proteins and may regulate
MEF2 activity in the heart when induced by mechanical overload before the onset of
hypertrophy, we used a yeast-two hybrid assay with a MEF2C deletion as bait to screen a cDNA
hbrary of rat left ventricle previously induced by 6h of Transverse Aortic Constriction (TAoC).
We found that MEF2C interacts with the novel protein Ki-1/57, which exerts an inhibitory effect
on MEF2C DNA binding activity. We tested the effect of mechanical overload on the interaction
between MEF2 and Ki-1/57 and found that the association of these two proteins decreases in rat
heart submitted to TAoC.

Our data suggest that Ki-1/57 might be a negative regulator of MEF2 and that the
interaction between the two proteins is subjected to physiological regulation in the heart.
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2. MATERIALS AND METHODS

2.1. Plasmids constructions

RNA was extracted from left ventricle of male Wistar rats with Trizol Reagent (Gibco-
BRL) according to the manufacturer’s instructions. 1 ug of total RNA was used for First Strand
c¢DNA synthesis with oligo{dT) and reverse transcriptase Superscript II {Gibco-BRL) following
manufacturer’s protocol.

tMEF2C was isolated from rat heart by RT-PCR using a set of oligonucleotides designed
based on the MEF2C murine sequence (Accession Nr. NM_025282 — NCBI Database) because
rat MEF2C sequences were not available. The PCR products encoding different fragments of
MEF2C were then cloned into pBTM116 and sequenced. The tMEF2C deletion mutants were
co-transformed into yeast strain L40 with the empty vector pGADT7-rec (Clontech) used to
construct the cDNA library.

2.2. Construction of a Rat Left Ventricle cDNA Libraryv

A rat left ventricle (LV) cDNA library was constructed using the Matchmaker Library
Construction & Screening Kit (Clontech) by recombination in veast strain L40. 2 ng RNA of rat
LV that had been submitted to 6-hour pressure overload was used for cDNA synthesis according
to the manufacturer’s instructions. First strand ¢DNA was amplified by Long Distance PCR
using the Advantage2® PCR Kit (Clontech). The purified library cDNA was then fused to the
GAL4 activation domain of pGADT7-rec (Clontech) expressing vector by recombination in L40
yeast strain.

2.3. Yeast Two-Hybrid Screening

The pBTM-MEF2C(1-169) bait construction expresses a fragment spanning the N-
terminal of MEF2C protein including MADS box and MEF2 domains fused to the LexA
DNA binding domain present in the pBTM116 vector. The rat LV ¢DNA library in 240 yeast
cells was amplified and cells were co-transformed with pBTM-MEF2C(1-169) according to
the protocol supplied by Clontech. The screening was carried out on minimal medium plates
without tryptophan, leucine and histidine and containing 10 mM 3-amino-2 4 triazole.

B-galactostdase activity in yeast cells was measured by the filter assay method. Yeast
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transformants (Leu + , Trp + , His + ) were transferred onto nylon membranes, permeabilized in
liquid nitrogen, and placed on Whatman 3MM paper previously soaked in Z buffer (60mM
Na;HPO, , 40 mM NaH; PO,, pH7.0 10 mM MgCl; , 50 mM 2-mercaptoethanol) containing 1
mg/ml 5-bromo-4-chloro-3-indolyl--d-galactoside. After incubation at 37 °C for 30 minto 2 h,
the yeast cells forming dark blue colonies were taken from replica plates for further analysis.
Plasmids from postitive clones were isolated and their DNA sequenced.

DNA sequences obtained were translated into amino acid sequences by the ORF Finder
and submitted to BLAST and Clustal W found in the NCBI Database
{(http://www.ncbi.nlm nih.gov/).

2.4. Protein Expression and purification

A c¢DNA coding for rat MEFC2(1-169) from the pRTM-MEF2C(1-169) construction was
sub cloned as a fusion to GST into pGEX5x-2 {Amersham). This new construction was called
pGEX-MEF2C(1-169). 6xHis-hKi-1/57 was constructed by sub cloning the cDNA encoding full
length human Ki-1/57 (1-413) [18] into pET28a.

GST and GST-rMEF2C(1-169) proteins were expressed in £. coli BL-2I{RIl} Codon
Plus by induction with 0.5 mM IPTG at 30°C for 4h. GST-hKi-1/57 expression was induced with
1 mM IPTG at 37°C for 4h. 6xHis-hKi-1/57 was induced with 1 mM IPTG at 37°C for 6h.

Bacteria were harvested by centrifugation at 10.000 x g for 20 min and lysed by the
addition of 5 mg lysozyme in HNE Buffer plus phophatase and protease inhibitors (25mM
Hepes, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 10mM NaH;PQO,, 10 mM NaF, 10 mM
Na;VOy, 2 mM PMSF, and 0.1 mg of aprotinin/ml}, incubation for 20 min at 4°C followed by 3
freeze-thaw cycles plus somication. After centrifugation at 14.000 x g for 20 min, supernatants
containing GST-fused proteins were incubated with Giutathione-Sepharose 4B (Amersham
Pharmacia Biotech) at 4° for 2h. Sepharose beads were then washed 4 times with HNE buffer
plus phosphatase and protease inhibitors and 1% Triton X-100. Afier the last wash, beads were
frozen in a solution containing HNE buffer plus phophatase and protease inhibitors and 50%
Glycerol and stored at -80°C. The supernatant containing h6xHis-Ki-1/57 was applied to a Ni-
NTA column {(Qiagen). Column washing and eliion were performed according to the
manufacturer’s instructions.
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2.5. In vitro binding assay, Western blot analysis and antibodies

GST and rGST-MEFC(1-169) conjugated to Glutathione-Sepharose beads were
separately incubated with fusion protein 6xHis-hKi-1/57 in a final volume of 500 ul binding
buffer (100 mM NaCl, 2 mM EDTA, 5% Glycerol, 0.5% Tnton X-100 and 1 mM PMSF) for 3h
at 4°C, After incubation, beads were washed three times with binding buffer and boiled with
Laemmli sample buffer. Proteins were then resolved in 10% SDS-polvacrylamide gel
electrophoresis and transferred to nitrocellulose membranes for Western blot analysis. One
protein gel was not transferred, but dved with Coomassie blue for visualizing protein input.
Membranes were blocked with 3% non-fat milk for 1h, washed and incubated with primary
monocional antibodies A26 Anti-Ki-1/57 [19] or Anti-GST [20] overnight. The anti-Ki-1/57
monoclonal antibody A26 detects both the human and murine proteins (rat and mouse) [19].
Afer incubation, membranes were washed and incubated with 2 uCi [I'*] labeled protein A for
2h at room temperature. [I'*Jprotein A bound to antibodies was detected by autoradiography.

2.6. Heart extracts and co-immunoprecipitation

Experiments were performed with male Wistar rats (160-200g) that underwent acute
pressure overload (1 to 6 h) induced by Transverse Aortic Constriction {TAoC). After the end of
TAoC periods, rat left ventricles were removed for preparation of heart extracts as previously
described {21]. Brefly, rat left ventricles were homogenized in 10 volumes of solubilization
buffer (1% Triton X-100, 100 mM Tris-Cl, pH 7.4, 100 mM NaH,PO,, 100 mM NaF, 10 mM
EDTA, 10 mM Na;VOy, 2mM PMSF, and 0.1 mg/m! Aprotinin) at 4°C. The extracts were
centrifuged at 8,000 g at 4°C for 20 min, and the supernatant was used for the assays. Protein
concentration was determined by the Bradford dye binding method

For the co-immunoprecipitation experiments, 5 mg of heart extracts were incubated
with 20 pg of antibody Anti-MEF2 C-21 (Santa Cruz) at 4°C overnight. Protein A — sepharose
{Amersham} was added to the extracts followed by two more hours of incubation at 4°C. After
incubation, Protein A- sepharose beads were washed 3 times with washing buffer {100 mM Tris-
Cl pH 7.5, 1 mM EDTA, 2 mM NazVOQ; and 0.5% Triton X-100). The samples were then
resuspended in Laemmli sample buffer and heated for 5 min at 100 °C. Proteins were separated
on SDS-PAGE and transferred to nitrocellulose membranes. Membranes were incubated with
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specific monoclonal anti-Ki-1/57 antibody A26 and radioactively marked with [(*°] Protein A.
Specific antibodies were detected by autoradiography.

2.7. Eletrophoretic Mobility Shift Assay (EMSA)

The following synthetic oligonucleotides were designed: MEF2S: 5'-
GTGTTGATCGCICTAAAAATAACCCTGTCG-3 MEF2AS: 5-GTTGGCGACAGGG
ITATTTTTAGAGCGATC -3 for the MEF2 DNA probe {MEF2 consensus sequence
underlined). The oligonucleotides were anncaled and labeled with [a-"-P] dATP by fill in
reaction with Klenow Polymerase (Promega). 1 pg of GST-1MEFC(1-169) was incubated with
GST-hKi-1/57, 6xHis-hKi-1/57 or 6xHis-hRACK in a 20 pi final volume in binding buffer (10
mM Tris-Cl pH 7.5, 50 mM NaCl, imM EDTA. 1 mM DTT, 2% glycerol, 2% Ficoll , Ing
BSA and 1pg de Poly[dI-dC]) plus 20 fmol of MEF2 probe (5000 — 10000 cpm) at room
temperature for 20 min. For competition assays, a 100-fold molar excess of unlabeled MEF2
probe or of a scrambled DNA probe were incubated with GST-rMEF2C(1-169). For super shift
assay, 2 pg of anti-MEF2 antibody were added to GST--MEF2C(1-169) 1h prior to the binding

reaction. Samples were then submitted to electrophoresis on a non-denaturing 5% polvacrilamide
gel and run at 300 V for 2h at 4°C. Gel was dried and exposed on a film and the bands were
visualized by autoradiography.

2.8. Immunolocalization by Confocal Microscopy

Adult rat ventricular myocytes isolation: cardiac myocytes were isolated from left
ventricle of adult Wistar rats at 160-180g by collagenase (type 1A from Sigma) digestion using a
modified Langendorff perfusion according to methods previously described [22]. After isolation,
ventricular myocytes were immediately transferred to poly-L-lysine coated glass slides and then
processed for immunohistochemistry.

Immunofluorescence study: the freshly isolated cardiac myocvtes were fixed (8%
paraformaldheyde in PBS, pH 7.4) and blocked with 5% non-fat milk in PBS. The sections of
isolated cardiac myocytes were incubated with primary anti-MEF?2 (rabbit) or anti-Ki-1/57
(mouse) antibodies in 1% non-fat milk in PBS overnight at 4°C, followed by incubation with
anti-rabbit 488® Alexa conjugated secondary antibody (green) and anti-mouse 568® Alexa
conjugated secondary antibody (red) then mounted in Vectashield (Vector Labs. Inc.,
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Burlingame, CA). Immunofluorescence was detected by confocal laser scanning microscopy
(Carl Zeiss, Inc.). Double-stained images from Alexad488 and AlexaS68 were acquired by
muititracking scanning of the fluorescence imaging with bandpass emission filter BP503-550 for
Alexa488 and longpass emission filter LP585 for Alexa568. Double-stained images from
Alexad88 and Alexa568 channels were simultaneously acquired from the same area and
superimposed. As negative controls, cells were not incubated with primary antibodies. No

specific staining was observed in the negative control.

2.9. Subcellular fractionation

Subcellular fractionation was performed essentially as described in [15]. Briefly, frozen
hearts were minced and homogenized in 2 volumes of STE buffer (0.32 M sucrose, 10 mM
Tris-Cl, pH 7.4, 1 mM EGTA, 2 mM EDTA, 5 mM NaN3, 10mM 2-mercaptoethanol, 0.2 mM
PMSF, 50 mM NaF, 1 mM Na;VOy,) in a Polytron homogenizer. The homogenates were mixed
with 2 volumes of STE buffer and centrifuged (1,000 x g, 10 min) to obtain pellets. The pellet
was washed once and suspended in STE buffer (nuclear fraction). The supernatant was
centrifuged (100,000 x g, 60 min) to obtain the cytosol fraction and the pellet, which was then
suspended in STE buffer (membrane fraction).

The nuclear fraction was solubilized in Triton buffer {1% Triton X-100, 150 mM
NaCl, 10 mM Tns-Cl, pH 7.4, 1 mM EGTA, 1 mM EDTA, 2 mM Na; VO, 0.2 mM PMSF,
50 mM NaF). The fraction was centrifuged (15,000 x g, 30 min, 4 °C), and the supernatant

(nuclear fraction) was stored at -80°C.
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3. RESULTS

3.1. Construction of 2 non-transactivating deletion mutant of rMIEF2C

DNA sequences coding for transcription factors may transactivate the Yeast-Two Hybrid
System (YTS}) even in the absence of interacting GAL-4 activation domain-prey fusion proteins.
It has been previously reported that the C-terminal DNA binding domain of MEF2 transcription
factors may auto-transactivate the YTS [L1]. In order to identify MEF2C partners we initially
screened the ability of diverse rat MEF2C ¢cDNA sequences fused to LEX A DNA binding
domain to auto-tramsactivate the YTS. Figure 1A shows the schematic representation of five
different sequences of MEF2C used to screen YTS for auto-activation. As indicated in Figure
1B, only MEF2C mutant deletions pBTM-MEF2C(107-229) and pBTM-MEF2C(1-169) did not
auto-transactivate the reporter gene LacZ when co-transformed with empty GAIL4 activation
domain coding vector pGADT7-rec. Constructions pBTM-MEF2C(1432), pBTM-MEF2((1-
357) and pBTM-MEF2C(107-357) on the other hand, displayed strong auto-activation when
expressed 1n yeast and were discarded for the screening of the cDNA library. The mutant pBTM-
MEF2C(107-229) failed to activate the LacZ reporter. Thus we used mutant pBTM-MEF2C(1-
169) to screen the adult rat left ventricle cDNA library. Although we used a mouse MEF2C
sequence to design our oligonucleotides, an alignment of the 169 amino acids of our
pBTMEF2(C(1-169) construction cloned from rat ¢cDNA (Figure 1C) showed 96% identity to
MEF2C from mouse (Accession Number NM_025282).

3.2. N-terminal rMEF2C interacts with rKi-1/57 in the yeast two-hybrid screening

A cDNA library of rat left ventricle that underwent Transverse Aortic Constriction
(TAoC) was constructed by yeast recombination with pGADT7-rec vector in veast strain 140,
Each clone had its coding cDNA C-terminally fused to the GAL4 activation domain Using the
deletion mutant pBTMEF2C(1-169) as “bait” 1x10° transformants were assayed in the library
screening and 130 clones were selected on SD-L-W-H + 10 mM 3AT. From 130 transformants,
just 90 were positive in the B-galactosidase filter assay. 30 clones were further isolated and
sequenced. Four of the isolated clones carried a partial cDNA encoding a rat homologue of
human Ki-1/57 (NP_055097.1) identified by BLAST on the NIH internet site. An alignment of
the found Ki-1/57 rat amino acid sequence showed that it represents 90% sequence identity with
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its human ortholog (Figure2D).

3.3. The N-terminal of rMEF2C interacts with full length hKi-1/57 in vitro

A GST pull down assay was performed to confirm the interaction between hKi-1/57 (h,
human) and tMEF2C (r, rat) in vitro (Figure 2). For this purpose human recombinant protein
6xHis-hKi-1/57 was incubated with GST-IMEF2C(1-169) or GST fusion proteins conjugated on
Gluthatione-sepharose beads. After washing, 6xHis-hKi-1/57 was retained by GST-rMEF2C(1-
169), but not by GST. This confirms the ability of tMEF2C(1-169) to specifically bind to 6xHis-
hKi-1/57.

3.4. hKi-1/57 decreases rMEF2C DNA binding activity in vitro

In order to evaluate the effect of the influence of the interaction between MEF2C and Ki-
1/57 on the MEF2C DNA binding activity, we performed an Eletrophoretic Mobility Shift
Assay. The recombinant protein GST-TMEF2C(1-169) formed a complex with MEF2-DNA
consensus sequence in vitro, as indicated by the shift showed in Jane 2 of Figure 3. This was
expected because GST-IMEF2C(1-169) mutant contains both the MADS-box and the MEF2
domain which are responsible for DNA binding and dimerization of MEF2 family of
transcription factors. Our demonstration here that the addition of recombinant full length GST-
hKi-1/57 reduced the DNA binding activity of GSTaMEF2C(1-169) indicates a negative
regulation of GST-rMEF2C(1-169) by GST-hKi-1/57. The specificity of this inhibition was
tested by incubating GST-rMEF2C(1-169) with the recombinant fulllength control protein
6xHis-hRACK-1. As shown in lane 4 of Figare 3, 6xHis-hRACK1 did not influence GST-
tMEF2C(1-169) DNA-binding activity, but the fusion protein 6xHis-hKi-1/57, caused a
reduction in DNA/MEF2 complex, comparable to that seen with GST-hKi-1/57. The addition of
anti-MEF2 antibody to the binding reaction caused a weak supershift. The results of competition
assay with cold MEF2 oligonucleotide and with a cold unrelated oligonucieotide (NF-kB
consensus oligonucleotide) further indicated the specificity of the binding reaction. We also
performed negative controls with GST, GST-hKi-1/57, 6xHis-hRACK-1 and 6xHis-hKi-1/57.
None of these proteins could bind to double stranded MEF2 consensus DNA alone in the

conditions of our experiments {data not shown).
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3.5. The interaction between MEF2 and Ki-1/57 is regulated by mechanical stress

We have previously shown that MEF?2 transcription factors are activated by mechanical
overload in left ventricle of rat heart [16]. Here, we first performned western blot and
immunohistochemisiry analysis to characterize the effect of acute pressure overload on Ki-1/57
and MEF2 expression in the left ventricle and cardiac myocytes of the rat heast. As shown m
Figure 4A, pressure overload lasting for 6 hours did not change the expression of MEF2 factors
recognized by an antibody raised against MEF2A (which cross-reacts with MEF2C and D.
However, a consistent increase (~100%) of a double-band Ki-1/57, was seen at 3 and lasting up
to 6 hours after TAoC (Figure 4B). Co-immunoprecipitation assay with anti-MEF2 antibody and
immunoblot with anti-Ki 1/57 demonstrated a basal association between these proteins in the left
ventricles of control rats. Pressure overload caused a reduction in this association already
detected 1 hour after aortic constriction (Figure 4C). In cardiac myocytes extracted from left
ventricles of control rats, staining with anti-MEF antibody showed a nuclear localization of
MEF?2 protein and also a less intense staining at sarcoplasma (Figure 5A), where it was regularly
distributed following a sarcomeric pattern of distribution. Staining with anti-Ki-1/57 antibody
showed a nuclear and sarcoplasmic distribution (Figure 5B). However, the sarcoplasmic staining
was stronger than the nuclear staining and also followed a sarcomeric pattern of distribution.
Anti-MEF2 and anti-Ki-1/57 antibodies double staining indicated that MEF2 and Ki-1/57 were
co-localized in the nuclei of cardiac myocytes but they were not co-localized in the sarcoplasma
(Figure 5C). Pressure overload reduced the amount of MEF2 detected in the sarcoplasma and the
amount of Ki-1/57 in the nucleus, where the co-localization of both proteins could no longer be
detected (Figure 5 D, E, F).

Subcellular fractions of rat hearts from sham-operated and from those rats that underwent
a 6 hour TAoC were analyzed by Western blot with antibody anti-Ki-1/57. As seen in Figure 5G,
Ki-1/57 1s present In the cytoplasmic as well as in the nuclear fraction of control hearts.

However, the amount of Ki-1/57 decreases significantly in the nuclear fraction after TAoC.
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4. DISCUSSION

In a yeast two-hybnd screen of a rat LV cDNA library we identified an N-terminal partial
¢DNA encoding a rat homologue of human Ki-1/57 as a protein partner of rat MEF2C. The
interaction between MEF2C and Ki-1/57 was found to reduce the recombinant MEF2C protein
binding to the MEF2 DNA consensus sequence iz vitro. In rat left ventricle, this interaction was
rapidly reduced in response to pressure overload. These findings suggest that Ki-1/57 acts
upstream of a MEF2C regulatory pathway involved i transcriptional control of myocardial gene
expression in response to mechanical stress.

Using rat MEF2C fragment encompassing amino acids 1-169 as bait, we found four
clones of an N-terminal partial cDNA encoding a rat homologue of human Xi-1/57 (Accession
Number NP_055097.1- NCBI Database), interacting with MEF2C. Ki-1/57 is a 57 kDa protein
first found to be expressed 1n Sternberg-Reed cells in Hodgkin lymphoma and recognized by its
cross reactivity with the anti-CD30 antibody Ki-1 {23,24]. The interaction between tiMEF2C and
hKi-1/57 was confirmed by means of a pull down assay with GST-tMEF2C{1-169) fragment and
the fusion protein human 6xHis-hKi-1/57, as well as by co-immunoprecipitation assay with anti-
MEF2 and anti-Ki-1/57 antibodies in rat myocardial extracts. Analysis with differential
centrifugation of rat left ventricle extracts and immunohistochemistry demonstrated that both
1Ki-1/57 and fMEF2 are localized preferentially in the nuclei of rat myocardial cells, where they
co-localize. This not only extends to cardiac myocyies the previous finding that Ki-1/57 is
localized in nuclei [18], but also suggests that this protein may regulate myocardial MEF2
transcriptional activity. Accordingly, experiments with EMSA showed that hKi-1/57 reduces the
binding activity of the recombinant GST-TMEF2C (1-169) to the MEF2 DNA consensus
sequence. Moreover, the demonstration here that mechanical stress reduced the amount of 1Ki-
1/57 co-immunoprecipitated with rtMEF2, as well as the amount of Ki-1/57 in rat myocardial
nuclear extracts, further support a functional meaning for Ki-1/57 interaction with MEF2 m
cardiac myocytes, possibly as a co-repressor protein pariner. Taken together, these data support
the hypothesis that by reducing the binding of Ki-1/57 to MEF2 and Ki-1/57 translocation from
nuclei to sarcoplasma, mechanical siress potentially favors an increase of MEF2-DNA binding
activity implying that such interaction may play a role in the regulation of transcriptional activity

in cardiac myocytes in response to mechanical stress. Indeed, this agrees with our previous
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finding that mechanical stress rapidly increases in the MEF2-DNA binding activity {15] and
thereby coordinates the transcriptional control of immediate early gene in rat beart.

Several MEF2 co-repressors, such as Cabinl/Cain and class II histone deacetylases
(HDACs), have been identified and demonstrated to be dynamically regulated by signaling
pathways involved in MEF?2 activation. Cabinl binds to MEF2 through the MADS/MEF2 box
(DNA binding domain) and sequesters MEF2 in a transcriptional inactive state, contributing to
maintain the quiescence of MEF2 in unstimulated cells [25]. Otherwise, inhibition of MEF2
activity by HDAC4 occurs without interfering in DNA binding activity of MEF2 [26].
Phosphorylation by Calcium/Calmodulin-dependent protein kinase (CaMK) has been shown to
promote HDAC4 nuclear export to the cytoplasm and the concomitant de-repression of MEF2 in
the nucleus [27]). Our data indicate that Ki-1/57, unlike HDAC4 but similar to Cabin 1, interacts
directly with MEF2C. Considering that Ki-1/57 interacts with a fragment of MEF2C containing
almost exclusively MADS-MEF2 box [i.e. MEF2C (1-169) fragment], the inhibition that Ki-1/57
exerts on MEF2C activity is presumably related to a direct interference of Ki-1/57 with the
ability of MEF2 to binding DNA.

Although we presently did not explore potential upstream regulators of Ki-1/57, previous
studies have shown that Ki-1/57 is a substrate for PKC [18], an enzyme known to be critically
linked to the response of cardiac myocytes to hypertrophic influences. Novel PKC isoforms (z, 5,
1}, and 6) have also been shown to enhance MEF2A transcriptional activity [28]. Alternatively,
Ki-1/57 has also been shown to specifically interact with other proteins such as Receptor of
Activated Kinase-1 (RACK1) [18] and the Chromatin-Helicase-DNA-binding domain protein 3
(CHD3) [20], proteins that have been shown to be potentially involved in the regulation of
transcription and chromatin remodeling in diverse cell fypes. Considering the critical role played
by the various isoforms of PKC as well as RACK1 [29] in the myocardial hypertrophic growth,
it will be important to determine whether the phosphorylation of Ki-1/57 by PKC is involved in
the regulation of MEF2-Ki-1/57 interaction.

In conclusion our present work has shown Ki-1/57 as a novel protein partner for MEF2C
in rat myocardium. The demonstration of an in vive association of MEF2 with Ki-1/57 in rat
myocardium and that the interaction of MEF2C with Ki-1/57 reduces the MEF2C-DNA binding
indicates that Ki-1/57 may serve to maintain the quiescence of MEF2 in non-stressed myocardial
cells. Furthermore, the demonstration here that mechanical stress rapidly reduces the in vivo
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MEY2 / Ki1-1/57 association and reduces the amount of Ki-1/57 in the nuclei of myocardial cells,
suggests that the coordinated regulation of MEF2 / Ki-1/57 interaction by upstream signaling
mechanisms triggered by mechanical stress might be important for the regulation of the early
transcriptional events in myocardial cells subjected to hypertrophic conditions. Future studies
should address the regulation of MEF2 by upstream signaling pathways as well as the outcome
of transcriptional regulation by coordinated MEF2 in conceri with Ki-1/57.
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FIGURE LEGENDS

Figure 1. Mapping of f'MEF2C deletion mutants for auto activation

A: Schematic representation of mMEF2C. Different N- and C-terminal truncations of
rfMEF2C were fused in frame to the DNA-binding domain of LexA in yeast expression vector
pBTM116. B: Co-transformation of deletion mutants and empty library vector pGADT7-rec
in yeast. The auto-activation was analyzed by testing for B-galactosidase activity in veast
cells. C. Alignment of amino acid sequence of isolated rat MEF2C(1-169) and mouse
MEF2C (NCBI Accession Number: NP_079558). Different amino acids are written in bold.

Figure 2. IMEF2C interacts with hKi-1/57 in vitro

Pull down assay of GST-rMEF2C(1-169) with 6xHis-hKi-1/57. GST-rMEF2C{1-169) or GST
protein was conjugated to Gluthatione-sepharose beads. Beads with conjugated with GST or
GST-rMEF2C(1-169) were separately incubated with 6xHis-hKi-1/57. After extensive washing,
beads were boiled in Laemmli buffer and proteins were resolved in 10% SDS-PAGE and
transferred to nitrocellulose membranes for Western blotting analysis. Membranes were
incubated with primary antibodies Monoclonal A26 Anti-Ki-1/57 and monoclonal Anti-GST
overnight. After incubation with secondary antibodies, membranes were washed and incubated
with [I' Jprotein A Protein bands were detected by autoradiography. The first 3 lanes of the gel
and the Western blot are protein input. The fourth lane represents a pull down control with GST
and the fifth lane a pull down of GST-TMEF2C(1-169) with 6xHis-hKi-1/57 A: Protein gel dyed
with Coomassie blue for visualizing all proteins; B: Western blot with antibody anti-Ki-1/57; C:
Western blot with antibody anti-GST;, D: Alignment of the isolated rat Ki-1/57 and human Ki-
1/57 (NCBI NP_055097.1) amino acid sequence. The amino acids in bold represent the

differences between these two sequences.

Figure 3. The interaction of hKi-1/57 with tMEF2C in vitro decreases tMEF2C DNA binding
activity.

Eletrophoretic Mobility Shift Assay of recombinant rat rGST-MEF2C(1-169) profein with
radioactively labeled MEF2 consensus DNA. Lane 1 is a negative control without protein. Lane
2 shows the complex formation between GST-rMEF2C(1-169) and the DNA. Lane 3 to 8 were
added the same quantity of recombinant GST-rMEF2C(1-169) plus recombinant proteins (h for
human), antibody or DNA as indicated in the figore.
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Figure 4. tTMEF2C associates with 1Ki-1/57 in vive and its association is dependent on
mechanical overload in heart.

S= Sham operated rats; 1h, 3h and 6h are the time period which rats were submitied to TAoC. A:
Rat heart control protein extracts or rat heart submitted to TAoC protein extracts were
immunoblotted with antibody anti-MEF2; B: Rat heart protein control extracts or submitted to
TAoC were immunoblotted with antibody anti-Ki-157; C: MEF2 was immunoprecipitated from
rat hearts and immunoblotted with antibody anti-Ki-1/57.

Figure 5. Confocal Laser Scanning Microscopy studies showing the immunolfocalization of
MEF2 (green) and rKi-1/57 (red) in isolated adult rat ventricular myocytes. A: Anti-MEF2
staining in isolated myocytes from control rats. B: anti-Ki-1/57 staining of isolated myocytes
from control rats. C: Anti-MEF2/anti-Ki-1/57 double staining of isolated myocytes from control
rats. D: Anti-MEF2 staining in isolated myocytes from hearts subjected to TAoC. E: Anti-Ki-
1/57 staining in isolated myocytes from hearts subjected to TAoC F: Anti-MEF2/anti-Ki-1/57
double staining in isolated left ventricular myocytes subjected to TAoC. G: Westemn blot of
subcellular fractioning with anti-Ki-/57 antibody of rat left ventricle sham operated and
submitted to TAoC. 50ug of each fraction was loaded in the gel. cyto: Cytoplasmatic fraction;
nuc: nuclear fraction; total: whole protein extract.

FIGURES 1-5
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DMDEVLLKYTEYNEPHESRTNSDIVETLRRKKGLNGCDS PDPDADDSVGHSPESEDKYRKI 120
DMDRVLLKYTEYNEPHESRTNSDIVETLREKGLNGCDSPDPDADDSVGHSPESEDKYRKI 120

NEDIDLMISRQRLCAVPPPNFEMPVT IPVSSHNSLVYSNPCQLTGKPNL 169
NEDIDIMISRQRLCAVPPPSFEMPVT I PVSSHNSLVYSNPVSTLGNPNL 169
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GsT ¥ -

6xHis-hKi-1/57 - - + &
GST-rMEF2C - + - - *
(1-169) : e

1T 2 3 4 5

SDS-PAGE stained with Coomassie

B C
GsT +* - -~ % - GST *+ - - + -
6xHis-hKi-1/57 - - + + + G6xHishKi-15A67 - - + + +
GST-IMEF2C - + - - GST-IMEF2C - + - - +
(1169} - o (1-169)
. 6xHis-hIG-1/57
GSTrMEF2C——
1-169)
1 2 3 4 5 4 2 3 4 5
WB: anti-Ki-1/57 WB: anti-GST
rKi-1/57 MMEKIPTRPRERDRIQGALGS PVAAAGAAMQ ESFCCVVANR FHOLLDDESD PFDILREAER RROOQLORKR 70
hKi~1/57 == MEGALGS PVAAAGAAMQ ESFGCVVANR FHOLLDDESD PFDILREAER RROQQLORKR 57
rKi-1/57 RDEAARAAAGA GPRGGRSPAG ASGHRAGAGG RRESQKERKS LPAPVAQRPD SPGGGLOAPG QOKRTPRRGEQ 140
hKi-1/57 RDEAAAAAGA GPRGGRSPAG ASGHRAGAGG RRESOKERXS LPAPVAHRPD SPGGGLOAPG OKRTPRRGEQ 127
rKi-1/57 QGWNDSR-GP EGMLERAFRR SYREYPTL 167
hKi-1/57 QGWNDSR-GP EGMLERAERR SYREYRPY 155
Figura 2
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+ * Unspecific DNA 100x

+ *+ GST-hKi-1/57

+ + 6xHis-hRACK-1
+ +6xHis-hKi-1/57
+ + Ab Anti-MEF2

+ + DNAMEF2 100x

GST-rMEF2C(1-169) - +

. Complex
MEF2-DNA

Figure 3
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IB: Anti-MEF2

IB: Anti-Ki-1/57

Figure 4
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Sham TAoC
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E
citc nuc total

cito nuc total

WB:anti-Ki-1/57

Figure 5
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