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Resumo

A miogénese é um processo complexo que se inicia com o
comprometimento de células precursoras mononucleadas que saem do ciclo
celular. Esses mioblastos se alongam, enquanto se alinham uns com os outros,
guiados pelo reconhecimento de suas membranas. Essa etapa é seguida da fuséo
celular e da formacédo de miotubos estriados e multinucleados. Nosso grupo de
pesquisa mostrou recentemente, que a retirada de colesterol membranar pela
metil-B-ciclodextrina (MCD) induz a diferenciagcdo muscular. O objetivo desta tese
foi investigar os efeitos da retirada de colesterol na via de Wnt/B-catenina durante
a diferenciacdo muscular. Os resultados deste trabalho mostraram que a retirada
de colesterol promove um aumento significativo na expressao de B-catenina, sua
translocagao para o nucleo e a ativagdo da via de Wnt. Além disso, a ativacao da
via de Wnt ap6s a deplecédo de colesterol pode ser inibida pela proteina soluvel
Frzb-1. Também foi demonstrado que o meio condicionado proveniente de uma
cultura tratada com a MCD acelerou a miogénese de uma forma semelhante ao
tratamento com MCD, sugerindo que os efeitos induzidos apds a deplecédo de
colesterol podem ser causados por fatores soluveis presentes no meio de cultura.
A proteina Wnt-3 em uma forma solluvel aumentou significativamente no meio
condicionado MCD. Um meio enriquecido com Whnt-3a induziu a diferenciagao
muscular tanto quanto o tratamento com a MCD, enquanto que um meio
enriquecido com Wnt5a inibiu a fusdo de mioblastos. N6s também mostramos que
o tratamento com MCD aumentou a proliferacao celular e induziu um aumento no
namero de células monucleadas positivas para desmina. O tratamento de células
miogénicas com a substancia anti-mitoética araC logo apds a retirada de colesterol,
bloqueou os efeitos da MCD na diferenciacdo. Ensaios de incorporacao de 5
bromo-2’-deoxiuridina (BrdU) mostraram mais células positivas para BrdU e para
desmina em culturas tratadas com MCD. Estes resultados sugerem que alteracdes
no conteudo de colesterol membranar de células miogénicas podem ativar a
proliferacéao e a diferenciacdo miogénica, e que o colesterol pode modular a via de
sinalizacao de Wnt/B-catenina nos estagios iniciais da diferenciagdo muscular
esquelética.
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Abstract

Skeletal muscle differentiation is a multi-step process that begins with the
commitment of mononucleated precursors that withdraw from cell cycle. These
myoblasts elongate while aligning to each other, guided by the recognition between
their membranes. This step is followed by cell fusion and the formation of long and
striated multinucleated myotubes. We have recently shown that cholesterol
depletion by methyl-B-cyclodextrin (MCD) induces skeletal muscle differentiation.
The objective of the present work was to study the effects of cholesterol depletion
in the Wnt/B-catenin signaling pathway during muscle differentiation. Our results
showed that cholesterol depletion promoted a significant increase in the expression
of B-catenin, its nuclear translocation and activation of the Wnt pathway. Moreover,
the activation of the Wnt pathway after cholesterol depletion can be inhibited by the
soluble protein Frzb-1. We also showed that MCD-conditioned media accelerates
myogenesis in a similar way as MCD did, suggesting that the effects induced by
MCD may be caused by soluble factors present in the culture medium. Soluble
Wnt-3 protein was significantly enhanced in MCD-conditioned medium. Wnt-3a-
enriched media induced myogenesis as much as MCD did, whereas Wnt-5a-
enriched media inhibited myoblast fusion. In addition, MCD treatment enhanced
cell proliferation and induced an increase in the number of desmin-positive
mononucleated cells. Treatment of myogenic cells with the anti-mitotic reagent
cytosine arabinoside right after cholesterol depletion blocked the MCD-induced
effects on differentiation. Bromo-2’-deoxyuridine (BrdU) incorporation assays
showed more positive cells for BrdU and desmin in MCD-treated cultures. These
findings suggest that rapid changes in the cholesterol content in myogenic cell
membranes can activate myogenic proliferation and differentiation and that
cholesterol can modulate the Wnt/B3-catenin signaling pathway in the early steps of
skeletal muscle differentiation.
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1. Introducao

1.1. O Tecido muscular

Os tecidos musculares dos vertebrados podem ser divididos em trés tipos,
levando em consideragdao suas caracteristicas morfolégicas e funcionais: o
musculo liso, o0 musculo estriado cardiaco e musculo estriado esquelético. Os trés
tipos de tecidos musculares sdo constituidos por células contrateis (revisado por
Cormack, 1996).

O musculo liso é formado por células fusiformes, mononucleadas, com o
nucleo central e ndo possuem estriagcdes. A contracdo dessas células é lenta e
involuntaria. Esse tecido esta presente, por exemplo, nos vasos sanguineos e no
intestino.

O musculo estriado cardiaco é formado por células alongadas que séo
geralmente mononucleadas ou binucleadas e com o nucleo central, que se unem
as células vizinhas através de jungdes celulares. Essas células sdo chamadas de
cardiomiécitos e possuem estriagdes. A contracdo destas é rapida, ritmica e
involuntaria.

O musculo estriado esquelético é formado por feixes de células cilindricas
longas chamadas de fibras musculares ou miotubos e apresentam estriacoes
transversais. As fibras musculares sao multinucleadas e os nucleos se localizam
na periferia das fibras devido a presenca de um citoesqueleto bem desenvolvido.
Estas células tém contragao rapida e voluntaria.

A membrana que envolve as fibras musculares é chamada de sarcolema e
o reticulo endoplasmatico é denominado de reticulo sarcoplasmatico. O
citoplasma é chamado de sarcoplasma, e nele estao localizadas as miofibrilas (os
elementos contrateis da célula). Elas s&o estruturas cilindricas que correm
longitudinalmente a fibra muscular e sdo geralmente tdo longas como a proépria
fibra (Figura 1).
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Figura 1 — Estrutura do musculo estriado esquelético.
(http://www.apsu.edu/thompsonj/Anatomy.htm - modificado)

Ao microscépio Optico, as miofibrilas aparecem como estriagcoes
transversais, pela alternancia de faixas claras e escuras. As faixas claras recebem
o nome de bandas |, por serem isotropicas ao microscopio de polarizagédo, e as
faixas escuras recebem o nome de bandas A, por serem anisotrépicas. No centro
de cada banda | aparece uma linha transversal escura denominada de disco Z
(Figura 1).

As miofibrilas sdo formadas por unidades que se repetem: os sarcomeros
(Figuras 1 e 2). O sarcomero é a unidade morfofuncional da miofibrila. Cada



sarcoOmero é limitado por dois discos Z, logo, é formado por uma banda A e duas
bandas | (cortadas ao meio pelo disco Z). No meio da banda A existe uma zona
mais clara, denominada de zona H.

Banda | Banda |

Digco Z Digco £

Disco Z Actina MNebulina Miosina Titima

Figura 2 - Estrutura do sarcomero de uma célula muscular (Lodish et al., 2000 - modificado).

O bandeamento das miofibrilas é o resultado de sua composicao protéica e
da maneira com que elas se dispéem para formar os sarcomeros. As zonas H
contém um arranjo paralelo de filamentos grossos (150 A° de diametro) de miosina
dispostos hexagonalmente. As bandas | consistem de filamentos finos (70 A° de
didmetro) de actina, igualmente em arranjo hexagonal, que se ancoram no disco
Z. As areas mais escuras nas extremidades de cada banda A correspondem aos
pontos em que os dois tipos de filamentos interagem. Os filamentos finos séo
compostos por actina e pelas quatro proteinas acessorias: tropomiosina, troponina
C, troponina T e troponina I. A actina € a molécula central dos filamentos finos,
que, polimeralizada, forma uma dupla hélice e contém os sitios de ligacdo com a
miosina. A tropomiosina € uma molécula que se liga a actina de forma espiralada

sobre a dupla hélice. Esta ligacdo impede a associagdo entre a actina e a miosina,



pois bloqueia o sitio de interagcao da actina com a miosina. As trés subunidades de
troponinas tém estruturas e fungdes especificas. A troponina T se associa a
tropomiosina e forma assim um complexo tropomiosina-troponinas. A troponina |
se liga a actina e mantém assim o complexo tropomiosina-troponinas estavel. A
troponina C tem afinidade por ions célcio e induz uma mudanga conformacional na
troponina |.

As linhas ou discos Z sao constituidos principalmente pelas proteinas alfa-
actinina, desmina, actina e cap Z. A desmina é uma proteina de 52 kDa que faz
parte da familia de proteinas que constituem os filamentos intermediarios do
citoesqueleto. Esta proteina € especifica de células musculares, tanto de musculo
liso como estriado. Em musculo estriado, ela se localiza na regido do disco Z do
sarcoOmero, nos costameros (estruturas subsarcolemais que conferem sustentacao
e permitem a manutengdo da integridade quando da contracdo muscular,
resistindo ao estiramento), na jungcdo miotendinosa e nos discos intercalares
cardiacos. No musculo estriado maduro os filamentos de desmina estao presentes
nos discos Z, nas miofibrilas, ao redor do nucleo e ao redor das mitocdndrias
(Costa et al., 2004; Mermelstein et al., 2006). Estudos recentes mostram que a
desmina liga o sarcolema ao envelope nuclear através de ligagdo a anquirina e
lamina B (Capetanaki et al., 1997). Durante o desenvolvimento, a expressao de
desmina antecede a de todos os genes estruturais especificos de musculo, como
a miosina, a troponina, a nebulina, entre outras. Estes dados indicam que a
desmina desempenha papel importante nas etapas iniciais da diferenciacao
muscular (Capetanaki et al., 1997). A alfa-actinina é outra proteina que esta
presente nos discos Z dos sarcoOmeros. Ela é uma proteina expressa de forma
ubiqua, que pertence a familia das proteinas associadas a actina e possui
homologia estrutural com distrofina, espectrina e fimbrina (lzaguirre et al., 2001).
Nas células musculares esqueléticas, a alfa-actinina estd presente também nas
adesbes da célula a matriz extracelular e nas adesdes intercelulares, onde se
associa ao complexo caderina/cateninas.

Além dos filamentos finos de actina e filamentos grossos de miosina, existe

um terceiro sistema de filamentos nos sarcémeros dos musculos estriados, que



sdo os filamentos elasticos (Figuras 1 e 2). Eles sdo constituidos por duas
proteinas gigantes denominadas de titina e nebulina. Elas sao responsaveis pelo
componente elastico do musculo, que torna possivel a estrutura toda contrair e
relaxar (Clark et al., 2002).

Apo6s a descricdo acima das estruturas que compéem o aparato contratil
das células musculares, torna-se importante agora, entender como as células

musculares se formam durante o desenvolvimento dos organismos vertebrados.

1.2. Miogénese

As fibras musculares esqueléticas sdo células multinucleadas e pods-
mitéticas que possuem um aparato protéico altamente organizado que as tornam
extremamente eficientes em contragao.

A formacao da fibra muscular esquelética (miogénese) envolve uma série
de eventos sequenciais que vao do aparecimento de células precursoras
mononucleadas (pré-mioblastos), até a formacgao de células longas multinucleadas
e estriadas (miotubos). Estes eventos ocorrem ao longo do desenvolvimento
embrionario em regides especificas chamadas de somitos.

Os somitos se originam de estruturas bilaterais do mesoderma paraxial
(revisado por Tam et al., 2000). No inicio, um somito é uma esfera sélida de
células, a qual amadurece para uma bola de centro vazio, composta de epitélio
colunar. A formagéo do somito ocorre de forma coordenada e definida, enquanto
novas células de mesénquima entram no mesoderma paraxial como consequéncia
da gastrulacdo. A velocidade em que ocorre a somitogénese é definida com
precisdao, de forma que o numero de somitos € utilizado, com freqiiéncia, para
avaliar a fase de desenvolvimento do embrido.

Alteragbes posteriores nos somitos resultam na formacao do esclerétomo
na parte ventral, o qual origina os condroblastos que geram o esqueleto (Wiltin et
al., 1994). A parte dorsolateral do somito origina o dermomiétomo, o qual
amadurece em miétomo (Pourquie, 2000). No mioétomo, as células progenitoras
musculares chamadas de pré-mioblastos expressam os fatores de transcricao

Pax3 e Pax7. Estas células mononucleadas sdo comprometidas com a linhagem



muscular e altamente proliferativas. Este tipo de célula precursora pode expressar
proteinas das etapas iniciais da diferenciagdo muscular esquelética, tais como
MyoD e Myf5 (Yun & Wold, 1996).

Os genes da familia Pax, principalmente Pax3 e Pax7, sao fatores
importantes na regulacdo da miogénese. Epstein e colaboradores em 1995
mostraram que a expressao de Pax3 bloqueia a diferenciagdo de mioblastos,
sugerindo que Pax3 esta relacionado com etapas iniciais de proliferacéo,
especificacdo e migracdo de células precursoras musculares. Camundongos
Knockout para Pax7 apresentam uma enorme perda muscular (Kuang et al.,
2006).

Ha duas linhagens miogénicas distintas no miétomo. A parte medial do
miotomo origina a linhagem que supre células para os musculos epaxiais, das
costas, enquanto o midétomo lateral produz os musculos hipaxiais, como o0s
toraxicos e abdominais (Christ & Brand-Saberi, 2002). Os musculos dos membros
sao derivados da parte lateral do dermomiétomo que se desintegra para liberar
células miogénicas precursoras nao-diferenciadas, as quais sao capazes de
proliferar e migrar individualmente (Williams & Ordahl, 1994).

Quando se inicia a expressao da desmina, os pré-mioblastos passam a ser
chamados de mioblastos, param irreversivelmente de proliferar, tornando-se
bipolares. Nesta etapa, eles iniciam a transcricao de genes miofibrilares, que
geram isoformas especificas de varias proteinas que irdo formar os sarcémeros
das miofibrilas (Holtzer et al., 1986). Filamentos de actina, por exemplo, serdo
montados a partir de mon6meros de actina-G e desta forma, irdo compor
sarcoOmeros de proporcoes definidas (Figura 3).

Quando saem do ciclo celular, os mioblastos alongam-se, tornando-se
bipolares e podem ser chamados também de midcitos. Os mioblastos bipolares se
alinham com outros mioblastos e este alinhamento é guiado pelo reconhecimento
mutuo entre componentes de membranas plasmaticas de mioblastos vizinhos.
Apos este reconhecimento, ocorre 0 processo de fusdo de mioblastos que resulta
na formacao de células longas e multinucleadas, chamadas de miotubos (Figura
3).
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Figura 3 - Etapas da diferenciacao muscular esquelética.

A descoberta dos Fatores Regulatérios de Miogénese (FRMs) trouxe novas
perspectivas para os estudos do processo de miogénese. Os FRMs sdo quatro
fatores de transcricao das familias de proteinas basicas hélice-alfa-hélice (bHLH:
MyoD, Myf-5, miogenina e MRF4) (Figura 4), os quais se ligam ao DNA através
do sitio de ligacao conhecido como E-box, controlando assim varios eventos da
miogénese (Pownall et al., 2002). A expressao dos fatores de transcricao bHLH,
junto com outros fatores estimuladores, ativa o programa de diferenciagao através
da inducéao da transcricao de genes musculo-especificos, tanto regulatérios quanto
estruturais.

O gene MyoD é chamado de gene master switch (chave geral), uma vez
que ele controla a expressao de varios outros genes do programa de diferenciagéo
muscular. Quando o gene MyoD é transfectado em células ndo miogénicas, como
condrocitos e células epiteliais, observa-se a conversdo destas a linhagem
miogénica (Choi et al., 1990).

Os FRMs interagem com um segundo tipo de regulador da miogénese, os

fatores estimulatérios miociticos tipo 2 (MEF-2) (Molkentin & Olson, 1996). Embora



MEF-2 ndo seja restrito a musculatura esquelética (aparece primeiro na
diferenciacao do miocardio), sua expressao junto com os FRMs é necessaria para
uma determinacgao e diferenciacao estavel das células precursoras.

Existem diferencas importantes entre os FRMs quanto a expressao no local
e no tempo, sendo que podemos considera-los em dois grupos: os FRMs
primarios, incluindo MyoD e Myf-5, sdo necessarios para a determinacao dos pré-
mioblastos e mioblastos, enquanto os FRMs secundérios, miogenina e MRF4,
agem mais tarde no programa, como fatores de diferenciacdo. MyoD e Myf-5 séo
expressos em pré-mioblastos em proliferacdo, durante o desenvolvimento
embrionario, antes da diferenciagdo miogénica estar ativada, enquanto que
miogenina e MRF4 sdo expressos em mioblastos e miotubos, células ja fora do
processo de mitose (Figura 4). O programa de miogénese inicia-se pela
expressdao de MyoD e Myf-5 quando as células precursoras musculares séo
recrutadas das bordas do dermomi6étomo para formagéo do miétomo (Denetclaw &
Ordahl, 2000). Em roedores, Myf-5 & o primeiro gene a ser expresso nos
miotomos (Ott et al., 1991), mas a expressao de MyoD antecede a de Myf-5 nos
somitos de aves (Pownall & Emerson, 1992).

Experimentos realizados em camundongos que tiveram o gene de MyoD ou
Myf-5 anulados, ndo apresentaram defeitos no processo miogénico. No entanto,
camundongos que tiveram o gene Myf-5 anulado apresentaram defeitos na
formacdo dos musculos da costela. Quando MyoD é anulado, os niveis de
expressao de Myf-5 aumentam, sugerindo que Myf-5 compensa a perda do gene
MyoD. Quando os dois genes, MyoD e Myf-5 sdo anulados juntos no mesmo
camundongo, nao ha formagao de nenhum musculo (Rudnicki et al., 1993).

Experimentos que anularam o0 gene miogenina em camundongos
mostraram a formacao de uma populagcdo de mioblastos normais, entretanto a
diferenciagao terminal néo foi efetiva. Quando o gene MRF4 foi anulado, nenhuma
mudanca foi observada na miogénese de camundongos, apenas anormalidades
na formagdo de musculos da costela. Estes camundongos apresentaram ainda,
um aumento no nivel de miogenina, sugerindo que esta compensa a perda do
gene MRF4 (Zhang et al., 1995).



Os reguladores de ciclo celular, como a proteina retinoblastoma (Rb),
complexos ciclina/cdk e cdks inibitérias, desempenham importantes papéis na
regulacdo da transicdo do estado proliferativo das células precursoras para
entrada no programa de diferenciagdo muscular (Figura 4). A hipofosforilacdo de
Rb é requerida para que pré-mioblastos saiam do ciclo celular e possam se
diferenciar, formando miotubos. Rb interage diretamente com MyoD. Quando Rb
esta inativa por fosforilagdo ou alteragcdes genéticas, ela ndo interage com MyoD,
levando a inibicao da miogénese (Brennan et al., 1991).

Existem vias regulatérias que inibem os FRMs. Um destes mecanismos
envolve a expressdo de Id, proteina HLH, que perdeu o dominio basico. Id
dimeriza com a proteina E, e desse modo, sequestra FRMs, inibindo-os. A
superexpressao de |d bloqueia a diferenciagdo de mioblastos (Jen et al., 1992).

A superexpressdao de ciclina D1 também inibe o programa miogénico
mediado por FRMs, possivelmente pela fosforilagdo de Rb que mantém ativo o
ciclo celular. MyoD ativa o inibidor do complexo ciclina D1/cdk4, p21°™, proteina
implicada em promover a hipofosforilagdo de Rb, a saida do ciclo celular e a
diferenciacao terminal (Halevy et al., 1995).

FATORES REGULATORIOS MIOGENICOS
Pré-mioblasto Mioblasto Miotubo Jovem Miotubo Maduro
Pax3 MyoD Miogenina
Wnt  Myf5 MEF2 MRF4
® ( (= \ \
®C F T =T T —— QAT
CiclinaD1 RbPO4 p21 Rb
i 5 Especificagéo Eventos iniciais Eveptos tafdilzls
Proliferagao miogénica da diferenciagso da diferenciagao

Figura 4 — Fatores regulatorios da miogénese (Ludolph & Konieczny, 1995 - modificado).
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A miogénese ocorre durante o desenvolvimento embrionario e também em
musculo adulto em regeneragao. Apds a injuria muscular, um mecanismo de
reparo muscular é ativado, que envolve proliferacdo e diferenciacdo de células
satélites. As células satélites sao células quiescentes, indiferenciadas,
mononucleares e que se localizam na lamina basal que envolve miofibras
individuais. Quando ocorrem lesées musculares, as células satélites sao ativadas
e saem da quiescéncia, proliferando (e mantendo o seu pool no individuo), e se
diferenciando em miotubos, para recuperacao da area degenerada (revisado por
Charge & Rudnicki, 2004).

1.3. Adesao e fusao de mioblastos

Pelo exposto acima, a diferenciagdo muscular é um processo complexo,
composto de varias etapas consecutivas e coordenadas, nas quais participam
inUmeras proteinas. Estas etapas podem ser estudas separadamente na tentativa
de se entender melhor o todo. Algumas das etapas mais estudadas e, no entanto,
ainda ndo compreendidas, sdo o alongamento, o alinhamento, o reconhecimento
entre membranas e a fusdo entre mioblastos. Muito ja foi estudado, principalmente
sobre a fuséo, porém vérias perguntas permanecem sem respostas.

Ja foi demonstrado, por exemplo, por Shainberg e colaboradores em 1969,
que a fusdao de mioblastos € um processo dependente de ions calcio. Holtzer e
colaboradores (1975) mostraram que citocalasina B, uma droga que se liga a
actina filamentosa e induz a sua despolimerizacdo, bloqueia a fusdo de
mioblastos. Tunicamicina, um inibidor de glicosilacao de proteinas, também inibe
de fusdo de mioblastos (Gilfix & Sanwal, 1980). Apés 0s experimentos com
tunicamicina, descobriu-se que a glicoproteina de membrana envolvida na fusédo
de mioblastos € a caderina (Hatta et al., 1986).

Também ja foi demonstrado o envolvimento do lipideo de membrana
colesterol durante a fusdo de mioblastos. Van der Bosch e colaboradores (1973)
mostraram que colesterol adicionado a culturas de mioblastos impedia a fusao
celular. Prives e Shinitzky (1977) mostraram que a concentragdo de colesterol

membranar diminui em mioblastos competentes para fusdo, aumentando assim a
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fluidez da membrana e induzindo a fusao celular. Sekiya e colaboradores (1984)
demonstraram através do uso da substancia filipina (que tem alta afinidade por
colesterol) que a fusao de mioblastos se da pela justaposicao de areas livres de
colesterol de cada membrana de células adjacentes. Nakanishi e colaboradores
(2001) mostraram que é necesséaria uma diminui¢cdo de colesterol na membrana
para ocorrer efetivamente a fusdo de mioblastos. Entretanto, Cornell e
colaboradores (1980) obtiveram resultados diferentes, demonstrando que a
utilizagao de inibidores da sintese de colesterol, 25-OH-colesterol ou compactina,
inibem a fusdo de mioblastos e que a adigdo de colesterol € capaz de restaurar o
reconhecimento e a fusdo de mioblastos.

Como dito anteriormente, sabe-se que as proteinas caderinas (Figura 5)
estdo envolvidas na adesao e fusdo de mioblastos. As caderinas fazem parte de
uma familia de glicoproteinas dependentes de célcio que participam da adesao
célula-célula em tecidos de vertebrados, desta forma influenciando varios
processos morfolégicos ao longo do desenvolvimento e da manutengdao dos
tecidos (Taikeichi, 1991). As primeiras caderinas descritas foram denominadas de
acordo com o tecido onde foram encontradas: a caderina E, por exemplo, esta
presente em células epiteliais, a caderina N em células nervosas, a caderina M em
células musculares e a caderina P em células da placenta e da epiderme.

Mioblastos po6s-mitéticos e alongados, crescidos em cultura, expressam
caderinas nas suas membranas durante as fases de alinhamento e
reconhecimento intercelular que precedem a fusdo (Figura 5). O dominio
extracelular da caderina € o responsavel pelo reconhecimento homofilico que
ocorre na adesao entre células. J4 o dominio intracelular das caderinas se associa
as proteinas alfa e beta-cateninas, permitindo sua interagdo com o citoesqueleto
de actina (Figuras 5 e 6).
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Figura 5 — Distribuicao da proteina caderina na célula muscular esquelética. A proteina
caderina se localiza nas regibes de adesdo entre mioblastos adjacentes (setas).
Imunofluorescéncia de mioblastos de embrides de galinha crescidos em cultura e marcados com
anticorpo contra pan-caderina seguidos de anticorpos secundarios fluorescentes. Barra = 10 ym
(Mermelstein e Portilho et al., 2005).

Na diferenciacdo terminal de musculo esquelético de mamiferos, dois
membros da familia das caderinas, a caderina M e a caderina N, foram
identificados. A caderina M esta presente nos mioblastos e, na fase embrionaria,
ela s6 é expressa em células da linhagem miogénica. Em musculo adulto normal,
a caderina M esta presente nas células satélites, podendo também ser identificada
em células miogénicas em regeneragao. Esses dados apontam para uma funcao
especifica da caderina M na morfogénese e no desenvolvimento do musculo
(Zeschnigk et al., 1995).

O trabalho de Charlton e colaboradores (1997) mostrou que mioblastos de
camundongos crescidos em cultura ou in vivo e sem a expressao de caderina N
(null cells) sédo capazes de se fundir normalmente, sugerindo que a caderina N ndo
€ essencial no processo de fusdo em mioblastos de camundongos. Ja mioblastos
de galinha crescidos em cultura podem ter sua fuséo inibida por um anticorpo anti-
caderina N ou por um peptideo sintético contendo a sequéncia H-A-V, sugerindo

possiveis fun¢des diferentes para as caderinas em diferentes espécies animais.
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Goichberg e colaboradores (2001) mostraram que durante o processo de
reconhecimento e adesdo entre as membranas de mioblastos, a B-catenina é
recrutada para juncdo adesiva, sugerindo sua importancia nas etapas iniciais da
diferenciagdo muscular esquelética.

Além de sua localizagao em regides de adesdao na membrana, a -catenina
também pode se localizar em dois outros compartimentos celulares: no nucleo e

em proteassomas.

Meio
Extracelular
Filamentos
de Actina
-Cateninas
‘Membrana
Plasmatica

Figura 6 - Juncao de adesao célula-célula (Cooper, 2000 - modificado).

1.4. Via de Sinalizacao Wnt/B-catenina

A descoberta da homologia existente entre a p-catenina de vertebrados e a
proteina armadillo de Drosophila melanogaster (70% da sequéncia de
aminoacidos é idéntica) foi a primeira evidéncia do envolvimento da -catenina em
vias de transducao de sinais e no desenvolvimento embrionario. A similaridade de
B-catenina e armadillo se extende além da homologia das sequéncias de
aminoacidos. Assim como a f-catenina, a armadillo forma complexos com

caderinas em Drosophila, se localiza nas jungdes de aderéncia de células
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epiteliais, e ainda atua na cascata de sinalizacdo de Wingless, uma proteina
homoéloga ao fator de crescimento Wnt de vertebrados (Peifer et al., 1993).

Whnts sdo glicoproteinas sinalizadoras que influenciam multiplos processos
no desenvolvimento animal. Existem 19 genes de wnt (além de varios receptores
também) no genoma de mamiferos, e a diversidade de suas fungbes &
exemplificada pelas mutagdes que levam a anomalia no desenvolvimento variando
de perdas de células-tronco a defeitos nos sistema renal e reprodutor (Nelson &
Nusse, 2004). As proteinas Wnt sofrem duas modificagdes pos-traducionais ja
descritas na literatura, a glicosilagdo e a palmitoilagdo. Foi sugerido que estas
modificagdes podem estar envolvidas na sinalizagdo da molécula de Wnt para a
correta via exocitica e que isso poderia influenciar a difusdo de Wnt no meio
extracelular (Tanaka et al., 2002). Wnts sdo morfégenos e, portanto sua difusao €
essencial para sua funcdo. De acordo com a sequéncia de aminoacidos, as
proteinas Wnt deveriam ser solUveis, porém, elas ndo apresentam esta
propriedade. A proteina Wnt1 extracelular, em Drosophila, esta associada com a
superficie celular e a matriz extracelular (Reichsman et al., 1996). Willert e
colaboradores (2003) mostraram que Wnt3a recebe no reticulo endoplasmatico
uma molécula de &cido palmitico no residuo conservado cisteina (Cis-77). Depois
desta modificacdo, Wnt se ancora na membrana, localizando-se preferencialmente
em regides ricas em colesterol (microdominios) (Zhai et al., 2004). Também foi
visto por Takada e colaboradores (2006) que Wnt3a sofre outra modificacdo
lipidica no residuo conservado Ser209, através da adigdo de uma molécula de
acido graxo insaturado, o acido palmitoleico (Figura 7).

As modificacdes lipidicas sao cruciais para que Wnt desempenhe seu papel
corretamente. A acilacdo da Ser209 é necessaria para sinalizar Wnt intracelular
para a via exocitica (Takada et al., 2006), enquanto a acilacdo de Cis77 parece
ser requerida para a atividade de sinalizagdo de Wnt ja secretado (Willert et al.,
2003). A Porcupina aciltransferase € a enzima responsavel por catalizar as
adicbes dos grupos acil tanto nos residuos Cis77 (Takada et al., 2006), quanto nos
residuos Ser209 (Willert et al., 2003).
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Figura 7 - Modificacoes lipidicas e glicosilacoes na proteina Wnt/Wingless (Nusse et al., 2008

- modificado).

Whnts sao secretadas para o meio extracelular com a ajuda da proteina
multipasso transmembrana Whntless/Evi/Sprinter (WIs). Essas proteinas sao
responsaveis por permitir o trafego de vesiculas contendo Wnts da rede trans-
Golgi (TGN) para a membrana plasmatica (Banziger et al. 2006). Foi descrito em
2005 que Wnt secretado pode se associar a particulas de lipoproteinas em
Drosophila melanogaster. Essas particulas podem formar multimeros e servir
como veiculo para levar Wnt a longas distancias (Panakova et al., 2005).

Enquanto a grande maioria da B-catenina esta engajada em um papel
estrutural nas jungbes aderentes, ligando membros da familia das caderinas ao
citoesqueleto de actina, na auséncia de sinalizagcdo Wnt, a B-catenina nao
juncional é rapidamente degradada via ubiquitinilacdo pelo sistema proteassémico.
Um complexo formado pelas proteinas Axina, o supressor tumoral APC
(adenomatous polyposis coli) e a proteina GSK-3B (cinase glicogénio sintase 38),
regula o turnover da B-catenina (Figura 8). Este sistema de degradacao é muito
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ativo e mantém um nivel baixo de B-catenina citoplasmatica pela fosforilagao dela
pela GSK-3B nos residuos especificos de serina na cadeia N-terminal. Maher e
colaboradores (2009) mostraram que as caderinas sao responsaveis pela
fosforilacdo, na porcao N-terminal, da B-catenina. Dessa forma, as adesdes célula-
célula mediadas pela caderina limitam a ativacao da via de Wnt por sinalizar a -
catenina para degradacao.

Na auséncia da sinalizagdo de Wnt, os genes-alvo estdo silenciados por
proteinas regulatérias, como por exemplo, a proteina Groucho. Quando a via de
Whnt é ativada, a B-catenina libera Groucho e medeia a transcricao dos genes-alvo
através de sua interacdo com a familia de co-ativadores TCF/LEF, resultando na
transcricdo de alguns genes como ciclina D1, c-myc e wisp-1 (Howng et al., 2002)
(Figura 8).

Quando existe a presengca de Wnt no meio extracelular, a sinalizagcédo
Whnt/B-catenina é iniciada pela ligacdo desta a duas moléculas receptoras, a
proteina transmembranar com sete passagens na membrana Frizzled e a proteina
correceptora LRP-5/6 (proteina relacionada ao receptor de LDL) (Nelson & Nusse,
2004).

Em resposta ao sinal Wnt, os receptores Frizzled (Fz) ativam a
fosfoproteina Dishevelled, a qual inibe a funcdo de GSK-3B, responsavel por
fosforilar B-catenina. Esta inibicdo leva ao acumulo de B-catenina hipofosforilada
no citoplasma e a sua redistribui¢gao para o nucleo (Barth et al., 1997) (Figura 8).

A fosfoproteina Dishevelled inibe a atividade de GSK-3B, mais
provavelmente pela disjun¢cdo do complexo Axina-APC-B-catenina, levando a
hipofosforilagdo da B-catenina e inibicao de seu turnover.

A inativacao deste complexo proteico resulta no acumulo extrajuncional da
B-catenina e sua translocacdo nuclear onde ela esta envolvida na ativacao
transcricional de genes-alvo em complexo com TCF/LEF. A competicdo entre
diferentes parceiros citoplasmaticos e nucleares da B-catenina por um “pool
limitado de B-catenina pode determinar se sua funcdo sera na adesdo ou na
transativacao (Ben-Ze'ev et al., 2000). A sinalizacao nuclear pela p-catenina esta

envolvida na regulacdo de varios eventos celulares durante o desenvolvimento



17

embrionario e a ativacao aberrante da transativagdo mediada por esta molécula
pode contribuir na progressao do cancer por causar o aumento da proliferacao
celular (Zhurinsky et al., 2000).

A sinalizacdo de Wnt suscita uma ampla variedade de respostas
dependentes e independentes da 3-catenina, incluindo regulagédo da proliferagéo,
crescimento e sobrevivéncia celular, estabelecimento do eixo dorso-ventral em
embrides, remodelamento do citoesqueleto para definir polaridade e motilidade
celular (Zhurinsky et al., 2000).

As vias de Wnt independentes de B-catenina sdo chamadas de vias nao-
canbnicas. Ha relatos de interacao entre as vias de Wnt candnica e nao-candnica
e um possivel papel antagénico entre elas. O gene Wnt5a é um representante da
via ndo-candnica dependente de calcio e é caracterizado como antagonista da via
de Wnt/B-catenina, estando presente em diversos tecidos normais e cancer (Taki
et al., 2003). As vias de Wnt ndo-canénicas incluem a via de Wnt/Ca?*, mediada
pela PKC e CamKIl, a via de Wnt/PCP (Planar Cell Polarity), que induz a ativagao
de GTPases rhoA e rac1, cdc42 e JKN que regula rearranjos do citoesqueleto,
morfologia celular e eventos migratérios, e a via de Wnt-4, que regula a motilidade
celular através de FAK (Cohen et al., 2002). Em vertebrados, estas vias séo
responsaveis por controlar movimentos de gastrulacdo, morfologia de células
epiteliais, inducdo para formacdo do coragdo, determinacdo do padrdo dorso-
ventral, separagao dos tecidos, migracao neuronal e cancer (Veeman et al., 2003).
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Figura 8 — Via classica da sinalizacdo Wnt/B-catenina (Alberts et al., 2009 - modificado).

1.5. Influéncias da via de Wnt na miogénese

O desenvolvimento das fibras musculares inicia-se nos somitos
embrionarios em resposta a moléculas sinalizadoras produzidas por tecidos
vizinhos, como o tubo neural, notocorda e ectoderma dorsal. Moléculas candidatas
para desempenhar essa atividade sinalizadora complexa pertencem a familia de
proteinas Wnts, Sonic hedgehog, como ativadores positivos e BMP4, como um
possivel inibidor (Cossu & Borello, 1999).
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Membros da familia de Wnt (Wnt1, Wnt3 e Wnt4), produzidos pelo tubo
neural dorsal, sdo requeridos para ativar e estabilizar efetivamente o programa
muscular na parte dorsal dos somitos (Cossu et al., 1996).

Experimentos com a dupla anulagdo de Wnt1 e Wnt3 mostraram que o
compartimento medial do dermomiétomo n&o se forma e que ha uma diminuigéo
significativa na expressao de Myf5 (lkeya & Takada, 1998).

Em somitos recém formados de camundongos, Fz1 € expresso ao longo da
membrana das células, e estudos sugerem sua interacao preferencial com Wnt1, o
qual é produzido pelo tubo neural dorsal adjacente. Também foi descrita a
interacao preferencial de Fz7 com Wnt7 (Cossu & Borello, 1999).

Wnt1 é expresso pelo tubo neural dorsal, atua na via classica Wnt/B-
catenina e ativa a transcricao de Myf5, enquanto Wnt7 € expresso pelo ectoderma
dorsal, atua em uma via independente de B-catenina e induz a ativagdo de MyoD
(Tajbakhsh et al., 1998). Este fato permite especular que Wnt1 e Wnt7 atuam em
vias intracelulares diferentes, mas induzem a ativacao direta ou indireta de fatores
regulatérios miogénicos em células precursoras musculares que podem interagir
entre si, como por exemplo, Myf5 podendo ativar MyoD.

Wnt7 induz a miogénese nos somitos de aves, ativando MyoD. Esta
atividade pode ser inibida por BMP4, como prevencdo de uma diferenciacéo
muscular prematura (Hirsinger et al., 1997). Tajbakhsh e colaboradores em 1998,
mostraram também que Wnt4, Wntba e Wnt6 ativam Myf5 e MyoD da mesma
forma no mesoderma paraxial.

Uma nova classe de genes identificada é a das proteinas soluveis
relacionadas com Fz (sFRPs) que podem regular a sinalizacao de Wnt (Leyns et
el., 1997). Essas moléculas sao secretadas e apresentam grande homologia com
o dominio extracelular de Frizzled. Frzb1 é um membro desta familia que inibe
totalmente a miogénese em culturas de mesoderma pré-somitico e somitos recém
formados, entretanto ndo apresenta nenhum efeito sobre somitos maduros.

A adicdo de sFRP1 ou sFRP2 em culturas de células de mdusculo
esquelético C2C12 ou em culturas primarias de células satélites inibe a formagéo

de miotubos, mas nado afeta o ciclo celular nem a apoptose destas células. Além
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disso, a remocao dos sFRPs do meio de cultura durante a diferenciagao restaura a
formacao de miotubos, sugerindo que os sFRPs atuam prevenindo os mioblastos
de entrarem no processo de diferenciacao terminal (Descamps et al., 2008).

Galli e colaboradores (2004) mostraram que explantes de somitos de
galinha cultivados em meio condicionado enriquecido em Wnt3a mantém a
expressao de Pax3 e Pax7 (fatores de transcricdo envolvidos na proliferagdo de
células musculares) e embrides transfectados com Wnt3a apresentaram uma
expansao do dermomidétomo e midétomo, sugerindo um envolvimento de Wnt3a na
proliferacdo de somitos de aves.

A superexpressdao de proteinas Wnt1, Wnt3a ou Wnt5a aumenta a
proliferacdo de células satélites, enquanto a superexpressao de Wnt4 ou Wnt6
inibe esse processo (Otto et al., 2008). Entretanto, Takata e colaboradores (2007)
mostraram que a superexpressdo de Wnt4 em células C2C12 induz a proliferagéo
e a diferenciacdo muscular.

A sinalizacdo de Wnt/B-catenina controla o numero de mioblastos
diferenciados, enquanto Wnt5a e Wnt11 interferem na proporcdo de fibras
musculares lentas e rapidas durante a diferenciacdo muscular esquelética em
galinha (Anakwe et al.,, 2003). Também foi demonstrado que Wnt6 ativa a
diferenciagdo muscular dos membros de aves via Pax3-Myf5, entretanto inibe a
ativacao de MyoD (Gueetha-Loganathan et al., 2005).

No estagio 12 do desenvolvimento de galinha, a B-catenina é expressa em
todos os somitos, porém o gene myoD sé é detectado em somitos mais anteriores,
mais diferenciados, indicando que a B-catenina é expressa anteriormente a MyoD
(Schmidt et al., 2000).

Células C2C12 em cultura que ndo expressam B-catenina ndo conseguem
se diferenciar em miotubos, pois a B-catenina nuclear € capaz de interagir
diretamente com MyoD e aumentar sua atividade transcricional, induzindo a
miogénese (Kim et al., 2008). Pan e colaboradores (2005) mostraram que a B-
catenina, que se acumula durante a sinalizacao de Wnt candnica de células-tronco
embriondrias de carcinoma P19, se liga a I-mfa (inibidor da familia de MyoD)
diminuindo o efeito supressor deste sobre a atividade transcricional de MyoD.
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A sinalizacao de Wnt/B-catenina na miogénese nao parece estar ativada
exclusivamente durante o desenvolvimento embrionario. Proteinas Wnts também
atuam na miogénese de células-tronco adultas de camundongo e positivas para
CD45 durante a regeneracado muscular. Foi mostrado que o antagonista da via de
Wnt, sFRP2/3 quando injetado em mdudsculos em regeneragdo, reduziu a
proliferacéo e a diferenciacao de células-tronco positivas para CD45 (Polesskaya
et al., 2003).

Células-tronco positivas para CD133 derivadas de sangue periférico de
seres humanos, quando cocultivadas com fibroblastos de camundongos que
secretam Wnt7a, se fundiram e se diferenciaram em miotubos, expressando
marcadores miogénicos. Entretanto, quando as mesmas foram cocultivadas com
fibroblastos que secretam Wnt1, as células permaneceram arredondadas e nao
expressavam nenhum tipo de FRMs (Torrente et al., 2004).

Rochat e colaboradores (2004) demonstraram que a insulina e a via de
Whnt/B-catenina induzem a ativacdo de células satélites e causam hipertrofia
muscular. Coculturas de mioblastos com fibroblastos que secretam Wnt1 induzem
a expressdo de MyoD e miogenina em células satélites. Eles demonstraram que
estas células satélites ativadas se fundem com miotubos pré-existentes,

proporcionando o aumento da fibra muscular.

1.6. Microdominios de membrana

Uma vez que a membrana plasmatica € a parte mais externa da célula,
parece evidente que elementos dela estejam envolvidos na adeséo e fusao de
mioblastos. Recentemente, o0 modelo de organizacdo de membranas plasmaticas
foi repensado em funcdo de descobertas sobre regides diferenciadas de
membranas, os chamados microdominios (Figura 9) ou “rafts” (do inglés: balsas,
plataformas). Estes microdominios sao regides enriquecidas em colesterol e
esfingolipideos que fazem com que sejam menos fluidas e mais espessas do que
o resto da membrana (Galbiati et al., 2001). Acredita-se que estas balsas podem
se mover na membrana e servem para organizd-la em uma série de

microdominios discretos, participando assim, de varias fungbes celulares, tais



22

como trafego intracelular de vesiculas e transducao de sinais (Simon e lkonen,
1997).

MICRO-DOMINIO DE MEMBRAMNA

- Protelna Transmembranar

T
Colesterol

Liimemn

Glicolipideos

&

Figura 9 - Composicao dos microdominios de membrana (Alberts et al., 2002 - modificado).
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Proteina ancorada & GP|

Os microdominios comportam varios tipos de proteinas como: proteinas
com regides transmembranares mais longas, proteinas ancoradas a GPI (glicosil
fosfatidilinositol) e tirosina cinases. Proteinas podem ser seletivamente incluidas
ou excluidas destes microdominios, e mais ainda, algumas dependem de
colesterol ou de esfingolipideos para sua atividade (Klein et al., 1995).

O colesterol influencia a interacao entre lipideos e proteinas através do
aumento da espessura da membrana nos microdominios e confere ainda uma
diminuicdo da fluidez de moléculas desta regido quando comparada ao restante
da membrana (Nguyen et al., 2004). O colesterol permite a formacao de uma fase
liguida organizada, que determina as propriedades fisicas gerais dos micro-
dominios (revisado por Pike, 2004). A formacao dos microdominios é dependente
da concentragdo de colesterol e sua presenga regula a expressao de proteinas
ancoradas a GPI na superficie celular (Cerneus et al., 1993) e de glicolipideos de
membrana (llangumaran et al, 1998).

Além destes lipideos (colesterol e esfingolipideos), os microdominios
também expressam glicolipideos especificos, como os gangliosideos GM1
(Goméz-Moutén et al., 2004), e ancoras de GPI (Mukai et al., 2009) que sao
utilizados em diversos trabalhos como marcador de “rafts” lipidicas.
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Além das proteinas citadas anteriormente, os microdominios de membrana
podem ser enriquecidos em caveolina, componente protéico estrutural (integral na
membrana) que provoca diferengas na morfologia e/ou na fungdo do
microdominio, e caracterizam estruturas chamadas de cavéolas (Razani, et al.,
2002).

Acredita-se que as cavéolas também participam no trafego de vesiculas
(endocitose), na transcitose, no transporte de colesterol para membrana, e nos
processos de transducao de sinais, por atuarem na organizagao e concentracao
de lipideos e proteinas especificas dentro das membranas caveolares (Razani &
Lisanti, 2001). Outra hip6tese é a de que os microdominios nao-caveolares
representam os precursores das caveéolas, por facilitarem a insercdo de certas
proteinas nestas regides de membrana.

A familia de genes de caveolina de mamiferos consiste de caveolina-1, -2 e
-3. As caveolinas-1 e -2 sdo coexpressas e estdo presentes em muitos tipos
celulares, enquanto a expressdo de caveolina-3 é especifica de musculos
estriados (cardiaco e esquelético) e liso (Smart et al., 1999).

Descobriu-se que a presenca de caveolina-1 (a primeira caveolina
descoberta) determina a formacado de cavéolas. As cavéolas encontram-se
principalmente em fibroblastos, adipocitos, células endoteliais e células
musculares estriadas e lisas (Smart et al., 1999).

A proteina caveolina-1 foi descrita como marcadora de células quiescentes
musculares, pois ndo é expressa em miofibras maduras (Volonte et al., 2005).
Durante a regeneracdo muscular de camundongos ocorre uma diminuicdo da
expressao de caveolina-1 nas células quiescentes para entrada destas no
programa de diferenciacdo muscular. Esta regulacao negativa é feita pelo fator de
crescimento de hepatécitos (HGF), produzido logo ap6s a injuria ao tecido
muscular. Por outro lado, a superexpressao de caveolina-1 inibe 0 mecanismo de
reparo muscular tanto in vitro como in vivo.

A proteina caveolina-3 é expressa durante a diferenciagdo de mioblastos
esqueléticos e se localiza no sarcolema, onde forma um complexo com a proteina

distrofina e se associa a glicoproteinas (Mermelstein et al., 2007; Sotgia et al.,
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2000). Uma mutagcdo na sequéncia do gene da caveolina-3 humana esta
relacionada a distrofia muscular pélvica escapular (Galbiati et al., 2001). Volonte e
colaboradores (2003) mostraram que a superexpressdao de caveolina-3 em
camundongos induz um fenétipo semelhante ao da distrofia muscular de
Duchenne, inibindo a fusdo de mioblastos, com miotubos finos e areas de
degeneracdo muscular. Por outro lado, a anulacdo do gene de caveolina-3
provocou um aumento da fusdo de mioblastos e a formagédo de miofibras muito
mais espessas que as de animais-controle.

Trabalhos recentes indicam que os lamelipédios de células miogénicas
contem sitios competentes para fusdo que sado enriquecidos em microdominios de
membrana. Esses microdominios agrupam proteinas de adesdo como a caderina
M, B-catenina e catenina p120, que promovem a adesao entre os mioblastos. No
momento da fusdo, ocorre uma dispersdo destas rafts nos lamelipddios,
diminuindo a concentracdo de colesterol, promovendo a fusdo e formagédo de
miotubos. Esses resultados sugerem que o0s microdominios de membrana

apresentam um papel importante na regulacdo da miogénese (Mukai et al., 2009).
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1.7. Justificativa para este trabalho de tese

InUmeros estudos examinaram a influéncia do colesterol nas propriedades
fisicas e funcionais dos microdominios de membrana. Diferentes métodos que
reduzem os niveis de colesterol celular foram utilizados em cultura de células
como a inibicdo da biossintese de colesterol pela compactina (Rothberg et al.,
1990), lovastatina, pravastatina ou sinvastatina (Gadbut et al., 1995), a deplecao
de colesterol pela oxidagao da colestenona (Smart et al., 1994), ou a inativagdo do
colesterol por agentes que se ligam a ele, como a filipina, estreptolisina-O,
digitonina, nistatina (Xie & Low, 1995) ou saponina (Cerneus et al., 1993). Existe
também uma substéncia chamada de metil-B-ciclodextrina (MCD) que retira
seletivamente moléculas de colesterol da membrana plasmatica (Bodin et al.,
2001). Uma vez que microdominios sao enriquecidos em colesterol, esta droga
tem sido usada para desorganiza-los, e desta forma testar as relagcdes deles em
eventos celulares especificos. Nosso grupo de pesquisa tem estudado os efeitos
da deplecdo de colesterol com MCD em células musculares esqueléticas de
embrides de galinha crescidas em cultura (Mermelstein et al., 2005, 2007; Portilho
et al., 2007). Nestes estudos observamos um aumento: no indice de fusao de
mioblastos (Figura 10), na proliferacdo celular (Figura 11), na diferenciacao
muscular (Figura 12), além da translocacdo nuclear da [B-catenina apds a
deplecao de colesterol (Figura 13). Estes resultados nos instigaram a investigar o
possivel envolvimento da via de Wnt/B-catenina nos eventos observados apés a
retirada de colesterol membranar pela MCD em culturas de células musculares

esqueléticas.
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Miotubos
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Figura 10 - Efeitos da MCD na fusao de mioblastos. Microscopia éptica de contraste de fase de
células de musculo esquelético de embrides de galinha crescidos em cultura. A- culturas-controle
com 48 horas; B- culturas tratadas com MCD com 48 horas; C- culturas-controle com 72 horas; D-
culturas tratadas com MCD com 72 horas. O tratamento com MCD leva a um recutramento maior
de mioblastos para adesao (B), além de levar a formagao de miotubos mais espessos (D) que os
encontrados nas culturas controle (C). Barra = 100 ym.
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Figura 12 — Efeitos de MCD na diferenciacao muscular. Cultura tratadas com MCD (D-F)
apresentam miotubos mais espessos e com maior nimero de miofibrilas, que os controles (A-C).
Pode-se observar a localizagdo dos filamentos de desmina ao longo de todo o citoplasma de
miotubos controle e tratados (A e D), da alfa-actinina nos discos Z dos sarcémeros (B e E) e dos

nucleos marcados com DAPI (C e F) (Mermelstein & Portilho, 2005). Barra = 10 pm.



29

Figura 13 — O tratamento com MCD induz a translocacédo da B-catenina para o nucleo de
mioblastos, além de estar presente também nas juncdes intercelulares (Mermelstein &
Portilho et al., 2005). Barra = 10 pm.
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2. Objetivos

2.1. Objetivos gerais
Este trabalho tem como objetivo geral investigar se a deplegéo de colesterol
em células musculares pela metil-beta-ciclodextrina (MCD) interfere na via de

sinalizacao Wnt/B-catenina.

2.2. Objetivos especificos

e Analisar e quantificar os efeitos morfoldégicos promovidos pela MCD em células
musculares esqueléticas;

e Analisar a distribuicdo e a expressdo da proteina de adesdo [B-catenina em
células musculares tratadas com MCD;

e Quantificar os niveis de B-catenina presentes no nucleo e na membrana
plasmatica de células musculares;

e Verificar se a MCD é capaz de interferir na via de sinalizagdo Wnt/B-catenina em
células musculares;

e Verificar se o inibidor da via Wnt/B-catenina, Frzb-1, é capaz de inibir a acdo da
MCD;

e Verificar se 0os meios condicionados provenientes de culturas de células
musculares tratadas com MCD induzem efeitos em culturas controle;

¢ Analisar os efeitos do tratamento com MCD na proliferagao celular;

¢ Analisar e quantificar a expressao de marcadores de diferenciagdo muscular em
células musculares tratadas com MCD;

e Analisar a expressao de genes relacionados com a via de Wnt/3-catenina em

células musculares tratadas com MCD.
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3. Materiais e Métodos

3.1. Animais

Todos os procedimentos de utilizagcdo de animais desta tese foram aprovados
pelo Comité de Etica no Uso de Animais do Centro de Ciéncias da Salde da
UFRJ (protocolo numeo DAHEICB 004), conforme documento presente no anexo
desta tese.

3.2. Culturas primarias de musculo esquelético

Culturas primarias de musculo esquelético peitoral de embrides de galinha
de 11 dias foram realizadas a partir de ovos provenientes da Granja Tolomei (Rio
de Janeiro, RJ), de acordo com o descrito por Mermelstein e colaboradores
(1996).

No fluxo laminar, cada ovo foi aberto e 0o embrido depositado sobre uma
placa de Petri. O corpo do embrido foi transferido com o peito voltado para cima
para outra placa contendo BSS (solugéo salina balanceada). Na lupa, cortou-se a
regiao humeral do musculo e as inser¢des do esterno e da clavicula usando pinca
de relojoeiro numero 5. O musculo entao foi retirado e transferido para uma placa
de Petri de 35 mm. De volta ao fluxo laminar, o musculo foi picotado utilizando-se
facas de microcirurgia e incubado por 15 minutos em uma estufa a 37 °C com
atmosfera de 5% de CO. com CMF (solugéo salina balanceada sem calcio e sem
magnésio) e tripsina 0,25% para ajudar a dissociagdo das células. O conteudo da
placa foi colocado em um tubo juntamente com o meio de cultura 8-1-0,5 (80% de
meio essencial minimo, 10% de soro de cavalo e 0,5% de extrato de embrides de
galinhas). O soro de cavalo inibe a acdo da tripsina. Logo depois, a mistura foi
centrifugada durante 5 minutos em centrifuga clinica, e descartou-se o
sobrenadante. O pellet foi ressuspendido com meio de cultura 8-1-0,5 e as células
foram filtradas por um filtro de membrana de plancton. As células foram contadas
em uma camera de Neubauer e plaqueadas a uma densidade inicial de 5 X 10°
células por placa de cultura de 35 mm (Descarplast, Brasil). Essas placas

continham quadrados do plastico aclar (Pro-Plastics Inc., EUA) previamente
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coberto com colageno de rabo de rato. Em seguida, as células foram incubadas
em uma estufa de células a 37 °C em atmosfera de 5% de CO,. As células tiveram
seus meios trocados todos os dias por 8-1-0,5 fresco.

Todos os reagentes utilizados nas culturas de células foram obtidos da
Gibco (EUA).

3.3. Culturas primarias de fibroblastos

As culturas primarias de fibroblastos foram preparadas a partir do tecido
conjuntivo que recobre 0 musculo peitoral de embrides de galinha com 11 dias. A
camada de tecido conjuntivo foi picotada utilizando-se facas de microcirurgia e
incubada por 15 minutos em uma estufa a 37 °C com atmosfera de 5% de CO»
com CMF (solugédo salina balanceada sem célcio e sem magnésio) e tripsina
0,25% para ajudar a dissociagdo das células. O conteudo da placa foi colocado
em um tubo juntamente com o meio de cultura 8-1-0,5. Logo depois, a mistura foi
centrifugada durante 5 minutos em centrifuga clinica, e descartou-se o
sobrenadante. O pellet foi ressuspendido com meio de cultura 8-1-0,5 e as células
foram filtradas por um filtro de membrana de plancton. As células foram contadas
em uma camera de Neubauer e plaqueadas a uma densidade inicial de 5 X 10°
células por placa de cultura de 35 mm (Descarplast, Brasil). Essas placas
continham quadrados do plastico aclar previamente coberto com colageno de rabo
de rato. Em seguida, as células foram incubadas em uma estufa de células a 37
°C em atmosfera de 5% de CO,. As células tiveram seus meios trocados todos os
dias por 8-1-0,5 fresco. Culturas subconfluentes de fibroblastos foram utilizadas
apds quatro passagens de tripsinizagao para a exclusdo de possiveis mioblastos
contaminantes.

3.4. Tratamento com a substancia metil-beta-ciclodextrina (MCD)

As culturas primarias de musculo esquelético e de fibroblastos com 24
horas de vida foram tratadas com metil-beta-ciclodextrina (MCD) a 2 mM (a partir
de um estoque de MCD a 500 mM feito em agua destilada) por 30 minutos a 37

°C. Apds o tratamento, as culturas continuaram crescendo em meio sem droga e



33

foram utilizadas com 3, 24, 48, 72 ou 96 horas em diferentes experimentos. Este
tratamento foi empregado em todos os experimentos, com excecao de culturas
transfectadas, as quais foram tratadas 24 horas apés a transfeccao (com 48 horas
de vida).

3.5. Obtencao de meios condicionados controle e MCD

As culturas primarias de musculo esquelético e de fibroblastos com 24
horas de vida foram tratadas com MCD a 2 mM por 30 minutos a 37 °C. Apds 3
horas do tratamento com a MCD foi recolhido o meio condicionado de culturas
primarias (culturas com 27 horas e 30 minutos de vida). Este meio, denominado
de meio condicionado MCD, foi adicionado a uma cultura controle com 24 horas e
mantido por mais 48 horas. Em seguida, estas culturas foram analisadas por
microscopia optica de contraste de fase e imunofluorescéncia.

O meio condicionado controle foi obtido de culturas primarias-controle com
27 horas e 30 minutos de vida (porém, na presenca de meio fresco apenas por 3
horas, assim como as culturas tratadas com MCD). Este meio-controle também foi
adicionado a outra cultura-controle com 24 horas e mantido por mais 48 horas. Em
seguida, estas culturas foram analisadas por microscopia éptica de contraste de
fase e imunofluorescéncia (Figura 14).

Idade Idade Idade Idade
Oh 24h 24:30h 27:30h

Plaqueamento

Cultura-Contole

Cultura-Contole: Cultura-Contole:

das células musculares troca-se o meio recolhe-se o meio ——»
de cultura condionado controle
‘ Idade Idade Idade Idade
—_— _—
Oh 24h 24:30h 27:30h
Plagueamento Cultura MCD: Cultura MCD: Cultura MCD:
das células musculares tratamento com troca-se 0 meio recolhe-se o meio —m
MCD (2mM) de cultura condionado MCD

Figura 14 - Esquema mostrando como os meios condicionados foram obtidos.

Meio condicionado controle
foi utilizado para tratamento de
outra cultura controle com 24h

Meio condicionado MCD
foi utilizado para tratamento de
outra cultura controle com 24h
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3.6. Filtragem de meios condicionados pelos Centricons YM-30 e YM-50

Os meios condicionados de culturas-controle e de culturas tratadas com
MCD foram recolhidos 3 horas apés o tratamento com MCD (células com 27 horas
e 30 minutos de vida) e centrifugados com os filtros centricons YM-30 e YM-50 por
100 minutos a 2000 rpm. Apés a filtragem, os meios condicionados controle e
MCD foram adicionados a culturas-controle com 24 horas de vida e mantidos por
mais 48 horas (Figura 15). Apds esse tempo as células foram fixadas e
observadas a microscopia Optica de contraste de fase e preparadas para
imunofluorescéncia.

Centricons (Millipore, EUA) sao utilizados para filtrar substancias com peso
molecular menor do que seu limite nominal. Quando os Centricons YM-30 foram
utilizados para filtrar os meios condicionados, foi produzido um meio condicionado
somente com fatores soluveis com menos de 30 kDa e quando utilizou-se os
Centricons YM-50, foi produzido um meio condicionado somente com fatores

sollveis com menos de 50 kDa.

Idade Idade Idade Idade
24:30h > [27:30h
Plagueamento Cultura-

Meio condicionado controle
filtrado por centricons Y30 e Y50

~ Ol e Dot Ol Deambeala.
< vliliira-wonioic! wlnuira-wonioie:

z - i - ji N ™
D LTS troca-se o meio Jecolhe-seomeio >ty ytizado para tratamento de
outra cultura controle com 24h
Idade Idade Idade Idade
—_— B — —_
Oh 24h 24:30h 27:30h
Plagqueamento Cultura MCD: Cultura MCD: Cultura MCD: Meio condlmona_do MCD
h : . filtrado por centricons Y30 e Y50
das células musculares tratamento com troca-se o meio recolhe-se 0 meio ——» AR
MCD (2mM) de cultura condionado MCD el CUllPzzle. 3 [0 (el EET G 6
outra cultura controle com 24h

Figura 15 - Esquema mostrando como os meios condicionados filtrados foram obtidos.

3.7. Obtencao e tratamento de culturas musculares com meio condicionado
enriquecido em Wnt 3a e Wnt 5a

Foram plaqueadas 5 x 10* células L de camundongo (meio condicionado
controle), de células L Wnt 3a e células L Wnt 5a em garrafas de 75 cm? em
DMEM suplementado com 10% de soro fetal bovino e 0,4 mg/mL de G-418. Apds
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4 dias de crescimento, o meio foi coletado e filtrado em membrana de 0,22 um de
porosidade (primeira batelada).

Na mesma cultura foi adicionado 0 mesmo meio de cultura fresco e apos 3
dias, o meio foi recolhido e filtrado em membrana de 0,22 um de porosidade
(segunda batelada).

A primeira e a segunda batelada de meio foram misturadas na proporgao
1:1, constituindo o meio condicionado enriquecido em Wnt 3a e Wnt 5a, que foi
aliquotado e congelado.

As culturas-controle e as culturas recém tratadas com MCD com 24 horas
cresceram na presenca de meio condicionado enriquecido em Wnt 3a e Wnt 5a
por mais 48 horas. Em seguida, elas foram analisadas por microscopia éptica de

contraste de fase e preparadas para imunofluorescéncia conforme o item 3.9.

3.8. Obtencao e tratamento de culturas musculares com meio condicionado
enriquecido em Frzb-1

Células de rim humanas (células 293T) cultivadas em DMEM, contendo
10% de soro fetal bovino foram transfectadas com 10 pug do vetor pcDNA 3/Frzb-1,
gentilmente cedido pelo Dr. De Robertis (Leyns et al., 1997). A transfeccao foi
realizada quando as células atingiram aproximadamente 60% de confluéncia pela
técnica de fosfato de calcio (Pera e De Robertis, 2000). O meio condicionado
enriquecido em Frzb-1 foi obtido cultivando as células transfectadas em
DMEM/F12/Iscove’s sem o0s aminoacidos essenciais por 48 horas apds a
transfeccdo. A inibicao da via de sinalizacado Wnt/B-catenina por Frzb-1 foi testada
bloqueando a atividade luciferasica de células 293T tranfectadas com Top-Flash e
Wnt (método descrito posteriormente).

As culturas-controle e as culturas recém tratadas com MCD (ambas com 24
horas) cresceram na presenga de meio condicionado enriquecido em Frzb-1 por
mais 24 horas. Em seguida, foram analisadas por microscopia Optica de contraste
de fase, preparadas para imunofluorescéncia e submetidas a ensaios que

avaliaram a ativagao da via de Wnt/B-catenina.
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3.9. Microscopia de fluorescéncia

As células foram fixadas com paraformaldeido a 4% em PBS (tampéao
fosfato com salina) por 10 minutos a temperatura ambiente. Em seguida, foram
permeabilizadas com PBS contendo Triton X-100 0,5% (PBS/T) por trés vezes (de
10 minutos cada) a temperatura ambiente e sob agitacao. As células foram entéao
incubadas com os anticorpos primarios (devidamente diluidos em PBS/T) por 1
hora a 37 °C, conforme a Tabela 1. Apds as incubagoes, as células foram lavadas
com PBS/T por trés vezes (de 10 minutos cada) e incubadas com os anticorpos
secundarios (diluidos apropriadamente em PBS/T) por 1 hora a 37 °C, conforme a
Tabela 2. Foram realizados experimentos-controle somente com o0s anticorpos
secundarios (omitindo-se a incubagao com os anticorpos primarios).

Apos trés lavagens com PBS/T, as células foram lavadas com NaCl 0,9%
por 5 minutos e depois incubadas com a sonda fluorescente DAPI a 0,1 ug/ml em
NaCl 0,9% para revelagdo dos nucleos celulares. As células foram montadas em
laminulas de vidro de 24 x 60 mm, utilizando-se como solugdo de montagem:
glicerol a 60 %, PPD a 0,0025 %, N-Propil-Galato a 5 % e DABCO a 0,25 % pH
7,5.

3.10 Ensaio de BrdU
As células-controle e tratadas com MCD com 24:30 horas de vida foram

incorporadas com 5-bromo-2’-deoxiuridina (BrdU, Sigma, EUA) a 3 ug/mL por 1
hora. Em seguida, as culturas foram fixadas com paraformaldeido a 4% por 15
minutos a temperatura ambiente e foram lavadas duas vezes com PBS a 37 °C
por 15 minutos. ApGs as lavagens, as culturas foram incubadas com HCI a 2N por
30 minutos a 50°C, lavadas com tamp&o borato (pH 8,5) 0,1M por 10 minutos e
lavadas mais uma vez com PBS. Em seguida, as células foram duplamente
marcadas com anticorpos anti-desmina e anti-BrdU e a imunofluorescéncia foi
analisada. Para a quantificacdo de células mononucleadas positivas para desmina
e para BrdU, foram contados 50 campos de cada condigdo de cultura em trés

experimentos diferentes.



Tabela 1- Anticorpos primarios
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Peso
Anticorpos Tipo Diluicao Molecular do Origem
Primarios Utilizada antigeno
reconhecido

If: 1:50 Sigma

anti-B-catenina policlonal Ib: 1:4000 88 kDa Chemical Co.
(EUA)
anti-o-actina monoclonal Ib: 1:500 43 kDa Sigma
sarcomérica
clone: 5C5
anti-p-actina policlonal Ib:2000 43 kDa Sigma
anti-a-actinina monoclonal If: 1:50 100 kDa Sigma
sarcomérica
clone: EA53
anti-desmina policlonal If: 1:100 52 kDa Sigma
Ib: 1:5000
anti-a-tubulina monoclonal Ib:1:3000 55 kDa Sigma
clone: DM 1A
anti-caderina M monoclonal Ib: 1: 1000 130 kDa Transduction
clone: 5 Laboratories
Inc. (EUA)

Anti-Wnt3a policlonal Ib —1:500 34 kDa Zymed (EUA)
Anti-Ki67 policlonal If: 50 359 kDa Abcam (EUA)
Anti-BrdU monoclonal If: 50 Sigma
clone: BU33
Anti—Pax3 monoclonal Ib: 1:200 53 kDa Devel. Studies

Hybridoma
Bank (DSHB,
EUA)
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pesada de
miosina)

Anti—Pax7 monoclonal If: 1:25 55 kDa DSHB
Ib: 1:200
Anti-Mf 20 (cadeia | monoclonal Ib: 1:1000 200 kDa DSHB

If: diluicao utilizada para imunofluorescéncia.

Ib: diluicao utilizada para immunoblotting.

Tabela 2- Anticorpos secundarios e sondas

Anticorpos Secundarios Diluicao Origem
Utilizada

anti-lgG de coelho-Alexa 488 1:50 Molecular Probes (EUA)
anti-lgG de camundongo-Alexa 488 1:50 Molecular Probes
anti-lgG de coelho-Alexa 546 1:200 Molecular Probes
anti-lgG de camundongo-Alexa 546 1:200 Molecular Probes
anti-lgG de camundongo conjugado a 1:7000 Promega (EUA)
peroxidase
anti-IlgG  de coelho conjugado a 1:7000 Promega
peroxidase
DAPI 1:2000 Molecular Probes
Faloidina-FITC 1:100 Sigma
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3.11. Aquisicao e processamento de imagens

As células foram observadas em um microscépio optico invertido Axiovert
100 (Carl Zeiss, Alemanha), com filtros seletivos apropriados para fluoresceina,
rodamina, UV (DAPI), e contraste de fase. As imagens foram adquiridas com um
processador de imagens Argus 20 (Hammamatsu Photonics, Japao) acoplado a
uma camera CCD integrada (Hammamatsu, Photonics, Japao), e transferidas
através de uma interface SCSI a um computador Dell Optiplex GX270 computer
(Dell Corporate, Round Rock, EUA). As pranchas foram montadas utilizando o
programa Adobe Photoshop 7.0 (Adobe Systems Incorporated, EUA).

3.12. Transfeccao de plasmideos e ensaio da atividade luciferasica

As transfeccdes de plasmideos e o ensaio de atividade luciferasica foram
realizados em colaboracdo com o Professor José Garcia Abreu e seu aluno de
doutorado Fabio Mendes do Instituto de Ciéncias Biomédicas da UFRJ.

As células musculares foram cultivadas em placas de 96 pogos por 24
horas e quando atigiram 80% de confluéncia foram transfectadas com os
plasmideos pGal (para expressao de B-galactosidase) e TOP-Flash (gene repdérter
Luciferase com sitio de ligacdo a TCF/LEF), ou plasmideos pGal e FOP-Flash
(controle negativo, onde o gene repérter Luciferase esta mutado no sitio de
ligagdo TCF/LEF) (Korinek et al., 1997), utilizando PolyFect Transfection Reagent
(Qiagen Inc., EUA). A mistura de DNAs foi mantida em temperatura ambiente por
20 minutos e depois diluida em MEM sem soro. Essa solugdo foi adicionada as
células, e assim foram mantidas por aproximadamente 6 horas a 37 °C em meio
sem soro. Apds este tempo, as células cresceram em meio de cultura 8-1-0,5
(com soro) a 37 °C.

Algumas células com 48 horas de vida (24 horas apéds a transfecgao), foram
tratadas com MCD a 2 mM por 30 minutos e em seguida, foi adicionado meio 8-1-
0,5. Apds 24 horas (células com 72 horas de vida), as células foram lisadas com
tampao de lise (Promega Corporation, Brasil). Cada experimento (transfeccao de
células controle com Fop, transfeccao de células controle com Top, transfeccao de
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células tratadas com Fop e transfeccao de células tratadas com Top) foi realizado
em triplicatas.

Primeiramente, foi feita a quantificacdo da quantidade de B-galactosidase
produzida pelos mioblastos, analisando, portanto, se a transfeccao foi efetiva. A
expressao da atividade de B-galactosidase foi medida pela adicdo de X-gal aos
pocos e lida em um leitor de microplacas Bio-rad, Benchmark a 415 nm.

Para medir a atividade da enzima luciferase, transferiu-se uma aliquota das
células para uma placa especial do lumindmetro Tecan-Genios e foi adicionado o
substrato enzimatico (Promega Corporation, Brasil). Para normalizacdo dos
resultados, a atividade luciferasica foi calculada dividindo-se o valor de cada po¢o
obtido pelo luminémetro pelos valores de [B-galactosidase correspondentes. Os
gréficos foram feitos pelo programa Microsoft Excel 6.0 (Microsoft Corporation,
Brasil) utilizando a média dos valores das triplicatas.

3.13. Preparo de amostras para eletroforese

As culturas primarias musculares controle e tratadas com MCD foram
lavadas trés vezes com PBS e depois tratadas com 150 uL de tampao RIPA (Tris
HCI 0,05 M pH 7,4, NaCl 0,15 M, NP-40 1%, deoxicolato de sodio 0,25% e
coquetel com inibidores de proteases). Com este tampao, as células foram
raspadas e colocadas em tubos o’ring. Foi retirada uma aliquota para realizacao
da dosagem de proteinas das amostras e o restante foi tratado com tampao de
lise (SDS 4%, Tris-HCI 125 mM pH 6.8, glicerol 20% e DTT 0,2 M) na proporgao
de 1:1 (amostra:tampao de lise) e congelado a —20 °C.

Para o isolamento de fracbes solluveis e insoluveis em Triton X-100
(Goichberg et al., 2001), o extrato de células foi extraido diretamente em Tampéao
MES pH 6,0 (MES 50mM, Triton X-100 0,5%, EGTA 2,5 mM, MgCl, 5 mM e
coquetel com inibidores de proteases) a 4°C. As fragdes sollveis foram coletadas
apdés 2 minutos em contato com o Tampao MES. As fragbes insoluveis foram
raspadas apdés 2 minutos em contato com Tampao MES e coletadas em tubo

o’ring. Aliquotas idénticas das duas fracbes receberam o tampdo de amostras
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(SDS 4%, Tris-HCI 125 mM pH 6,8, glicerol 20% e DTT 0,2 M) e foram submetidas
a eletroforese em gel de poliacrilamida.

3.14. Ensaio de Imunoprecipitacao

1 mL dos meios condicionados coletados de culturas controle e tratadas
com MCD apés 27 horas de cultivo (3 horas apés o tratamento com a MCD) foi
incubado overnight a 4°C com o anticorpo anti-Wnt3. No dia seguinte, esses meios
condicionados foram incubados com 50 pL de proteina sefarose A CL-4B (Sigma)
pH 7,4 por 1 hora a 4°C, com leve agitagido. Apds centrifugacdo a 3000 g por 2
minutos a 4°C, os complexos imunoprecipitados foram excessivamente lavados
em tampao HEPES pH7,5 (HEPES 20mM, NaCl 150mM, Triton X-100 0,1% e
glicerol 10%). As amostras foram aquecidas a 95 °C por 5 minutos e centrifugadas
a 12000 g por 30 segundos a temperatura ambiente. As amostras de meio
condicionado-controle e meio condicionado MCD imunoprecipitadas foram
tratadas com tamp&o de amostras (SDS 4%, Tris-HCI 125 mM pH 6.8, glicerol
20% e DTT 0,2 M), aplicadas num gel de poliacrilamida a 10% e transferidas para
uma membrana de PVDF. Essa membrana foi entao, incubada com anticorpo anti-
Wnt3.

3.15. Eletroforese em gel de poliacrilamida

As culturas primarias musculares controle e tratadas com MCD foram lavadas
trés vezes com PBS e depois tratadas com 1 volume de tampao de amostras e
fervidas por 5 minutos a 100°C. As amostras foram conservadas a —20 °C. Géis de
corrida desnaturantes de poliacrilamida a 10% (SDS-PAGE) (Laemmli, 1970)
foram preparados e as amostras aplicadas nos pocos das eletroforeses com a
mesma quantidade de proteinas (60 pg). A quantidade de proteinas presente nas
amostras foi avaliada através do método de Bradford (1976), usando-se a
albumina de soro bovina como padrdao. As eletroforeses foram realizadas a

corrente constante (cerca de 12 mA) por cerca de 2 horas a 4°C.
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3.16. Immunoblotting (Ib)

A revelagcao imunolégica da transferéncia eletroforética de proteinas em gel
desnaturante de poliacrilamida para folha de PVDF (Millipore, Brasil), ou
immunoblotting, foi feita de acordo com o descrito por Towbin e colaboradores
(1979), com algumas modificaces.

Primeiramente, foi feita uma eletroforese unidimensional em gel
desnaturante de poliacrilamida das amostras contra as quais se quis fazer um
reconhecimento imunolégico.

Ao final da eletroforese, o gel foi colocado no tampao de transferéncia (Tris
25 mM, glicina 191 mM e metanol 20%), por 20 minutos. A folha de PVDF foi
ativada por 10 segundos em metanol 100% e lavada em agua destilada por 5
minutos, sob agitagdo. A seguir, as proteinas foram transferidas
eletroforeticamente para esta folha, durante 2 horas, a 60 mV (85 mA) e a 4 °C.
Depois a PVDF foi corada pela solugao de Vermelho de Ponceau (Vermelho de
Ponceau 0,1% e acido acético 5%) e a eficiéncia da transferéncia foi analisada.

As proteinas imobilizadas na membrana foram imediatamente bloqueadas
por 1 hora a temperatura ambiente por uma solucdo de 5% de leite em pod
desnatado Molico em tampéao TBS-T (Tris 10 mM, NaCl 150 mM, Tween 20 0,2%,
pH 8) e apds, a membrana foi lavada 3 vezes por 5 minutos cada, com TBS-T. A
PVDF entdo, foi incubada com o anticorpo primario (ver Tabela 1), diluido
adequadamente neste mesmo tampéo, durante a noite, a 4 °C e sob agitacéo.
Apoés a incubacgao, a PVDF foi lavada mais 5 vezes, por 3 minutos cada, com TBS-
T. A seguir, incubou-se com o anticorpo secundario conjugado a peroxidase
devidamente diluido (ver Tabela 2), por 1 hora, a temperatura ambiente e sob
agitacdo. Apds quatro lavagens de 10 minutos cada, com TBS-T, a PVDF foi
submetida a revelacao pelo Kit Super Signal West Pico (Pierce, EUA) e todo o
procedimento foi feito segundo protocolo da Pierce. Para se normalizar os dados
dos immunoblots, foram feitas também marcacdes das folhas de PVDF com o
anticorpo contra a-tubulina, por esta ser uma proteina constitutiva. O valor da area
da banda marcada com a proteina de interesse foi dividido pelo valor da banda da

o-tubulina de culturas controle e tratadas com MCD. Desta forma foram feitas
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quantificagcbes (razdo entre a proteina de interesse e a a-tubulina), que foram
visualizadas em gréficos feitos no programa Microsoft Excel 6.0 (Microsoft
Corporation, Brasil).

3.17. Extracao de RNA total

A extracdo de RNA total e os RT-PCRs foram realizados em colaboragéao
com o Professor Radovan Borojevic e seu aluno de doutorado Leandro Thiago do
Instituto de Ciéncias Biomédicas da UFRJ.

A extracdo de RNA total foi processada segundo o método do Trizol (Gibco
BRL), de acordo com instrucées do fabricante. As células foram tripsinizadas e
ressuspendidas em Trizol (1 mL de Trizol para cada 100 mg de tecido) por 24
horas a —70°C. Adicionaram-se 0,2 mL de cloroférmio para cada mL de Trizol
homogeinizando-se e a solucdo permaneceu por 15 segundos a temperatura
ambiente. Centrifugou-se a 12000 rpm por 15 minutos a 4 °C e a fase aquosa foi
transferida para tubos eppendorf novos. Adicionou-se alcool isopropilico para
precipitagdo do RNA, por 10 minutos a temperatura ambiente e em seguida, a
amostra foi centrifugada a 14.000 rpm por 10 minutos a 4 °C. O pellet foi lavado
com etanol 75% e centrifugado a 8.000 rpm por 5 minutos a 4°C. O pellet foi
ressuspendido em agua DEPC. Apos a extragdo, verificou-se a qualidade do RNA
pela leitura da quantidade de RNA total e de proteina em espectofotometro (CG
Analitica) a 260 e 280 nm.

3.18. Transcricao reversa do RNAm e amplificacao dos cDNA

Foram utilizadas 2 pg de RNA para sintese de cDNA. O RNA foi misturado
ao Oligo DT 500 pg/mL e incubado a 68 °C por 4 minutos. Em seguida, adicionou-
se um mix contendo tampao 5X M-MLV RT, DTT 0,1 M, dNTPs 25 mM e M-MLV
RT (200 unidades/mL). A amostra foi incubada a 38 °C por 2 horas e logo depois,
a 90 °C por 10 minutos, obtendo-se assim o cDNA. Para amplificagido do cDNA
em reagbes de Polymerase Chain Reaction (PCR), foi utilizado o termociclador
Biometra (Alemanha) e as reacbes empregaram 20 uL da reacéo de transcricao

reversa (1 pmol de primer senso e anti-senso (Gene link, EUA), tampao 10X,
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MgCl, a 2 mM, dNTPs a 0,25 mM) e 1U de Taq polimerase (GIBCO, BRL). Os
primers utilizados estdo listados na Tabela 3. As reagbes foram colocadas no
Termociclador com a seguinte programacgao: 20, 30 ou 45 ciclos de 96 °C por 1
minuto, 96 °C por 30 segundos, 57,5 °C por 45 segundos, 72 °C por 1 minuto,
seguidos de 72 °C por 5 minutos. A eletroforese dos produtos amplificados foi
processada em gel de agarose 1,6% a 100 V e visualizada por brometo de etideo.

Como controle de carregamento de cDNA, foram amplificados fragmentos
de gliceraldeido-3-fosfato dehidrogenase (GAPDH), que serviram para
quantificacdo da expressao dos genes de interesse.

Tabela 3 - Primers

Primers Senso Anti-senso Tm
GAPDH GACGTGCAGCAGGAACACTA CTTGGACTTTGCCAGAGAGG 57,5°C
Whnt 1 GGGGCTGCAGTGATAACATC | GGCCTCGTTGCGTTGTTGTGTAGGT 57,5°C
Wnt 3A CTCCGACTGAGAAGGACCTG TCTCAGTCCTCGTAGTTGTGC 55,5 °C
Wnt 5A GATAGTGCTGCTGCCATGAA ATTGCGCATGCAGTAGTCAG 57,5°C
TCF/LEF | CCAGCTATTGTAACACCTCA TTCAGATGTAGGCAGCTGTC 57,5°C
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4. Resultados

A miogénese é um processo complexo que se inicia com o
comprometimento de células precursoras mononucleadas que saem do ciclo
celular e entram no programa de diferenciacdo muscular. Esses mioblastos se
alongam, enquanto se alinham uns com os outros, guiados pelo reconhecimento
de suas membranas. Essa etapa € seguida pela fusdo celular, a qual acarreta a
formacdo de miotubos longos, multinucleados e estriados. Nosso grupo de
pesquisa mostrou recentemente que a deplecdo de colesterol membranar pela
metil-beta-ciclodextrina (MCD) induz a diferenciagcao muscular, por proporcionar o
aumento do reconhecimento e fusdo dos mioblastos (Mermelstein & Portilho et al.,
2005). Além disso, mostramos que ocorre a translocagéao nuclear da proteina beta-
catenina apos o tratamento das células musculares com MCD.

Para investigar se a B-catenina esta envolvida em mecanismos moleculares
e celulares associados a deplecdo de colesterol durante a diferenciacéo
miogénica, culturas de musculo esquelético de embrido de galinha com 24 horas
foram tratadas com MCD (2 mM) durante 30 minutos e cresceram em meio fresco
por mais 3, 24, 48 ou 72 horas. Primeiramente, foi feito uma imunofluorescéncia
para se estudar a localizacao celular da B-catenina nas culturas controle e tratadas
com MCD (Anexo 4, Figura 1).

De acordo com o descrito na literatura, a B-catenina foi encontrada em
sitios de adesdo célula-célula, como linhas ao longo das membranas de
mioblastos pré-fusdo adjacentes (Goichberg et al., 2001) nas primeiras 48 horas
em culturas controle, e tratadas com MCD (células crescidas por 24 horas,
tratadas com MCD e crescidas por mais 24 horas).

Foi detectada também a presenca de B-catenina dentro de nucleos de
células depletadas de colesterol com 27 horas (células crescidas por 24 horas,
tratadas com MCD e crescidas por mais 3 horas), assim como em células com 48
horas (células crescidas por 24 horas, tratadas com MCD e crescidas por mais 24
horas). Pré-mioblastos controle (crescidos por 27 horas) também apresentaram

marcacao para B-catenina dentro de seus nucleos, reafirmando o trabalho de
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Goichberg e colaboradores (2001). Além disso, foi encontrado um aumento de
45% no numero de pré-mioblastos positivos para -catenina nuclear apds 3 horas
de tratamento com MCD.

Apb6s 72 horas de cultura, quando a maioria dos mioblastos ja fundiu, a B-
catenina foi encontrada dispersa ao longo da membrana de miotubos
multinucleados controle e que sofreram a deplecao de colesterol. Entretanto, ndo
foi detectada B-catenina nuclear nestas células.

Foi analisada também, a expressao de B-catenina nas culturas controle e
tratadas com MCD por immunoblotting semi-quantitativo (Anexo 4, Figura 2).
Mioblastos tratados com MCD com 48 horas de vida expressaram fortes niveis de
B-catenina quando comparados com as células sem tratamento. Analisando a
densidade éptica da banda de B-catenina detectada no Western blot, foi estimado
uma expressdo de P-catenina 2 vezes maior nos mioblastos depletados de
colesterol, quando comparados com os controle.

Esses resultados sugerem que o tratamento com MCD induz a expressao
de B-catenina e sua translocagéo para o nucleo durante a diferenciagdo muscular
esquelética.

Para tentar quantificar a expresséo de -catenina presente dentro do nucleo
de mioblastos e associada as membranas (nas jungdes célula-célula) em ambas
as culturas controle e tratadas com MCD, foi feito um Western blot contra [3-
catenina utilizando fragoes soluveis e insoltuveis em Triton X-100 (Goichberg et al.,
2001) (Anexo 4, Figura 3).

A presenga de B-catenina em fragdes insoluveis em Triton X-100, sugerem
que esta proteina esta associada ao citoesqueleto em complexos de adesao
célula-célula, enquanto a presenca em fracdes sollveis em Triton X-100, sugere
que ela estd enriquecida no nucleo. A B-catenina citosélica € rapidamente
degradada.

Depois do tratamento com MCD, houve um aumento da expressao de B-

catenina tanto na membrana, como também dentro dos nucleos destas células. As
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culturas controle mostraram baixos niveis de B-catenina nos 2 compartimentos
intracelulares.

De acordo com os resultados anteriores, onde foi demonstrada a presenga
de B-catenina dentro dos nucleos de mioblastos tratados com MCD e, uma vez
que a B-catenina esta envolvida na via de sinalizagdo Wnt, decidiu-se investigar se
havia ativagdo desta via por sua ligacao a TCF/LEF no nudcleo. Para isto, culturas
controle e tratadas com MCD foram transfectadas com o plasmideo Top-Flash, o
qual se liga ao complexo TCF/LEF e emite uma luminescéncia (atividade
luciferasica). O valor da luminescéncia emitida reflete a ativagcdo da via de Wnt.
Outras culturas foram transfectadas com o plasmideo Fop-Flash, gene repérter
semelhante ao Top-Flash, porém possui uma mutacdo no sitio de ligacdo a
TCF/LEF e, portanto, ndo emite nenhuma luminescéncia (Anexo 4, Figura 4).
Mioblastos controle transfectados com Top-Flash mostraram baixos niveis de
atividade luciferasica (Top Ct), assim como as culturas transfectadas com Fop-
Flash (controle negativo) (Fop). Entretanto, a atividade luciferasica foi muito alta
em mioblastos depletados de colesterol e transfectados com Top-Flash (Top
MCD), diferentemente do encontrado em mioblastos também depletados de
colesterol, mas transfectados com Fop-Flash (dado ndo mostrado).

Este resultado indica que o tratamento de mioblastos com MCD induz a
translocacdo da B-catenina para o nucleo pela ativacdo da via de sinalizagédo
Whnt/B-catenina.

Para que a via de Wnt/B-catenina seja ativada € necessario que haja
moléculas de Wnt disponiveis no meio de cultura para as células. Portanto,
decidiu-se investigar se a deplecao de colesterol por MCD é seguida de secrecao
de Wnt, ou liberacdo deste da membrana plasmatica para o meio de cultura, ja
que Wnt é descrito estando ancorado em regides ricas neste lipideo. Utilizando o
mesmo protocolo do resultado anterior, células musculares controle foram
transfectadas com Top-Flash e depois tratadas com meio condicionado coletado
de uma outra cultura previamente tratada com MCD (cultura esta, crescida em
meio sem droga por 3 horas apés a deplecao de colesterol) (Anexo 4, Figura 4).
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Os resultados apresentados mostraram um aumento da atividade
luciferasica das culturas transfectadas com Top-Flash tratadas com meio
condicionado proveniente de mioblastos depletados de colesterol (Top MCD+cm),
quando comparados a baixa atividade encontrada em culturas controle
transfectadas com Top-Flash crescidas em meio normal (Top Ct).

Surpreendentemente, também foi encontrado um significante aumento da
atividade luciferasica nas culturas transfectadas com Top-Flash tratadas com meio
condicionado proveniente de mioblastos controle (Top Ct+cm).

Estes dados sugerem que o tratamento de mioblastos com MCD
possivelmente esta induzindo a secregcdo ou a liberagdo da membrana de
proteinas Wnt para o meio de cultura. E posssivel relacionar este fenémeno com a
ativacao da via de sinalizagdo Wnt/B-catenina, a qual induz a translocacao da f3-
catenina para o nucleo, vista nos resultados anteriores.

Para se confirmar mais uma vez que moléculas de Wnt estao presentes no
meio de cultura de células tratadas com MCD, foi utilizado o receptor soltuvel de
Frizzled; Frzb-1 (Anexos 4, Figura 4 e 5 e Anexo 5, Figura 7). Frzb-1 é uma
proteina secretada, que contém um dominio semelhante ao receptor de Wnt;
Frizzled. Devido a isso, consegue se ligar a Wnt, inibindo sua via de sinalizagao
(Leyns et al., 1997).

Células controle e depletadas de colesterol por 24 horas foram
transfectadas com Top-Flash (como descrito acima) e depois tratadas com meio
enriquecido em Frzb-1 por mais 24 horas. As culturas, transfectadas com Top-
Flash e tratadas com meio enriquecido em Frzb-1 mostraram baixos niveis de
atividade luciferasica, indicando o efeito inibitério de Frzb-1 na ativacao da via de
Whnt, apds a deplecao de colesterol.

Também foi observado, os efeitos de Frzb-1 nas culturas controle e
tratadas com MCD por microscopia Optica de contraste de fase (Anexo 4, Figura
5) e por imunofluorescéncia para desmina (Anexo 5, Figura 7). Células
depletadas de colesterol, que cresceram na presenca de Frzb-1, demonstraram
uma inibicdo da diferenciagcdo com miotubos muito finos, confirmando o efeito

inibitério de Frzb-1, apesar de conseguir expressar a desmina.



49

Para explorar a possibilidade da ativagdo da via de Wnt/B-catenina pela
deplecéao de colesterol ser capaz de induzir a diferenciagdo muscular, foi analisada
a expressao dos marcadores musculares a-actina sarcomérica (Anexo 4, Figura
6), caderina M (Anexo 5, Figura 9), MyHC (Resultados Adicionais) e desmina
(Anexo 6, Figura 5) em culturas controle e tratadas com MCD por immunoblotting
semi-quantitativo.

Culturas tratadas com MCD com 48 horas expressaram altos niveis de o-
actina sarcomérica, caderina M, MyHC e desmina, quando comparados com as
controle. Esses resultados corroboram com nosso trabalho anterior (Mermelstein &
Portilho et al., 2005), onde se observou através de Western Blot um aumento
significativo na expressao de outra proteina marcadora de diferenciagao muscular;
a TroponinaT. Estes dados sugerem que a deplecdo de colesterol da membrana
de mioblastos induz a diferenciagdo muscular esquelética.

Para investigar se os efeitos celulares induzidos pela MCD sao causados
por fatores solUveis presentes no meio de cultura, decidiu-se investigar os meios
condicionados coletados de culturas musculares controle e tratadas com MCD
(Anexo 5, Figura 1).

As células musculares com 24 horas foram tratadas com meio condicionado
coletado de culturas controle e de culturas tratadas com MCD (cultura esta,
crescida em meio sem droga por 3 horas apds a deplecdo de colesterol). As
células que receberam o meio condicionado proveniente de culturas tratadas com
MCD mostraram um aumento na diferenciacdo muscular, observado pela
espessura dos miotubos, semelhantes aos miotubos de culturas tratadas com
MCD.

Além disso, células musculares com 24 horas tratadas com meio
condicionado proveniente de culturas controle mostraram miotubos mais finos,
similares aos de culturas controle com a mesma idade.

Ainda realizou-se imunofluorescéncias de culturas controle, tratadas com
MCD, tratadas com meio condicionado controle e MCD contra proteina a-actinina,
para uma analise das estriacdes (Anexo 5, Figura 4). Os miotubos tratados com

MCD e incubados com meio condicionado MCD apresentaram muitas
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semelhancas, como por exemplo, a grande quantidade de miofibrilas e a
desorganizacao dos nucleos.

A adicao de meio condicionado de culturas tratadas com MCD levou a um
aumento na espessura dos miotubos, assim como ocorre nas culturas tratadas
com MCD, sugerindo que os efeitos produzidos pela MCD devem ser causados
por fatores solUveis presentes no meio de cultura.

Para determinar a massa molecular dos fatores soluveis responsaveis por
promover a diferenciagdo muscular nas culturas tratadas com MCD, foi analisado
os efeitos dos tratamentos de culturas musculares controle com 24 horas, com os
meios condicionados de culturas controle e tratadas com MCD depois de filtrados
por Centricons Y-30 e Y-50 (Anexo 5, Figura 2).

Centricons (Millipore, EUA) sao utilizados para filtrar substancias com peso
molecular menor do que seu limite nominal. Quando utilizou-se os Centricons Y-30
para filtrar os meios condicionados, foi produzido um meio condicionado somente
com fatores com menos de 30 kDa e quando utilizou-se os Centricons Y-50, foi
produzido um meio condicionado somente com fatores com menos de 50 kDa.

Os meios condicionados produzidos por centricons Y-50 induziram
diferenciagdo muscular, diferentemente dos meios condicionados produzidos por
Centricons Y-30, os quais inibiram a diferenciagdo muscular.

Estes dados sugerem que os fatores solUveis presentes no meio
condicionado MCD apresntam pesos moleculares entre 30-50 kDa.

As protéinas da familia Wnt tém sido amplamente relacionadas com a
diferenciacdo muscular (Cossu e Borello, 1999, Tajbakhsh et al., 1998). Estas
proteinas sao relativamente pequenas, apresentando peso molecular entre 38-43
kDa. Estes valores estdo dentro da margem de peso molecular encontrada no
experimento anterior (30-50 kDa), sugerindo que possivelmente Wnts sdo esses
fatores soluveis encontrados no meio condicionado MCD.

Devido a isso, resolveu-se investigar os efeitos da deplecdo de colesterol
pela MCD, na presenga de duas moléculas da familia de proteinas Wnt descritas
na miogénese: Wnt 3a e Wnt 5a.
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Para testar esta hipotese, culturas controle e recém tratadas com MCD com
24 horas cresceram com meio enriquecido em Wnt 3a e Wnt 5a (Anexo 5, Figura
3). As culturas tratadas com meio enriquecido em Wnt 3a apresentaram miotubos
muito grossos, semelhantes aos tratados com MCD. Entretanto, culturas que
receberam o meio enriquecido em Wnt 5a apresentaram miotubos muito finos e
este fenotipo ndo foi capaz de ser revertido com a adicdo de MCD (Anexo 5 e
Resultados Adicionais).

Ainda realizou-se imunofluorescéncias de culturas controle, tratadas com
MCD, tratadas com meio condicionado enriquecido em Wnt 3a e Wnt 5a contra a
proteina a-actinina, para uma analise das estriacoes e a proteina desmina (Anexo
5, Figura 5 e Resultados Adicionais, respectivamente). De acordo com o
resultado anterior de contraste de fase, os miotubos tratados com MCD e
incubados com o meio enriquecido em Wnt 3a apresentaram muitas semelhancas,
como por exemplo, a grande espessura dos miotubos e a desorganizagdo dos
nucleos.

Ja as culturas tratadas com meio condicionado enriquecido em Wnt 5a com
72 horas, ndo apresentaram nenhuma estriagdo com a marca¢cao com anticorpo
anti-a-actinina (dados ndao mostrados), e apresentaram miotubos muito finos e
com poucos nucleos. Entretanto, estes miotubos expressam desmina.

Estes resultados sugerem que Wnt 3a pode ser a responsavel, pelo menos
em parte, desta indugdo miogénica observada apods a deplecao de colesterol pela
MCD.

Para testar se Wnt 3a esta envolvido com os efeitos celulares observados
apds a deplecédo de colesterol, foi analisado a presenca da proteina Wnt 3a no
meio condicionado MCD e no meio condicionado-controle (Anexo 5, Figura 8). Os
meios condicionados foram imunoprecipitados com o anticorpo policlonal anti-Wnt
3a. Foi observado um aumento de trés vezes nos niveis de Wnt 3a no meio
condicionado MCD, quando comparado com o meio controle. Uma possivel
explicacdo € de que a molécula Wnt 3a pode ter sido liberada para o meio
condicionado apds a deplecao de colesterol e nao fiqgue associada a membrana
plasmatica.
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Também foi analisada a expressdao da proteina Wnt 3a nos extratos
celulares, sem o meio de cultura, obtido de culturas miogénicas controle e tratadas
com MCD (Anexo 5, Figura 8). As culturas tratadas com MCD expressam niveis
similares de Wnt 3a que as culturas-controle, mostrando que o aumento de Wnt 3a
soluvel no meio condicionado MCD (e ndo do Wnt 3a associado a membrana) é o
responsavel por induzir a proliferacao e a diferenciagao das células musculares.

A replicagdo de mioblastos é a primeira etapa da diferenciagdo muscular
esquelética. A saida irreversivel do ciclo celular é requerida para a progressao do
alinhamento e a fusdo dos mioblastos, culminando com a formag¢ao de miotubos
multinucleados e estriados. Foi mostrado nos trabalhos anteriores que a deplecao
de colesterol pela MCD induz a proliferacdo e a diferenciagdo de células
musculares (Mermelstein & Portilho et al., 2005), pela ativacdo da via de
sinalizagdo Wnt/B-catenina (Mermelstein & Portilho et al., 2007), e que a molécula
Whnt3a esta envolvida neste processo (Portilho et al., 2007).

Devido a isso, foi analisado os efeitos da deplecao de colesterol pela MCD
nos eventos iniciais da miogénese, em especial na proliferacado de mioblastos.
Para isso, foi feito imunoflurescéncias para Ki67, marcador celular de proliferagéo
presente em todas as fases ativas do ciclo celular (G1, S, G2 e mitose), em
células-controle e tratadas com MCD com 27 e 48 horas de vida (Anexo 6, Figura
1). De acordo com a quantificacdo do numero de células positivas para Ki67,
estimou-se um aumento de 60% e 40% de células Ki67 positivas apés 3 e 24
horas do tratamento com MCD, respectivamente, em comparagdo com a s
culturas-controle. Isso permite concluir que a retirada de colesterol induz a
proliferagédo em cultura de células de galinha.

Em seguida, analisou-se quando ocorrem os efeitos induzidos pela MCD na
replicagcéo: se logo apds a deplecao de colesterol ou 24 horas apds o tratamento.
Foi testado entdo, os efeitos do anti-mitético AraC em culturas controle e tratadas
com MCD (Anexo 6, Figuras 2 e 3). O tratamento de culturas com 24 horas com
o AraC resultou em miotubos com um baixo indice de fusdo (nimero de nucleos
por miotubo), comparados com culturas que nao receberam o AraC. Entretanto,

nenhum efeito significativo foi observado no indice de fusdo de celular em culturas
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tratadas com MCD ap6s 48 horas. Isso permite concluir que o experimento com
AraC pode inibir os efeitos induzidos pela deplecao de colesterol na proliferacao
somente logo apés ao tratamento com MCD.

Em seguida, decidiu-se analisar se os efeitos na proliferacdo celular eram
referentes a células mononucleadas musculares ou a fibroblastos. Culturas
miogénicas com 27 e 48 horas foram imunomarcadas com anticorpo anti-desmina
e com a sonda nuclear DAPI (Anexo 6, Figura 4). A desmina € uma das primeiras
proteinas estruturais expressas em mioblastos. Através da quantificacdo do
numero de células mononucleadas positivas e negativas para desmina por campo
estimou-se um aumento de 40% no numero de células mononucleadas positivas
para desmina apds 3 e 24 horas do tratamento com MCD, quando comparadas
com as culturas-controle. Contudo, ndo se observou diferencas em relagcdo ao
namero de células mononucleadas negativas para desmina por campo apés 3 ou
24 horas do tratamento com MCD, comparadas com culturas nao tratadas. De
acordo com esse resultado, pode-se concluir que a deplecdo de colesterol pela
MCD aumenta o numero de células mononucleadas positivas para desmina, ou
seja, mioblastos, mas nao interferem no nimero de células desmina negativas, os
fibroblastos.

Para se investigar, mais uma vez, o tipo celular onde a proliferacdo foi
induzida apds o tratamento com MCD foi analisada a incorporagdao com BrdU em
culturas miogénicas (Anexo 6, Figura 6). A sonda BrdU € um anélogo da timidina,
que se incorpora estavelmente no DNA durante a fase S da mitose, e permite
quantificar as células em divisdo. Células tratadas com MCD (logo apés o
tratamento) e controle com 24:30 horas foram marcadas com BrdU (3 ug/ml) por 1
hora, e duplamente marcadas com os anticorpos anti-BrdU e anti-desmina.
Através da quantificacdo do percentual de células positivas para desmina e
positivas para BrdU foi estimado um aumento de duas vezes no numero de células
apdés o tratamento com MCD. Nucleos positivos para BrdU foram encontrados
dentro de mioblastos mononucleados positivos para desmina e células
fibroblasticas negativas para desmina. Esses resultados mostram um aumento na

proliferacao de células positivas para desmina ap0s a retirada de colesterol.
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No seu conjunto, estes experimentos mostram que a deplecéo de colesterol
membranar de células musculares promove a proliferacdo de mioblastos, levando

a um aumento no nimero de células positivas para desmina.

Resultados Adicionais

Para investigar se a deplecao de colesterol pela MCD é capaz de ativar
células musculares quiescentes, foi examinada a expressdo e distribuicdo das
proteinas Pax3 e Pax7 em células controle e tratadas com MCD (Figuras 16 e
17). Pax3 e Pax7 estdao relacionadas com etapas iniciais de proliferacao,
especificacao e migracao de células precursoras musculares (Epstein et al., 1995).
Nossos resultados mostram que mioblastos tratados com MCD expressam altos
niveis de Pax3, quando comparados com os mioblastos controle. Analisando a
densidade éptica das bandas do Western Blot, pode-se estimar um aumento de
aproximadamente 3,5 vezes nos niveis de expressdao de Pax3 nas culturas
tratadas com MCD (Figura 16).

Em relacdo a distribuicdo celular destes fatores de transcricdo, pode-se
observar a localizagdo nuclear de Pax7 nas culturas de mioblastos controle e
tratadas com MCD. No entanto, é interessante notar o grande numero de
mioblastos positivos para Pax7 nas culturas analisadas apdés 3 horas de
tratamento com MCD, quando comparadas com as controle (Figura 17). Estes
resultados sugerem que a deplecao de colesterol ativa as células musculares
quiescentes a proliferarem e diferenciarem.

Para explorar a possibilidade da ativagdo da via de Wnt/B-catenina pela
deplecao de colesterol ser capaz de induzir a diferenciagdo muscular terminal, foi
analisada a expressdao da proteina sarcomérica miosina (cadeia pesada de
miosina, MyHC) em culturas controle e tratadas com MCD por immunoblotting
(Figura 18). Os resultados mostram um aumento nos niveis de expressao de
MyHC nos extratos celulares de culturas tratadas com MCD. A analise da
densidade Optica das bandas revelou um aumento de aproximadamente 75% na
expressdao de MyHC nas culturas depletadas de colesterol (Figura 18). Esse
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resultado corrobora com 0s nossos outros trabalhos anteriores (Mermelstein et al.,
2005, 2007), onde se observou um aumento significativo na expressao de outras
proteinas marcadoras de diferenciacdo muscular; como a Troponina T e a a-actina
sarcomérica. Estes dados sugerem que a deplegéao de colesterol da membrana de
mioblastos induz a diferenciagdo muscular esquelética.

Para investigar a expressao génica dos componentes da via de sinalizagao
Whnt/B-catenina, foi realizada a técnica de RT-PCR semi-quantitativo nas culturas
controle e tratadas com MCD. Os resultados demonstram que as culturas de
mioblastos com 27 horas (tanto as controle como as tratadas com MCD)
expressam os genes Lef-1, Wnt1, Wnt3a, Wnt5 e GAPDH. Nao foram observadas
diferencas significativas nos niveis de expressado dos diversos tipos de wnts nas
culturas controle e tratadas com MCD (Figura 20). Estes dados sdo inéditos na
literatura, visto que ndo ha ainda nenhuma descricao da expressao destes genes

em células musculares esqueléticas de embrides de galinha.
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Figura 16 - O tratamento com MCD induz um aumento na expressao da proteina Pax3 em
mioblastos. Immunoblotting de extratos de culturas de células musculares controle (Ct) e tratadas
com MCD (MCD) com 27 e 48 horas para Pax3 (53 kDa) e a quantificacao desta expressao. Note o
aumento de 3,5 vezes nos niveis de Pax3 apresentados pelas culturas tratadas em comparagao
com as controle.
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Figura 17 - O tratamento com MCD induz um aumento na expressao da proteina Pax7 em

mioblastos. Imunofluorescéncias para Pax7 e para Actina filamentosa foram realizadas com
cultura-controle e tratadas com a MCD, utilizando o anticorpo monoclonal anti-Pax7 e com a sonda
Faloidina. Note o maior nimero de nlcleos marcados em vermelho com anticorpo anti-Pax7 (seta),
nas culturas tratadas com MCD, quando comparadas com as controle. Barra de escala
corresponde a 10 um.
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Figura 18 - O tratamento com MCD induz um aumento na expressao da proteina MyHC em
culturas de musculo esquelético. Immunoblotting de extratos de culturas de células musculares
controle (Ct) e tratadas com MCD (MCD) com 27 e 48 horas para MyHC (200 kDa) e a
quantificagcdo desta expressdo. Note o aumento de aproximadamente 75% nos niveis de MyHC
apresentados pelas culturas tratadas em comparagdo com as controle. Trés experimentos

independentes foram usados para esta quantificagao.
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Figura 19 — Wnt 5a inibe diferenciacao muscular esquelética. A - Cultura controle com 72 horas
marcada com anticorpo anti-desmina; B - Nucleos correspondentes a figura A marcados com a
sonda DAPI; C- Cultura tratada com MCD com 72 horas, marcada com anti-desmina; D- Ndcleos
correspondentes a figura C marcados com DAPI; E- Cultura que recebeu meio condicionado
enriquecido em Wnt 5a, com 72 horas, marcada com anti-desmina; F- Nacleos correspondentes a
figura E marcados com DAPI. Note como as culturas que receberam o meio condicionado
enriquecido em Wnt 5a apresentaram miotubos muito finos, e com muitos fibroblastos (células com

nucleos grandes e negativas para desmina). A barra de escala corresponde a 10 um.
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Figura 20 - Culturas musculares expressam os genes Lef 1, Wnt1, Wnt3a e Wnt5a. RT-PCR
de culturas-controle e tratadas com MCD. GAPDH foi utilizada como controle de expressao nestes

experimentos.
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5. Discussao

Recentemente, nosso grupo mostrou que a deplecdo de colesterol pela
substancia metil-beta-ciclodextrina (MCD) induz a proliferacdo celular, o aumento
da fusdo de mioblastos e a diferenciacdo terminal de células musculares
esqueléticas (Mermelstein e Portilho et al., 2005).

Muitos trabalhos estudaram a importancia do colesterol durante a
miogénese, mas existem muitas idéias contraditérias. Van der Bosch e
colaboradores (1973) mostraram que colesterol adicionado a culturas de
mioblastos impedia a fusao celular. Sekiya e colaboradores (1984) demonstraram
através do uso da substancia filipina (que tem alta afinidade por colesterol) que a
fusdo de mioblastos se da pela justaposicao de areas livres de colesterol de cada
membrana de células adjacentes. Nakanishi e colaboradores (2001) mostraram
que é necessaria uma diminuicdo de colesterol membranar em mioblastos
competentes para fusdo, aumentando assim a fluidez da membrana e induzindo a
fusao celular. Entretanto, Cornell e colaboradores (1980), obtiveram resultados
diferentes, demonstrando que a utilizagao de inibidores da sintese de colesterol,
25-OH-colesterol ou compactina, inibem a fusdo de mioblastos e que a adicao de
colesterol é capaz de restaurar o reconhecimento e a fusdo de mioblastos. As
estatinas, também conhecidas como inibidoras da sintese de colesterol, impedem
a diferenciacao muscular, causando rabdomidlise, atrofia muscular e apoptose em
mioblastos e miotubos (Johnson et al., 2004; Sacher et al., 2005).

Uma possivel explicagao para o resultado que mostra a facilitagcao da fusao
de mioblastos com a deplegcdo de colesterol membranar é que, com a
desorganizagao dos micro-dominios, a membrana plasmatica se torna mais fluida
e moléculas de adesdo, como as caderinas, podem formar complexos
competentes para a fusao.

Entretanto, os trabalhos de Causeret e colaboradores em 2005 e Taulet e
colaboradores em 2009 mostraram que a desorganizacdo de microdominios de
membrana pela MCD e pela anfotericina B (quelante de colesterol),

respectivamente, inibem a miogénese de células musculares C2C12. Além de ser
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uma linhagem celular de outra espécie (camundongo), este trabalho utilizou uma
concentracao de 4 mM de MCD durante 6 horas, o qual pode remover moléculas
especificas de adesao de forma permanente, como a N-caderina e a catenina
p120, interferindo na adesdao mioblasto-mioblasto e na fusdo. Ja no presente
trabalho de tese, o tratamento com MCD foi durante apenas 30 minutos na
concentracao de 2 mM e na etapa de pré-fusdo de mioblastos de galinha, o
suficiente para remover o colesterol temporariamente e aumentar a fluidez da
membrana, facilitando o processo de fuséo.

Existe também a possibilidade da internalizagdo de microdominios
enriquecidos em colesterol ser necessdaria para ocorrer a fusdo de mioblastos.
Utilizando microscopia eletrénica de criofratura, Kalderon e Gilula em 1979
observaram regides livres de colesterol nos sitios pré-fusdo nas membranas de
mioblastos e vesiculas proximas a superficie intracelular da membrana plasmatica,
podendo ser consequéncia da internalizagdo de microdominios. Ndo podemos
descartar a hipotese de que esteja ocorrendo uma internalizagdo de
microdominios de membrana apos a retirada de colesterol membranar.

De qualquer forma, qualquer que seja o processo envolvido na deplecao de
colesterol membranar, nossos dados indicam a participacdo de vias de
sinalizacdo. Durante o periodo embrionario, cascatas de sinalizagdo atuam no
comprometimento de células indiferenciadas com a linhagem muscular e
promovem o surgimento de células precursoras miogénicas que sao capazes de
proliferar até entrarem no programa de diferenciacdo. Apdés a parada do ciclo
celular, esses mioblastos comegam a se alinhar, guiados pelo reconhecimento de
suas membranas e aderem uns aos outros. Essa etapa é seguida pela fusado
destes mioblastos, formando células multinucleadas chamadas de miotubos. As
vias de sinalizacdo descritas que mais interferem na miogénese sao as vias de
Sonic Hedgehog (Borychi et al., 1999) e Wnt/B-catenina (Cossu et al., 1996).

Como a via de Wnt/B-catenina desempenha um papel crucial durante o inicio
da miogénese (Linker et al., 2003) e no comprometimento de células precursoras
com a linhagem muscular e na diferenciacdo destas (Cossu & Borello, 1999;
Ridgeway et al., 2000; Petropoulos & Skerjanc, 2002), esse trabalho foi
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direcionado para o estudo desta via de sinalizagdo Wnt/B-catenina durante a
miogénese, e seu envolvimento com o colesterol membranar.

Os resultados apresentados mostram que a retirada do colesterol das
culturas de mioblastos de galinha pela MCD provocou um aumento da expressao
de PB-catenina, sua translocacdo para o nucleo e ativacdo da via de Wnt/B-
catenina. Além disso, o tratamento com MCD levou a um aumento na expressao
das proteinas miofibrilares o-actina sarcomérica, desmina, cadeia pesada de
miosina e troponina T. Esses resultados sugerem que uma diminuicdo do
colesterol subsarcolemal pode ser um mecanismo regulatério para o inicio da
diferenciagdo muscular esquelética.

A proteina B-catenina pode participar de adesdes celulares mediadas pelas
caderinas nas membranas plasmaticas e servir como fator regulatério de
transcri¢do, quando associada ao fator Lef/TCF no nucleo (Nelson and Nusse,
2004). Petropoulos & Skerjanc (2002) sugerem funcdes diferentes para a [3-
catenina, de acordo com as etapas da miogénese. Primeiramente, a -catenina
seria expressa no nucleo em resposta a ativacao da via de Wnt, com a finalidade
de ativar a transcricdo de genes envolvidos com o comprometimento com a
linhagem muscular das células precursoras. Em uma etapa posterior, j& em
mioblastos bipolares, ela seria expressa nas juncbes aderentes para promover a
adesdo e posterior fusdao celular (Goichberg et al., 2001). Neste trabalho, a
presenca da B-catenina no nucleo e nas jung¢des aderentes apds a deplecdo de
colesterol sugere que esta proteina estd atuando nos dois compartimentos
celulares, de células precursoras (no nucleo) e de mioblastos (na membrana), com
a finalidade de promover a miogénese.

Uma questao importante que surge neste trabalho € como a deplecao de
colesterol pode ativar a via de Wnt/B-catenina nas culturas musculares. Trabalhos
recentes mostram que as proteinas Wnt sofrem modificagdes lipidicas pos-
traducionais através da adicdo de moléculas de palmitato, como o &cido
palmitoiléico e o &cido palmitato (Willert et al., 2003). Foi descrito por Zhai e
colaboradores em 2004, que Wnts palmitoilados tem preferéncia por ancorar em

regides ricas em colesterol, como os microdominios de membrana. Como a
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deplecdo de colesterol muda a composicdo e a estrutura da membrana,
desorganizando as rafts lipidicas, pode-se especular que o tratamento com MCD
pode liberar Wnts ancorados nestes microdominios para o meio de cultura,
aumentando sua disponibilidade para se ligar aos receptores Frizzled presentes
nas células musculares. Células musculares quiescentes podem ser ativadas para
proliferar e se diferenciar apdés a ativagdo da via de sinalizagcdo Wnt/3-catenina.
Corroborando com esta hipétese, neste trabalho de tese foi possivel observar-se
um grande numero de células arredondadas e mononucleadas com a B-catenina
nuclear, sugerindo que estas células seriam precursores musculares.

Este trabalho sugere a hipétese de que fatores soluveis, como por exemplo,
Whnts podem ser as moléculas responsaveis pela inducao de diferenciagdo apds a
retirada de colesterol. Devido a este resultado, decidiu-se analisar o0s
componentes soluveis presentes nos meios condicionados controle e tratados com
MCD. A diferenciacdo muscular foi induzida apenas pela adicdo de meio
condicionado proveniente de uma cultura de mioblastos previamente tratada com
MCD (meio condicionado MCD), a uma cultura controle com 24 horas, sugerindo
que isso ocorre devido a presenga de fatores soluveis no meio de cultura. Esses
fatores soluveis indutores presentes no meio condicionado MCD apresentaram um
peso molecular na faixa de 30-50 kDa, semelhante ao peso molecular das
glicoproteinas Wnt que possuem peso molecular na faixa de 38-43 kDa.

A via de sinalizagdo de Wnt/B-catenina pode ser antagonizada por fatores
secretados, dos quais podemos destacar as proteinas secretadas relacionadas
com Frizzled (Sfrps), cerberus, dickkopfs (Dkks) e fatores induziveis de Wnt (WIF-
1). A familia das Sfrps, como por exemplo, Frzb-1, contém o dominio N-terminal
semelhante a Frizzled, que se liga a Wnt, bloqueando a via (Leyns et el., 1997).
Dkk1 e Dkk4 se ligam diretamente ao correceptor de Wnt, LRP6, e bloqueiam a
sinalizagao via B-catenina (Mao et al., 2001). WIF-1 também é um antagonista da
via e trabalhos sugerem que ele se liga diretamente a Wnt (Hsieh et al., 1999).

Neste trabalho também foi investigado o efeito inibitério de Frzb-1 na
inducao da diferenciagdo muscular e na ativagcéo da via de Wnt apés o tratamento

com a MCD. Entretanto, ndo se pode descartar a possibilidade da translocacao da
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B-catenina para o nucleo acontecer de forma independente da ligagcdo de Wnt a
Frizzled. Seria relevante determinar que proteinas Wnt e que receptores Frizzled
estdo envolvidos com a sinalizagédo iniciada apos a deplecado de colesterol nas
células miogénicas.

Para determinar que tipo de Wnt estaria participando dos efeitos causados
pela MCD, foi utilizado meio de cultura enriquecido com a proteina Wnt 3a, o qual
induziu a diferenciagdo muscular de maneira similar, tanto ao tratamento com
MCD, como pela adicdo de meio condicionado MCD. Entretanto, quando
mioblastos cresceram em meio de cultura enriquecido em Wnt 5a, proteina
componente da via ndo candnica de Wnt, a miogénese foi inibida.

Foi analisada entao, a presenca da proteina Wnt3 nos meios condicionados-
controle e nos meios condicionados apdés o tratamento com MCD. O meio
condicionado MCD apresentou cerca de trés vezes mais Wnt3 quando comparado
ao meio controle. A possivel explicacdo é que, apo6s a retirada de colesterol,
moléculas de Wnt3 que estariam ancoradas a membrana, através das caudas de
palmitato, seriam liberadas para o meio extracelular. Também foi feita a analise da
expressao de Wnt3 nos extratos celulares, entretanto, ndo houve diferengas nos
niveis de expressao da proteina. Esses resultados sugerem que Wnt 3a soluvel é
um dos fatores responsaveis pela indugdo da miogénese apds a retirada de
colesterol.

Um ponto interessante deste trabalho é o fato das proteinas Wnt n&o
estarem sendo superexpressadas nos mioblastos. O aumento de proteinas Wnt3
soluveis e ativas no meio de cultura condicionado € um resultado do tratamento de
MCD, o qual interfere na disponibilidade de Wnt soltvel no meio de cultura. Aléem
disso, ndo se pode descartar a possibilidade de os efeitos causados pela deplecao
de colesterol envolver outras moléculas sinalizadoras, além de Wnt3, como outros
tipos de Wnt e outros componentes associados as membranas plasmaticas.

Galli e colaboradores (2004) mostraram que a expressao ectépica de Wnt 3a
no tubo neural de embrido de galinha via eletroporacdo promoveu um aumento no
tamanho do miétomo devido a um aumento na proliferacao celular. Em um estudo

anterior do nosso grupo, foi observado que a quantidade de DNA (medida pela
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fluorescéncia do marcador nuclear DAPI) foi significantemente maior nas culturas
tratadas com MCD do que nas culturas controle (Mermelstein e Portilho et al.,
2005). Neste trabalho, decidiu-se investigar os efeitos da deplecao de colesterol
na proliferagdo de culturas musculares, pela proteina Ki67 e pela incorporacao de
BrdU. Ki67 € um marcador celular de proliferacao e esta presente em todas as
fases ativas do ciclo celular (G1, S, G2 e mitose), mas nao na fase G0. Enquanto
o BrdU é um analogo da timidina, que se incorpora estavelmente no DNA durante
a fase S da mitose, permitindo assim, a quantificacdo de células em divisdo.
Utilizando ambos os marcadores foi visto um aumento significativo na proliferagéo
celular ap6s o tratamento com MCD.

De acordo com o trabalho anterior desenvolvido pelo laboratério em 2005
(Mermelstein et al., 2005), este trabalho de tese também investigou a
diferenciagdo muscular utilizando-se marcadores miogénicos como, as proteinas
da familia Pax, a M-caderina, a a-actina sarcomérica, a-actinina sarcomérica, a
MyHC e a desmina. Além disso, também foi calculado o indice de fusdo das
culturas-controle tratadas com MCD. A M-caderina é uma proteina descrita como
marcadora de células-satélite, esta envolvida na fusdo de mioblastos e continua
sendo expressa em miotubos diferenciados (Kramerova et al., 2006). A desmina
faz parte da familia de proteinas que constituem os filamentos intermediarios do
citoesqueleto. Esta proteina € especifica de células musculares e se localiza na
regiao de linha Z do sarcomero, nos costameros, ao redor dos nucleos, na jungao
miotendinosa e nos discos intercalares cardiacos. (Costa et al., 2004; Mermelstein
et al., 2006). As proteinas a-actina sarcomérica, a-actinina sarcomérica e a MyHC
compde o sarcoOmero das células musculares, formando os filamentos finos e
grossos. Ja os fatores de transcricdo Pax3 e Pax7 sdo expressos em etapas mais
iniciais da miogénese e garantem o comprometimento de células precursoras com
a linhagem muscular.

Todas as proteinas estudadas tiveram um aumento significativo nos niveis de
expressao apos a deplecdo do colesterol membranar, indicando um aumento na
diferenciagdo celular quando comparadas com as culturas-controle. Esse

resultado foi ainda, confirmado pelo calculo do indice de fusdo que revelou cerca
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de duas vezes mais nucleos por miotubo nas culturas tratadas com MCD.

Modelos in vitro, como culturas primarias musculares de galinha, se
apresentam de forma heterogénea (Holtzer et al., 1991), compostas por miotubos
multinucleados, mioblastos mononucleados arredondados e bipolares, pré-
mioblastos mononucleados replicantes, células satélites arredondadas
mononucleadas e quiescentes e fibroblastos. Para analisar se os fibroblastos eram
os responsaveis pelos efeitos de MCD, culturas priméarias de fibroblastos foram
tratadas com MCD 2 mM e apds 3 horas do tratamento, seu meio condicionado foi
recolhido e transferido para uma cultura miogénica com 24 horas de crescimento.
Nenhum efeito na proliferacdo e na diferenciacdo muscular foi observado nem por
ensaio de BrdU, nem por andlise do indice de fusdao e nem em immunoblottings
para proteinas marcadoras de diferenciagdo. Estes dados sugerem que os efeitos
induzidos pela deplegédo de colesterol ndo estdo relacionados com fibroblastos
presentes nas culturas primarias musculares, mas sim, relacionados as células
musculares.

Este trabalho de tese investigou a diferenciagdo muscular utilizando
marcadores miogénicos como, as proteinas da familia Pax, a M-caderina, a a-
actina sarcomérica, a-actinina sarcomérica, a miosina esquelética MyHC e a
desmina. Além disso, também foi calculado o indice de fusdo das culturas controle
e tratadas com MCD. A M-caderina é uma proteina descrita como marcadora de
células-satélite, esta envolvida na fusdo de mioblastos e continua sendo expressa
em miotubos diferenciados (Kramerova et al.,, 2006). A desmina faz parte da
familia de proteinas que constituem os filamentos intermediarios do citoesqueleto.
Esta proteina é especifica de células musculares e se localiza na regido de linha Z
do sarcOmero, nos costameros, ao redor dos ndcleos, na jungcao miotendinosa e
nos discos intercalares cardiacos (Costa et al., 2004; Mermelstein et al., 2006). As
proteinas a-actina sarcomérica, a-actinina sarcomérica e a MyHC compde o
sarcoOmero das células musculares, formando os filamentos finos e grossos. Ja os
fatores de transcricdo Pax3 e Pax7 sdo expressos em etapas mais iniciais da
miogénese e garantem o comprometimento de células precursoras com a

linhagem muscular.
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Todas as proteinas estudadas tiveram um aumento significativo nos niveis de
expressao apos a deplecao do colesterol membranar, indicando um aumento na
diferenciacdo celular quando comparadas com as culturas controle. Esse
resultado foi ainda, confirmado pelo célculo do indice de fusdo que revelou cerca
de duas vezes mais nucleos por miotubo nas culturas tratadas com MCD.

Baseado nos resultados apresentados, esse trabalho propde um modelo
para os eventos celulares e moleculares que ocorrem em culturas musculares
esqueléticas, desencadeados pelo tratamento com a MCD (Figura 21). Apés a
deplecao de colesterol, aumenta-se a disponibilidade de Wnt soluvel no meio de
cultura, o qual pode se ligar ao seu receptor Frizzled em células quiescentes
miogénicas, e entrar no programa de diferenciagdo muscular, regulando a
expressao de diversos genes, como o da -catenina e de marcadores especificos
de musculo, como a alfa-actina sarcomérica e a troponinaT (Mermelstein e
Portilho et al., 2005). A diferenciacao miogénica que ocorre nas células tratadas
com MCD termina com a fusdo de mioblastos mononucleados e a formacao de

miotubos espessos, multinucledos e com nucleos desorganizados.
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Figura 21 — Modelo esquematico dos efeitos da retirada de colesterol em culturas
musculares. A- Células-controle foram plaqueadas (Oh) e apds 24 horas, muitas se alongaram
entrando no programa de diferenciagdo muscular, enquanto outras permaneceram mononucleadas
e arredondadas. Algumas das células mononucleadas arredondadas estdo quiescentes (nucleo
branco) e outras tem a via de Wnt/B-catenina ativada (ndcleos escuros, indicando a presenca de -
catenina nuclear), se proliferando e diferenciando, para formar miotubos longos, estriados e com
0s nucleos organizados na periferia celular (72 horas). B- Quando as células completaram 24
horas de vida, foram tratadas com MCD 2mM por 30 minutos, o qual removeu o colesterol
membranar. Com isso, moléculas associadas a regides ricas em colesterol, podem ter sido
liberadas da membrana e tornaram-se sollveis no meio de cultura. Algumas destas moléculas
podem ser da familia de glicoproteinas Wnt, que sao descritas como moléculas palmitoiladas e que
se ancoram em regiées membranares ricas em colesterol. Assim, Wnts sollveis poderiam se ligar
a seus receptores em larga escala, e ativar diversas células quiescentes (células mononucleadas
arredondadas) a proliferarem (aumentando a expressdo de Pax3, Pax7 e M-caderina) e
diferenciarem (aumentando a expressdo de Tropononina T, o-actina sarcomérica, Desmina e

MyHC), formando miotubos espessos, com muitas estriagdes e com nucleos desorganizados.



70

Resumidamente, pode-se concluir que a deplecdo de colesterol pelo
tratamento com MCD induz a proliferacdo de células musculares, o que permite
levar a um aumento do alinhamento e da fus&o de mioblastos, culminando com a
formacado de miotubos estriados e com mais nucleos/célula que os observados
nas culturas-controle. Primeiramente, a retirada de colesterol induz a replicacao, o
que acarreta em seguida um aumento da diferenciacdo muscular.

Como neste trabalho encontrou-se um aumento de Wnt 3a no meio
condicionado € a ativagao da via de Wnt em culturas tratadas pela MCD, pode-se
especular que a deplecao de colesterol pode liberar moléculas de Wnt para o meio
de cultura e ativar a via de Wnt de células quiescentes, induzindo-as a proliferar e
a se diferenciar. Esses achados enfatizam a importancia da organizacdo do
colesterol membranar e seu papel nas etapas iniciais da miogénese.

Este trabalho de tese levantou varias questdes relacionadas aos efeitos da
deplecao de colesterol durante a miogénese que 0 nosso grupo de pesquisa
pretende dar continuidade. Algumas destas questbes envolvem as seguintes
abordagens:
¢ Analise de genes relacionados com a via de Wnt, e determinagéo de quais tipos
de Wnts e Frizzleds estdo envolvidos neste processo.

e Analise da secrecao de fatores sollveis para o meio de cultura, que pode ser
respondida com a utilizacdo da droga Brefeldina (inibidora de secrecdao de
proteinas) em culturas-controle e tratadas com MCD.

e Experimentos com espectrometria de massa para se avaliar as proteinas
presentes nos meios condicionados de culturas- controle e tratadas com MCD.

e Testes dos efeitos da substancia alfa-ciclodextrina (utilizada em muitos trabalhos
como controle para a metil-beta-ciclodextrina, por ndo remover colesterol e sim,
fosfolipideos da membrana plasmatica) nas culturas musculares.

e Analise dos microdominios de membrana de culturas-controle e tratadas com
MCD, através de microscopia eletrénica de transmissao.

e Andlise da composicao proteica de fragcdes enriquecidas em cavéolas obtidas a

partir de culturas de células musculares controle e tratadas com MCD.
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e Investigacdo da expressdo de genes regulatérios do ciclo celular, como a
proteina ciclina D1, para testar o seu envolvimento com a ativagao da proliferacao

celular desencadeada por MCD em células musculares.
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6. Conclusoes

Resumidamente, podemos concluir a partir dos resultados deste trabalho
de tese que:
¢ A deplecéao de colesterol pela metil-B-ciclodextrina (MCD) induziu a diferenciagao
muscular, evidenciada pelo aumento do indice de fusdo das culturas musculares.
e O tratamento com MCD levou a um aumento na expressdo das proteinas
miofibrilares a-actina sarcomérica, desmina, miosina e M-caderina, sugerindo que
uma diminuicdo do colesterol membranar pode ser um mecanismo regulatério
para o inicio da diferenciagdo muscular esquelética.
e A retirada do colesterol das culturas de mioblastos de galinha pela MCD
provocou um aumento da expressdo de [B-catenina, sua translocagdo para o
nucleo e a ativagao da via de Wnt/B-catenina.
¢ Os efeitos provocados pela MCD na diferenciacdo muscular foram inibidos pela
adicao do meio de cultura enriquecido com a proteina antagonista da via de
Whnt/B-catenina, Frzb-1, nas culturas musculares.
e O meio condicionado proveniente de uma cultura de mioblastos previamente
tratada com MCD, apresentou fatores sollveis indutores de diferenciacéo
muscular com um peso molecular na faixa de 30-50 kDa, semelhante ao peso
molecular das glicoproteinas Wnt que possuem peso molecular na faixa de 38-43
kDa.
e O meio de cultura enriquecido com a proteina Wnt 3a induziu a diferenciacao
muscular de maneira similar, tanto ao tratamento com MCD, quanto pela adi¢cao
de meio condicionado MCD. Entretanto, o meio de cultura enriquecido em Wnt5,
bloqueou drasticamente a diferenciagcdo muscular.
¢ O aumento de proteinas Wnt3 sollveis e ativas no meio de cultura condicionado
€ um resultado do tratamento de MCD, o qual interfere na disponibilidade de Wnt
soltvel no meio de cultura.

¢ O tratamento com MCD levou a um aumento significativo na proliferacao celular.
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e Os efeitos induzidos pela deplegdo de colesterol ndo estdo relacionados com
fibroblastos presentes nas culturas primarias musculares, mas sim, relacionados
as células musculares.

e As culturas de mioblastos expressam os genes Lef1, Wnt1, Wnt3a, Wnt5a e
GAPDH e nao se observou diferencas significativas nos niveis de expressao dos

diversos tipos de wnts nas culturas controle e tratadas com MCD.
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Anexo 3: artigo publicado — “A deplecao de colesterol aumenta a fusao de

mioblastos e induz a formacao de miotubos com nucleos desorganizados”
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Abstract The formation of a skeletal muscle fiber begins
with the withdrawal of committed mononucleated pre-
cursors from the cell cycle. These myoblasts elongate
while aligning with each other, guided by recognition
between their membranes. This step is followed by cell
fusion and the formation of long striated multinucleated
myotubes. We used methyl-B-cyclodextrin (MCD) in
primary cultured chick skeletal muscle cells to deplete
membrane cholesterol and investigate its role during
myogenesis. MCD promoted a significant increase in the
expression of troponin T, enhanced myoblast fusion, and
induced the formation of large multinucleated myotubes
with nuclei being clustered centrally and not aligned at the
cell periphery. MCD myotubes were striated, as indicated
by sarcomeric o-actinin staining, and microtubule and
desmin filament distribution was not altered. Pre-fusion
MCD-treated myoblasts formed large aggregates, with
cadherin and B-catenin being accumulated in cell adhesion
contacts. We also found that the membrane microdomain
marker GM1 was not present as clusters in the membrane
of MCD-treated myoblasts. Our data demonstrate that
cholesterol is involved in the early steps of skeletal muscle
differentiation.
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Introduction

Skeletal muscle differentiation begins with the emergence
of mononucleated myoblasts that withdraw from the cell
cycle and begin to elongate. These bipolar myoblasts align
with each other guided by recognition between their
plasma membranes. This step is followed by cell adhesion
and fusion, and myogenesis is completed with the
formation of long multinucleated myotubes having a
highly organized contractile apparatus. Myoblast fusion is
an early event during myogenic differentiation, and
although it has been extensively studied, the molecular
basis of this process is still poorly understood. Since cell
fusion is a membrane-based event, many membrane
molecules have been implicated in myoblast fusion. One
such molecule is cholesterol, a ubiquitous and abundant
component of animal membranes. Cholesterol is a sterol
lipid that plays pleiotropic roles in plasma membrane
function; it is involved in maintaining membrane fluidity
and impermeability and the structure of lipid microdo-
mains. A decrease in membrane cholesterol has been
shown to be necessary for myoblast fusion (Sekiya et al.
1984; Hirayama et al. 2001; Nakanishi et al. 2001).
Conversely, earlier work by Comell et al. (1980) has
shown that a continued local supply of cholesterol is a
requirement for the assembly or maintenance of the
aggregation activity that occurs concomitant with myo-
blast fusion. In view of the recent focus on the importance
of the functions of cholesterol-containing structures in
maintaining the structure and dynamics of plasma
membranes and on the conflicting data relating to the
role of cholesterol during myoblast fusion, we decided to
extend the study of the involvement of cholesterol in the
early events of skeletal muscle differentiation.
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In the present work, we have used methyl-p-cyclodex-
trin (MCD), which selectively removes cholesterol from
cell membranes ([langumaran and Hoessli 1998), to
change membrane composition and structure and to
mvestigate the cellular and molecular mechamsms asso-
ciated with cholesterol during skeletal muscle differenti-
ation. We have analyzed cytoskeletal and cell-adhesion
proteins and the expression of troponin T as a specific
marker of myogenic differentiation (Lattanzi et al. 2000;
McGann et al. 2001). Taken together, the data presented
here provide evidence that cholesterol depletion from
myoblasts membranes enhances the recognition, differen-
tiation, and fusion of myoblasts, resulting in the formation
of large myotubes that display nuclear disorganization.

Materials and methods
Antibodies and fluorescent probes

The filamentous-actin-specific probe, thodamine-phalloi-
din, and DNA-binding probe, 4,6-diamino-2-pheneylin-
dole dyhydrochloride (DAPI), were purchased from
Molecular Probes (Eugene, Ore.). Fluorescently labeled
cholera toxin B subunit, which specifically binds to GM1
ganglioside, was purchased from Sigma (St Louis, Mo.).
The following antibodies were also purchased from
Sigma: rabbit polyclonal anti-pan-cadherin, rabbit poly-
clonal anti-(-catenin, mouse monoclonal anti-ec-tubulin
(clone DM 1A), rabbit polyclonal anti-desmin, mouse
monoclonal anti-sarcomeric-o-actinin (clone EA-53), and
mouse monoclonal anti-troponin T (clone JLT-12). Fluo-
rescein isothiocyanate (FITC) conjugated to goat anti-
mouse IgG and tetramethylthodamine 1sothiocyanate
(TRITC) conjugated to goat anti-rabbit [gG antibodies
were purchased from Jackson Immuno Research Labs
(West Grove, Pa.). Peroxidase-labeled goat anti-mouse
antibody was purchased from Amersham International
(Buckinghamshire, UK).

Primary skeletal muscle cell cultures

Primary cultures of mononucleated cells were prepared
from breast muscles of 11-day-old chick embryos. Frag-
ments of pectoral muscle were incubated for 10 min in a
calcium-and magnesium-free solution containing 0.25%
trypsin (Sigma). After removal of the trypsin solution,
cells were dispersed by repeated pipetting of the tissue in
culture medium (mimmum essential medium with 10%
horse serum, 0.5% chick embryo extract, 1% L-glutamine,
and 1% penicillin-streptomycin). The resulting suspension
was filtered, and the cells were plated at an initial density
of 5%10° cells/35-mm culture dish (Nunc, Copenhagen,
Denmark) onto 22-mm  aclar plastic coverslips (Pro-
Plastics, Linden, N.J.) previously coated with rat-tail
collagen. Cells were grown under a humidified 5% CO-
atmosphere at 37°C and fed daily with fresh culture
medium.
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The percentage of myoblasts in these cell cultures was
calculated by the double-labeling of 24-h cultured cells
with both DAPI (nuclear staining) and desmin (muscle-
specific marker) and subsequently counting the number of
desmin-positive cells m the total number of cells in the
field; on average, myoblasts made up 85% of each culture
and fibroblastic cells 15%.

Cholesterol depletion

For cholesterol depletion, cells were treated with MCD
(Sigma) at a final concentration of 2 mM in culture
medium (see above) in 24-h cultures, for 30 min at 37°C.
After MCD exposure, cultures were washed with culture
medium and grown for 24, 48, or 72 h. Both control and
MCD-treated cultures were observed by phase-contrast
microscopy and submitted to immunofluorescence mi-
croscopy. In some experiments, MCD at final concentra-
tions of 4 mM or 8 mM was added to the culture medium
of 24-h cultures in order to test the cellular effects of
various amounts of the chemical. In other experiments,
MCD at a final concentration of 2 mM was added to the
medium at 48 h or 72 h of culture (presence of myotubes)
in order to test the effect of cholesterol depletion during
myogenic differentiation. Some 24-h myogenic cultures
were treated with MCD-cholesterol complexes (1:10
molar ratio) in order to test whether MCD had any other
observable effect (besides cholesterol depletion) in these
cells.

Cholesterol determination assay

The amount of cholesterol in the culture media was
determined according to Courchaine et al. (1959) with
modifications. The amount of cholesterol was measured in
culture medium stock solution (prior to cell feeding), in
culture medium from 24-h skeletal muscle cultures, and in
culture medium from 24-h skeletal muscle cultures
immediately after MCD treatment (2 mM for 30 min).

GMI labeling with cholera toxin

Live control 24-h myoblasts and 24-h myoblasts imme-
diately after MCD treatment (2 mM for 30 min) were
incubated with fluorescently labeled cholera toxin B
subunit for 30 min at 4°C to induce the capping of GMI
ganglioside, followed by 30 min incubation at 37°C
(Marwali et al. 2003). Cells were then fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for
10 min at room temperature and examined with an
epifluorescence inverted optical microscope (Axiovert
100; Carl Zeiss, Oberkochen, Germany).



Immunofluorescence microscopy and digital image
acquisition

For immunofluorescence microscopy, cultures were rinsed
with PBS and fixed with 4% paraformaldehyde in PBS for
10 min at room temperature (Mermelstein et al. 1996).
They were then permeabilized with 0.5% Triton X-100
(Sigma) in PBS (3> 10 min). The same solution was used
for all subsequent washing steps. Cells were incubated
with one or two antibodies, at appropriate dilutions, for | h
at 37°C in a humid chamber, washed for 30 min, incubated
with secondary antibodies for 1 h at 37°C in a humid
chamber, and then washed for 30 min. Some dishes were
stained with rhodamine-phalloidin (3.3 uM in PBS) for
20 min at 37°C in a hunud chamber. After a 30-min wash
with PBS, DAPI (0.1 pg/'ml in 0.9% NaCl) was added for
5 min. Cells were washed for 5 min with 0.9% NaCl, and
specimens were mounted in glycerol containing (by
weight) 5% wn-propyl gallate, 0.25% 1,4-diazabicyclo
(2,2,2)octane, and 0.0025% para-phenylenediamine (all
from Sigma). Cells were examined with an epifluores-
cence inverted optical microscope (Axiovert 100; Carl
Zeiss) by using filters sets that were selective for
fluorescein, rhodamine, or the blue (UV) wavelength
channel. Images were acquired with a C24001 integrated
charge-coupled device camera (Hamamatsu Photonics,
Shizuoka, Japan) and an Argus 20 1mage processor
(Hamamatsu). Digitalized images were transferred to a
Dell OptiPlex GL 575 computer (Dell Corporate, Round
Rock, Tex.), and plates were mounted by using Adobe
Photoshop (Adobe Systems Incorporated, San Jose,
Calif.). Control experiments with no primary antibodies
showed only faint background staining (data not shown).
Live-cultured cells grown on collagen-coated aclar cover-
slips were examined, and images were acquired by phase-
contrast microscopy with the same microscope and digital
system described above.

Morphometric analysis

DAPI images were acquired as described above, and the
number of nuclei and amount of DNA were quantified by
using the public domain NIH Image program (available at
http://rsb.anfo.nih.gov/nih-image). The amount of DNA
was the sum, in each image, of the product of the area of
the objects times the mean intensity of the pixels of the
objects. These parameters (area, intensity, and object
number) were exported to Excel (Microsoft) and to
Statistica for Windows (StatSoft, Tulsa, Okla.), in which
Wilcoxon statistical analysis was performed. Since the
total brightness of the DAPI staining was different in each
experiment, we adjusted the threshold to obtain the best
nuclear identification. Accordingly, we expressed the
amount of DNA as a percentage of the control for each
day.

Myotube width was measured only in one region per
cell. The region with the greatest width in each myotube
was always chosen. Images were calibrated with a grated
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slide. A total of 200 myotubes from ten different myogenic
cell cultures was analyzed in each assay.

Immunoblotting of cell culture extracts

The protein content from the 48-h cultured control and
MCD-treated myogenic cells was quantified by using the
Folin phenol reagent (Lowry et al 1951), and then
proteins were extracted with a solution containing 62 mM
TRIS, 2% SDS and 5% pB-mercaptoethanol. Equal
amounts of protein were loaded for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
15% acrylamide; Laemmli 1970) and transferred to
nitrocellulose membranes. The proteins immobilized on
the membranes were immediately blocked for 1 h at room
temperature with a 5% solution of non-fat dry milk in
TRIS-buffered saline, Tween 20 solution (0.001%:; TBS-
T). The membranes were subsequently incubated with a
mouse monoclonal anti-troponin T antibody (dilution
1:200 i TBS-T). After five washes m TBS-T (3 min
each), the membranes were incubated with peroxidase-
conjugated anti-mouse antibody (dilution 1:1000 in TBS-
T) and washed again as described above. Bands were
visualized by using an ECL system kit (Amersham). The
same membranes used for immunodetection were stained
with Rouge Ponceau to evaluate the relative amounts of
transferred proteins. This procedure allowed the nommal-
1zation of the densitometric intensity of the immunoblot-
ting signal analyzed by the Scion Image program
(available at http:/www.scioncorp.com) and a precise
quantification of the levels of expressed troponin T.

Results and discussion

To investigate the cellular and molecular mechanisms
associated with cholesterol depletion in myoblast fusion
and skeletal muscle differentiation, we treated 24-h
cultured primary chick skeletal muscle cells with MCD
(2 mM) for 30 min and allowed the cells to grow in fresh
medium for 24, 48, and 72 h. Several studies have
demonstrated that cyclodextrins are efficient cholesterol-
sequestering agents (Gustavsson et al. 1999; Bodin et al.
2001). Cholesterol depletion by MCD did not block fusion
nor cause any arrest of differentiation (Fig. 1). Instead, it
clearly enhanced myaoblast fusion. The major change in
MCD-treated myoblasts allowed to grow for 72 h (Fig. lc,
d) was the formation of giant multinucleated myotubes, in
contrast with the thin shape of control myotubes (Fig. la,
b). The nucler of these MCD multinucleated cells were
clustered at the cell center (Fig. 1d) and were not aligned
in a longitudinal manner as in control myotubes (Fig. 1b).
Quantification of the images of day 3 and day 4 MCD-
treated myotubes showed that they had significantly
(P<0.02) more nuclei than control myotubes (Fig. le)
and that the total amount of DNA, as measured by DAPI
fluorescence, was higher than in control myotubes (for
details concerning the symbols, see the legend to Fig. le),
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«Fig. 1

Effect of MCD on myoblast differentiation. a Control
cultures of myogenic cells grown for 72 h are composed mostly of
long thin myotubes (phase contrast). b Their nuclei are well aligned
at the cell periphery (nuclear dye DAPI). ¢, d Treated myogenic
cultures (2 mM MCD for 30 min in 24-h cultures) grown for 72 h
have long thick myotubes (¢ phase contrast, d DAPI) with centrally
located, clustered nuclei. Bar 50 um (a—d). ¢ Quantification of the
images of 72-h and 96-h MCD-myotubes (as in b, d) showing that
the treated (squares, treat) myotubes have significantly (P<0.02)
more nuclei than control (cireles, cont) myotubes (filled symbals,
left axis), and that the total amount of DNA, as measured by DAPI
fluorescence (i), is higher in treated myotubes than in control
myotubes (open symbols, right axis) at the indicated days (). f
Cholesterol estimation in the culture medium of control (GM) and
treated (7M) cultures (2 mM MCD for 30 min in 24-h cultures),
immediately after treatment and in culture medium not added to
cultures (CM). Vertical bars represent the standard deviation.

indicating that cholesterol depletion by MCD induced cell
proliferation. In addition, the width of MCD-treated
myotubes was also altered (with a mean width + SD of
3546 pm compared with a 1042 pum width for control
myotubes). To confirm that cholesterol had been released
mto the culture medium of skeletal muscle cells after
MCD treatment, we quantified the cholesterol content in
the growth media of control and MCD-treated cultures
(immediately after MCD treatment). Culture medium from
MCD-treated cells (treated medium, TM) had more than
twice the amount of cholesterol found in the culture
medium of control (growth medium, GM) cells (Fig. 11).
Culture medium that was not offered to cells (control
medium, CM) was also used as a control, since most of the
cholesterol in the medium would be expected to come
from the 10% horse serum and the 0.5% chick embryo
extract (Fig. 1f).

The final differentiation step in skeletal myogenesis is
the formation of the myofibrils, which form the highly
organized contractile apparatus within myotubes. There-
fore, using immunofluorescence microscopy, we investi-
gated the distribution of a key sarcomeric protein, -
actinin, in MCD-treated myotubes in order to analyze the
presence and structure of myofibrils after cholesterol
depletion. Treated myotubes were normally striated, as
concluded from the sharp Z-line staining in these cells
(Fig. 2e), in a pattern indistinguishable from control 96-h
myotubes (Fig. 2b). Desmin intermediate filaments were
also analyzed. since they are muscle-specific markers
mvolved in myofibril assembly and cell differentiation.
Desmin filaments were similarly distributed throughout
the cytoplasm of both control and MCD-treated myotubes
(Fig. 2a, d. respectively). The modifications to the nuclei
described above and better visualized in Fig. 2c, f are
present, even though myofibril organization is normal in
MCD-treated myotubes.

Cholesterol 1s known to be a major component of
specialized and highly organized membrane microdomains
(Simons and Tkonen 1997). These microdomains can
move m the plane of the membrane and participate in
many cellular functions, from intracellular vesicle traffic to
signal transduction. They have a high content of choles-
terol, gangliosides (GM1), sphingolipids, and phospholi-
pids with long saturated fatty acyl chains and are less fluid
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than the rest of the membrane (Galbiati et al. 2001).
Cholesterol can influence the interaction between lipids
and proteins through the increase in the membrane
thickness within microdomains. Many proteins have
associations with microdomains or are dependent on
cholesterol or sphingolipids for their activity, and cells can
selectively include or exclude proteins from microdomains
(Klein et al. 1995; Mutoh et al. 1995). Many cell surface
receptors, glycosylphosphatidylinositol-anchored proteins,
and intracellular signaling proteins are concentrated in
lipid microdomains (Rothberg et al. 1990), and in this
way, myoblast fusion might be expected to be dependent
on the integrity of these microdomains. Although there are
comparatively few papers on the microdomains of skeletal
muscle membrane, one particular type, the caveolae
(Anderson 1998), has previously been characterized.
These caveolae are part of the dystrophin protein-
membrane complexes and thus play a role in human
disease (Galbiati et al. 2001). Nevertheless, a direct role
for microdomams in skeletal muscle differentiation has not
been described. We therefore decided to analyze the
distribution of the membrane GM1 ganglioside, which has
been used as a membrane microdomain marker, in both
control and cholesterol-depleted myogenic cells.

Fluorescently labeled cholera toxin, which specifically
binds to GM 1, was visualized as clusters in the membrane
of control 24-h myoblasts (Fig. 2g), whereas only a few
clusters were seen in myoblasts shortly after MCD
treatment (Fig. 21). These results led us to the conclusion
that a concentration of 2 mM MCD (for 30 min) was
enough to cause either a dispersion or a disappearance of
the majority of GM1-containing membrane microdomains
in 24-h chick myoblasts. The chemical modifications in
GMI induced by MCD were associated with an increase in
myoblast aggregation, as seen by nuclear staining (Fig. 2h,
i

To test whether MCD was effective in other myogenic
steps, we treated older cultures (48 h and 72 h) with MCD.
At these time points, MCD had no effect on cell shape, cell
number, nuclei positioning, or striation pattem compared
with control cultures (data not shown). One possible
explanation for these results is that myoblasts might be
sensitive to cholesterol depletion (by MCD) only when
they express specific membrane molecules involved in
cell-cell recognition, in a fusion-competent state. After
this specific time window, myotubes are formed, adhesion-
related molecules are recycled, and fusion is no longer
possible. We further tested whether higher concentrations
of MCD (4 mM or 8 mM) would have the same effects on
myogenic cultures. No significant differences were
observed (compared with 2 mM) indicating that 2 mM
was sufficient to induce mmportant changes in muscle
differentiation in early events while not nterfering with
cell viability.

The mitial steps of skeletal muscle differentiation
comprise cell recognition and adhesion in a pre-fusion
step. The observed changes in the placement of nuclei and
myotube shape induced by MCD could be caused by
changes in these early recognition steps. To study these



294

Fig. 2 MCD-treated myotubes
assemble normal myofibrils, and
MCD-treated mvoblasts display
few GMI-containing domains in
their membranes. Triple-stained
myotubes in a 96-h control
culture of myogenic cells.
Whereas desmin is distributed
throughout the myotube cyto-
plasm (a), sarcomeric-ce-actinin
labels Z-line striations (b). Nu-
clei are well aligned at the
myotube periphery (¢). MCD-
treated 96-h myotubes show a
normal desmin pattem (d), pe-
riodic e-actinin Z-line striations
(e), and nuclei clustered in the
central region (f). Bar 10 um
(€). A bipolar 24-h myoblast
displays many clustered GM -
containing microdomains
marked with fluorescently la-
beled cholera toxin (g), whereas
shortly after MCD treatment,
myoblasts have only a few GM 1
domains in their membranes (i).
Nugclei stained with DAPI (h, j).
Bar 10 um (h)

events in cholesterol depleted cells, we focused on the cell
adhesion protein, cadherin, and on its intracellularly
associated protein, P-catenin, both of which have been
implicated in myoblast adhesion and fusion (Goichberg et
al. 2001). In cultures 24 h after MCD treatment (Fig. 3a

c), pre-fusion spindle-shaped myoblasts showed many
lateral contacts with other cell membranes. In these MCD-
treated cells, we observed mtense immunolabeling for (-
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catenin (Fig. 3b, arrow) and actin filaments (Fig. 3a) in
cells that were in close proximity as revealed by the
nuclear stain (Fig. 3¢). The major difference was clearly
the greater number of myoblasts in MCD-treated cultures
when compared with 48-h control myoblasts (Fig. 3d,

arrow). After 24 h, the associated protein cadherin
(Fig. 3h, arrow) notably had the same cell distribution as
p-catenin  (compare with Fig. 3a) in control cells.
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Fig. 3 in MCD-treated

Cell-adhesion proteins accumulate
myoblasts. In cultures 24 h after MCD treatment, pre-fusion
myoblasts show intense immunolabeling for (-catenin (b arrow-
head), cadherin (h), and phalloidin-labeled actin filaments (a) in
cell-cell contacts (@vows), similar to cadherin in 48-h control

Interestingly, when fusion took place (48 h after MCD
treatment), we discemed weak immunolabeling of (-
catenin (Fig. 3f), whereas actin filaments remained
organized in stress fibers (Fig. 3e), and the nuclei became
tightly packed (Fig. 3g). The association of cadherin and
[p-catenin with cell-cell contacts becomes apparent at the
onset of skeletal muscle differentiation, whereas they are
down regulated after myoblast fusion, when myotubes are
formed (Goichberg et al. 2001). Furthermore, changes in
[p-catenin/cadherin on the membrane may result from a
reduction in cholesterol; this change is a pre-requisite for
cell fusion, which 1s in agreement with our present results.

In order to analyze whether MCD treatment affected an
early step in myogenic differentiation, we decided to
compare the expression of the muscle marker protein,
troponin T, in 48-h control and MCD-treated cells (Fig. 4).
Quantitative immunoblotting showed that the expression
of troponin T increased two-fold to three-fold (Fig. 4b) in
cells treated with 2 mM MCD. In order to test whether
MCD had any other observable effects in myoblast
cultures besides cholesterol depletion, we treated myo-
genic cultures, in a separate experiment, with the MCD-
cholesterol complex in a 1:10 molar ratio. When saturated
with exogenous cholesterol, MCD becomes unable to
remove cholesterol from the membranes (Gustavsson et al.
1999). Treatment with the MCD-cholesterol complex
produces no significant effect on myogenic cultures
(data not shown). These results point to a stimulatory
effect of cholesterol depletion in myogenic differentiation
and in the enhancement of myoblast fusion.

Given that microtubules undertake an organizational
role during muscle differentiation (Tassin et al. 1985) and
that MCD-treated myotubes display atypical nuclei local-
ization (Fig. 5b, d, control and MCD-treated, respec-
tively), we decided to examine their microtubules. On o-
tubulin immunolabeling, MCD-treated myotubes show a
microtubule network running longitudinally along the
major axis of the cells (Fig. 5c¢), with undetectable
differences from control myotubes (Fig. 5a). Therefore,

myoblasts (d arrow). Whereas the nuclei of MCD-treated cultures
are in close proximity (¢), they become tightly packed after fusion
(g). In cultures 48 h after MCD treatment, myotubes show a more
intense F-actin stain (¢) and weak immunolabeling of (j-catenin (f).
Bars 10 um (in ¢ for a—¢, and in d for d-h)

Agpe K .
38 kDa I-q s b
B
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(&

Arbitrary units
&

contrel MCD

Fig. 4 Cholesterol depletion enhances the differentiation of
myoblasts. Myogenic cells cultured for 48 h following the absence
or presence of MCD were washed and solubilized in SDS-PAGE
lysis buffer. a Top Rouge Ponceau (RP) staining of the nitrocellulose
membrane containing the transfemred proteins. Bottom Immunoblot-
ting (/b) of troponin T (38 kDa). b Troponin T expression: the ratio
between the densitometric values of 38-kDa RP and Ib, respectively
(a representative expenment)

microtubules are not likely to be involved in nuclear
displacement during cholesterol depletion of muscle cells.

Taken as a whole, our data demonstrate that cholesterol
depletion by MCD increases myogenic differentiation,
enhances myoblast fusion, and induces the formation of
large multinucleated and striated myotubes with their
nuclei being clustered and not aligned at the cell periphery.
Microtubule and desmin filament distribution 1s not altered
m MCD-treated myotubes. Cadherin and p-catenin
accumulates in cell-cell contacts in MCD-treated myo-
blasts prior to fusion, with more cells being present in the
pre-fusion aggregates. We propose a model whereby
MCD-induced nuclear displacement is correlated with the
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Fig. 5 OQrganization of microtubules in MCD-treated myotubes and
proposed model for the effects of MCD-induced cholesterol
depletion in myvogenic cells. Microtubules occupy the whole
myotube cytoplasm in a longitudinal arrangement in both 72-h
control (a) and 72-h MCD-treated (¢) myotubes, as shown with
anti-c-tubulin antibody. Nuclei are well aligned at the periphery of
control myotubes (b) and are clustered in the central region of
MCD-treated myotubes (d). Bar 10 pum (b). Schematically, in

formation of larger myoblast aggregates (see Fig. 5e-h).
We have also not been able to visualize the membrane
microdomain marker GM1 as clusters within the mem-
brane of MCD-treated myoblasts, suggesting that the
depletion of cholesterol by MCD alters the distribution
and/or structure of myoblast membrane microdomains.
One possible explanation 1s that cholesterol-enriched
membrane microdomains restrict myoblast recognition,
and that fusion can only occur when the domains are
disorganized or internalized, the membrane becomes more
fluid, and adhesion molecules (such as cadherins) can
form fusion-competent complexes. Previous data showing
that a decrease in membrane cholesterol i1s necessary for
myoblast fusion (Sekiya et al. 1984; Hirayama et al. 2001;
Nakanishi et al. 2001) are in agreement with our results.
The hypothesis of the internalization of cholesterol-
enriched microdomains participating in myoblast fusion
also corroborates the work of Kalderon and Gilula (1979).
Using freeze-fracture electron microscopy, they have
observed particle-free regions in myoblast membranes at
the fusion sites of myoblasts and have also found vesicles
near the intracellular surface of the plasma membrane,
which could be a consequence of the intemalization of
specific membrane regions. We cannot exclude, however,
a cooperative influence of ncreased number of myoblasts
in the fusion process as previously proposed (Musaro et al.
1999). Further experiments are necessary in order to
understand the role and molecular composition of choles-
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normal myogenesis, bipolar 24-h myoblasts align with each other,
guided by recognition between their plasma membranes (¢) and fuse
over 48 h to form long multinucleated myotubes (f), with sharp
striations and aligned nuclei. Myoblasts, 24 h after treatment with
MCD display an enhancement of cell adhesion and fusion (g)
leading, after 48 h, to the formation of thick well-striated giant
multinucleated myotubes with clustered nuclei (h).

terol-enriched membrane microdomains during the various
stages of skeletal muscle differentiation.
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Abstract  Myogenic differentiation is a multistep pro-
cess that begins with the commitment of mononucleated
precursors that withdraw from cell cycle. These myo-
blasts elongate while aligning to each other, guided by
the recognition between their membranes. This step 1s
followed by cell fusion and the formation of long and
striated multinucleated myotubes. We have recently
shown that cholesterol depletion by methyl-p-cyclodex-
trin (MBCD) induces myogenic differentiation by en-
hancing myoblast recognition and fusion. Here, we
further studied the signaling pathwayvs responsible for
early steps of myogenesis. As it 1s known that Wnt plays
a role in muscle differentiation, we used the chemical
MPBCD to deplete membrane cholesterol and investigate
the invelvement of the Wnt/B-catenin pathway during
myogenesis. We show that cholesterol depletion pro-
moted a significant increase in expression of f-catenin,
its nuclear translocation and activation ol the Wnt
pathway. Moreover, we show that the activation of
the Wnt pathway alter cholesterol depletion can be
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inhibited by the soluble protein Freb-1. Our data suggest
that membrane cholesterol 1s involved in Wnt/p-catenin
signaling in the early steps of myogenic differentiation.
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differentiation -

- P-catenin - myogenic
cholesterol - myogenesis

Introduction

The development of skeletal muscle begins with the
emergence ol mononucleated muscle precursor cells,
which proliferate a number of times before ceasing
DNA replication. These myoblasts will then align with
each other guided by the recognition between their
plasma membranes, and subsequently fuse into mult-
nucleated myotubes. This multistep process is influ-
enced by a number of growth factors and determination
factors, such as the proteins of the Wnt pathway that
are required lor the induction of embryonic myogenesis
(Tajbakhsh et al, 1998). The Wnt family ol genes en-
codes for over 20 cysteine-rich secreted glycoproteins
that act by binding to seven transmembrane domain
frizzled receptors (Fz) on target cells. Wnts mediate
their activities through Fz, which in turn activate
p-catenin-dependent  and/or -independent signaling
pathways (Huelsken and Birchmeier, 2001). pP-catenin
plays an essential role in the canonical Wnt signaling
pathway that regulates many cellular events including
differentiation, proliferation, and morphogenesis
(Wodarz and Nusse, 1998; Nelson and Nusse, 2004).
In the “*off state’” of the Wnt/p-catenin signaling path-
way, cells maintain low cytoplasmic and nuclear levels
of B-catenin and P-catenin associates with cadherins at
the plasma membrane, sparing it {rom the degradative
pathway. Upon Wnt stimulation, p-catenin enters the
nucleus and acts in a complex with members ol the
T cell factor/Lymphoid enhancer factor (TCF/Lef)

1.8, Copyright Clearance Center Code Stateraent: (1301 4681/2007/7503-184 S15.00/0



family ol transcription lactors to activate target genes
{Hectht and Kemler, 2000).

Recently, our group has shown that cholesterol de-
pletion by methvl-B-cyvclodextrin (MBCD) induces rep-
lication and dilfferentiation in chick-cultured myogenic
cells (Mermelstein et al., 2005). MBCD 1s a chemical
that selectively removes cholesterol from cell mem-
branes (Hangumaran and Hoessli, 1998) disorganizing
cholesterol-enriched membrane microdomains. In the
present work, we further study the effects of cholesterol
depletion in the induction of myogenesis. We use
MBCD to change the membrane composition and
structure to investigate the role of Wnt/f-catenin sig-
naling associated with cholesterol during the early
events ol myogenic differentiation. We analvze the ex-
pression and distribution of f-catenin as a downstream
component of the Wnt pathway. Taken together, the
data presented here provide evidence that cholesterol
depletion from myoblasts membranes induces the acti-
vation ol the Wnt signaling pathway, the enhancement
of P-catenin expression, and its nuclear translocation.
Our data demonstrate that Wnt signaling 1s involved in
the early steps of myvogenic differentiation and can be
influenced by membrane cholesterol.

Methods

Antibodies and fluorescent probes

DNA-binding probe 4,6-diamidino-2-phenylindole dyhydrochlor-
ide (DAPT) was purchased from Molecular Probes (Eugene, OR).
Rabbit polyclonal anti-p-catenin antibody, mouse monoconal anti-
a-tubulin antibody (clone DM 1 A), and mouse monoclonal anti-x-
sarcomeric actin (clone 5C35) antibodies were purchased from Sigma
Chemical Co. (5t. Louis, MO). Tetramethylrhodamine isothiocy-
anate (TRITC)-conjugated goat anti-rabbit immunoglobulin G
(Ig(s) antibody was purchased from Jackson Immuno Research
Labs (West Grove, PA). Peroxidase-conjugated goat anti-mouse
antibody and peroxidase-conjugated goat anti-rabbit antibody were
purchased from Promega (Madison, WT).

Primary myogenic cell cultures

All cell culture reagents were purchased from Invitrogen (Sio Paulo,
Brazl). Primary cultures of mononucleated cells were prepared from
breast muscles of 11-day-old chick embryos (Mermelstein et al.,
2005). Fragments of pectoral muscle were incubated at 37°C for
10min in calcium-magnesium-free solution contaming 0.25% trypsin
(Sigma). After removal of the trypsin solution, cells were dispersed by
repeated pipetting in cultured medium (minimum essential medium
(MEM) with 10% horse serum, 0.5% chick embryo extract, 1%
L-glutamine, and 1% penicillin-streptomycin). The resulting suspen-
sion was filtered and cells were plated at an imitial density of
5 10%cells/35mm culture dishes (Nunc, Copenhagen, Denmark)
onto 22mmeaclar plastic coverslips (Pro-Plastics Inc., Linden, NT)
previously coated with rat tail collagen. Cells were grown under hu-
midified 5% CO; atmosphere at 37°C and fed daily with fresh cul-
tured medium.

Cholesterol depletion by MBCD

For cholesterol depletion, cells were treated for 30min with MBCD
(Sigma) at a final concentration of 2mM in cultured medium after
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the first 24 hr of culture (Mermelstein et al., 2005). After MBCD
exposure, cultures were washed with cultured medium and grown
for the next 3, 24, 48, or 72hr. These conditions were used in
all experiments, except when cells were submitted to plasmid
transfection.

Generation of Frzbl-enriched cultured medium

Embryonic human kidney cells (293T) were cultured in DMEM
containing 10% fetal call serum and transiently transfected with
10 pg of the pcDNA3Frzb-1 vector kindly provided by Dr. De
Robertis (Leyns et al., 1997). Transfection was carried out at 50%—
T0% cell confluency by a standard calcium phosphate technique
according to Pera and De Robertis (2000). Conditioned Frzbl-
enriched medium was obtained by culturing the transfected cells in
DMEM/F12/Iscove’s supplemented with non-essential amino acids
for 48 hr after transfection. The Wnt signaling inhibitory activity of
Frzb-1 was tested by blocking the luciferase activity of 293 T cell
transfected with topFlash and Wnt as described below. MBCD-
treated and control myogenic cells (with 24 hr) were grown in the
presence of Frzbl-enriched medium for the next 24hr, when live
cultures (control and MPBCD-treated) were examined under phase
contrast microscopy with an inverted optical microscope Axiovert
100 (Carl Zeiss, Oberkochen, Germany), and images were acquired
using the same system described below.

Preparation of Triton X-100-soluble and -insoluble protein
fractions

Some 24-hr myogenic cultures were treated with MBCD (2mM for
30 min), washed with cultured medium, and grown for the next 3 hr.
Cells (control and MPCD-treated grown for 27 hr) were quickly
washed in ice-cold phosphate-buffered saline (PBS). To differenti-
ate between Triton X-100-soluble and -insoluble proteins, cells were
extracted directly from the culture dishes for 2min in 50 mM
H{N-morpholino] ethanesulfonic acd buffer, pH 6.0, containing
0.5% Triton X-100, 2.5 mM ethylene glycol tetraacetic acid, 5mM
MgCls, in the presence of protein inhibitors (all from Sigma). The
Triton-insoluble fraction was scraped off the plate with a rubber
policeman in the same volume of the above buffer. Identical al-
iquots of both fractions were boiled in sample buffer (4% sodium
dodecyl sulfate [SDS], 20% glycerol, 0.2M dithioethreitol, 125 mM
Tris-HCl pH 6.8) and subjected to SDS-PAGE (SDS-polyacryl-
amide gel electrophoresis), followed by immunoblotting.

Immunofluorescence microscopy and digital image acquisition

For immunofluorescence microscopy. cultures were rinsed with
PBS and fixed with 4% paraformaldehyde in PBS for 10min at
room temperature (Mermelstein et al, 1996). They were then
permeabilized with 0.5% Triton-X 100 in PBS three times for
10min. The same solution was used for all subsequent washing
steps. Cells were mcubated with a rabbit polyclonal anti-f-catenin
antibody (dilution 1:50 in PBS/0.5% Triton-X 100), for | hr at 37°C
in a humid chamber. After incubation, cells were washed for 30 min
and incubated with TRITC-conjugated goat anti-rabbit Ig( anti-
body for 1 hr at 37°C in a humid chamber, and then washed for
I min. After a 10-min wash with 0.9% NaCl, DAPI (0.1 pg/ml in
0.9% NaCl) was added for 5min. Cells were washed for 5 min with
0.9% NaCl and specimens were mounted in glycerol contaming (by
weight) 5% n-propyl gallate, 0.25% 1. 4-diazabicyclo(2,2.2)octane,
and 0.0025% para-phenylenediamine (all from Sigma). Cells were
examined with an epifluorescence inverted optical microscope Axi-
overt 100 (Carl Zeiss), using filter sets that were selective for flu-
orescein, rhodamine, or the blue (UV) wavelength channel. Images
were acquired with a C2400i-integrated CCD camera (Hamamatsu
Photonics, Shizuoka, Japan) using an Argus 20 image processor
(Hamamatsu). Digitalized images were transferred to a Dell Optiplex
X270 computer (Dell Corporate, Round Rock, TX) and plates
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were mounted using Adobe Photoshop (Adobe Systems Incorpor-
ated, San Jose, CA). Control experiments with no primary antibodies
showed only a faint background staining (data not shown).

Cell transfection and luciferase activity assay

Myogenic cells cultured in a 96-well plate for 24 hr in 80% con-
fluence were transfected with plasmids pGal (for p-galactosidase
expression), FOP-Flash (negative control luciferase reporter mu-
tated in the TCF/Lef binding site), and TOP-Flash (luciferase re-
porter containing the TCF/Lef binding site) using PolyFect
Transfection Reagent (Qiagen Inc., Valencia, CA). DNA mixture
was maintained at room temperature for 20min and then diluted in
MEM without serum. This mixture was added to cells and main-
tained for 6hr at 37°C. After that, MEM with 10% horse serum
was added to cells. We used triplicate wells for each experimental
condition. 24 hr after transfection, some cells were treated with
MPBCD. Then, 24hr later, all cells (control and MPCD-treated)
were lysed with lysis buffer (Promega). Luciferase activity was de-
tected by adding the enzyme substrate according to the manufac-
ture’s directions and the samples were read in a Tecan GENios
Luminometer (Tecan Group Ltd., Mannedorf, Switzerland). The
expression of f-galactosidase activity was measured by adding X-gal
to the well and read uwsing a spectrophotometer. In order to nor-
malize the data, the luaferase activity index was calculated by div-
iding the luciferase value by pf-galactosidase. Graphs were plotted in
Microsoft Excel 6.0 (Microsoft Informatica Ltd., S3o Paulo, Brazil ).

Using the same approach described above, we transiently ex-
pressed a luciferase reporter plasmid containing a promoter specif-
ically responsive to Lef-1 (Top-Flash) in 24-hr myogenic cell
cultures and then treated some cells with conditioned medium col-
lected from MACD-treated cultures grown for 3 hr after cholesterol
depletion (2mM MBCD for 30min in 24-hr cultures), or condi-
tioned medium collected from control (untreated) cultures grown
for 27 hr, or an Frzbl-enriched medium. Then, 24 hr later, all cells
were lysed with lvsis buffer and analyzed as described above.

Immunoblotting of cell extracts

Cultured myogenic cells were quickly washed in ice-cold PBS and
50 pL of sample builer (4% SDS, 20% glycerol, 0.2 M dithioethre-
itol, 125mM Tris-HCl, pH 6.8) was added to the cells. Cell extract
was then recovered in a tube, centrifuged, and boiled for 5 min. The
amount of protein in each sample was determined according to
Bradford (1976). using bovine serum albumin as a standard, and
equal amounts of protein were loaded on the gel. Samples were
loaded in 10% SDS-PAGE (Lacmmli, 1970). Proteins were trans-
ferred to polyvinylidenfluoride membranes (Millipore, Sio Paulo,
Brazil). The proteins immobilized on the membranes were mme-
diately blocked for | hr at room temperature with a 5% non-fat dry
milk in Tris-buffered salme-Tween 20 solution (0.001%; TBS-T).
Then, the membranes were incubated with a rabbit polyclonal anti-
f-catenin antibody (dilution 1:1,000 in TBS-T) or with a mouse
monoclonal anti-e-sarcomeric actin antibody (dilution 1:1.000 in
TBS-T). After five washes in TBS-T (3min each), the membranes
were incubated with anti-rabbit or anti-mouse peroxidase-conju-
gated antibody (Promega, dilution 1:1,000 in TBS-T), washed again
as described above and the bands were visualized using the West
Pico Pierce kit (Pierce, Rockford, IL). To check sample loading in
some experiments, membranes were treated with striping buffer
(2% SDS, 100 mM Z-mercaptoethanol, 62.5mM Tris-HCI pH 6.7)
for 30 min at 50°C, washed five times in TBS-T and blocked again
as described above. Then the membranes were incubated with a
mouse monoclonal anti-a-tubulin antibody (dilution 1:3,000 in
TBS-T-milk). After five washes in TBS-T (3 min each). membranes
were incubated with anti-mouse peroxidase conjugated antibody
(Promega. dilution 1:1,000 in TBS-T-milk) and developed as de-
scribed above.
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Results

f-catenin is translocated to nuclel and its expression 1s
increased in cholesterol-depleted myogenic cells

To investigate whether P-catenin is involved in the
cellular and molecular mechanisms associated with chol-
esterol depletion during myogenic differentiation (Mer-
melstein et al., 2005), we treated 24-hr-cultured primary
chick myogenic cells with MBCD (2mM) during 30 min
and allowed cells to grow in fresh medium for the next 3,
24, 4R, and 72hr. Fist, we used mmmunofluorescence
staining to study the cellular localization of P-catenin in
both control and MPBCD-treated myogenic cells (Fig. 1).
Consistent with previous reports, we found B-catenin in
adhesion lines along the membranes of adjacent pre-fusion
myoblasts (Goichberg et al, 2001) in the first 48 hr of non-
treated cultures (Fig. 1E), as well as in MBCD-treated cells
(Fig. 1G) grown for 48 hr (cells were grown lor 24 hr,
treated with MBCD, and grown for the next 24 hr). More-
over, we detected P-catenin reactivity within the nuclei of
cells grown for 27 hr (cells were grown for 24 hr, treated
with MPBCD, and grown lor the next 3 hr; Fig. 1C), as well
as m cells grown for 48 hr (cells were grown for 24hr,
treated with MBCD, and grown for the next 24 hr; Fig
1G). Control myoblasts {grown for 27 hr) also presented p-
catenin labeling within their nuclei (Fig. 1A), which is in
accordance with Goichberg et al. (2001), who found [-
catenin nuclear localization in myoblasts before their dif-
lerentiation. Notably, we found a 45% enhancement in the
number of myoblasts positive for nuclear P-catenin after
3hr of MBCD treatment (compare Fig. 1A with 1C).
P-catenin was detected along the membrane in both con-
trol (Fig. 11) and MBCD treated-multinucleated myotubes
{cells were grown for 24hr, treated with MPCD, and
grown for the next 48hr, Fig. 1K). In control and in
MPCD-treated myotubes, no nuclear f-catenin labeling
was detected (Figs. 1LIK).

We next analvzed the expression of B-catenin in both
control and MPCD-treated cells by immunoblot
(Fig. 2). MBCD-treated mvoblasts cultured lor 48 hr
expressed higher levels of P-catenin when compared
with untreated cells (Fig. 2A). By analyzing the optical
density of the B-catenin bands in the Western blots, we
estimated a more than twolold increase in f-catenin
expression in MBCD-treated myoblasts (Fig. 2B).

These results suggest that cholesterol depletion by
MBCD treatment up-regulates P-catenin expression in
myogenic-cultured cells.

Enhancement of f-catenin is observed in the membrane
and within the nuclei of myvogenic cells after cholesterol
depletion

To evaluate the proportion of f-catenin present within
the nuclei and associated with the membrane (in cad-



herin-based adhesions) in both control and MBCD-
treated cells, we performed a Western blot against
f-catenin using Triton X-100-soluble and Triton X-100-
insoluble fractions (Fig. 3), according to the description
ol Goichberg et al. (2001). The presence of [-catenin in
a Triton X-100-insoluble fraction suggests that the pro-
tein 1s associated with the cytoskeleton (with cadherin-
based adhesions), while the presence of P-catenin in a
Triton X-100-soluble fraction suggests that the protein
15 enriched in the nucleus (cytosolic B-catenin is rapidly
degraded m cells). We demonstrated that alter MBCD-
treatment, P-catenin expression is enhanced in both
intracellular compartments: associated with the mem-
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Fig. 1 Nuclear translocation of
p-catenin in methyl-f-cyclodextrin
(MBCD)treated myogenic cells.
Myogenic cultured cells were fixed
and double-stained with a rabbit
polyclonal anti-f-catenin antibody
(A, C, E, G, 1, and K) and the
DMNA-specific probe DAPI (B, D,
F, H, J, and L). Control cells were
grown for 27hr (A and B), or 48 hr
(E and F), or 72 hr (I and J) before
staining. Other cells were grown
for 24hr, treated with MBCD
(2mM) for 30 min, and grown for
the next 3hr (C and D), or 24 hr
(G and H), or 48 hr (K and L) be-
fore staining. Mote the P-catenin
distribution in  adhesion lines
(arrows) along the membranes of
adjacent pre-fusion control (E) and
MPCD-treated myogenic cells (G),
within the nuclei (arrowheads) in
control cells (A) and in MBCD-
treated cells (C and G). Scale bar
represents 10 pm.

brane (in cadherin-based adhesions) and within the nu-
clel (Figs. 3A3B). Control cells showed lower amounts
of p-catenin  in  both compartments

(Figs. 3A,3B).

mtracellular

Cholesterol depletion activates the Wnt/B-catenin
signaling pathway in myogenic cells

As our previous results (Figs. 1,3) demonstrated the
presence ol P-catenin within the nucler of MBCD-
treated myoblasts, we decided to investigate whether
this could mean activation of the TCF/Lel responsive



188

A Co MBCD

[;-catenin — - - 88 kDa

300
250
200
150
100

50

Integrated optical density (arbitrary units) @

Co MpCD

Fig.2 Expression of f-catenin is enhanced in methyl-f-cyclodextrin
(MPBCD)-treated myogenic cells. (A) Control myogenic cells (Co)
were grown for 48hr. Other cells were grown for 24 hr, treated with
MBCD (2mM) for 30min, and grown for the next 24 hr. Both cell
culture extracts were analyzed in Western blot using an anti-p-
catenin antibody. (B) Extract quantification of MPCD-treated
myogenic cells revealed a more than twofold increase in the levels of
frcatenin (88kDa) expression when compared with control cells.
Two independent experiments were used for the quantification.

element present in the Wnt/B-catenin luciferase reporter
Top-Flash (Fig. 4). Myoblasts transfected with Top-
Flash showed high levels of luciferase activity, in con-
trast to the low levels of luciferase activity found in a
sister culture of myoblasts transfected with Fop-Flash,
a reporter that contains a mutation in the TCF/Lel-
binding site (Fig. 4). However, luciferase activity was
higher when myoblasts transfected with Top-Flash were
treated with MBCD (Fig. 4), in contrast to the low lev-
els of luciferase activity found in myoblasts transfected
with Fop-Flash and treated with MPCD. These results
indicated that MBCD treatment of myoblasts induces
the activation of the Wnt/p-catenin signaling pathway.

Cholesterol depletion by MBCD induces Wnt secretion
in myogenic cultures

Polesskava et al. (2003) have shown that Wnt signaling
is sufficient to induce the myogenic specification of
muscle-derived CD457 stem cells. Thus, we decided to
analyze whether cholesterol depletion of myogenic cells
was followed by Wnt secretion to the cultured medium.
Using the same approach described above, we transi-
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Fig. 3 P-catenin is found in the membrane and within the nuclei of
myogenic cells after methyl-f-cyclodextrin (MPBCD) treatment. (A)
Control myogenic cells (Co) were grown for 27hr. Other cells were
grown for 24 hr, treated with MBCD (2mM) for 30min, and grown
for the next 3hr. Triton X-100-soluble and -insoluble protein ex-
tracts were treated and analyzed in Western blot using anti-p-cat-
enin antibody (upper blot). The lower Western blot shows - tubulin
(55 kDa) reactivity of the same samples and was used to normalize
sample loading. (B) Extract quantification of MPCD-treated
myoblast revealed an increase in the levels of P-catenin (88 kDa)
expression in both Triton X-100-soluble (nuclei) and -insoluble
(membrane) fractions when compared with control cells.

ently expressed a luciferase reporter plasmid containing
a promoter specilically responsive to Lef-1 (Top-Flash)
and then treated cells with conditioned medium collect-
ed from MBCD-treated cultures {grown for 3hr alter
cholesterol depletion). Figure 4 shows significant Lef-1-
responsive transcription of transfected cultures treated
with conditioned medium (Top MBCD+cm). Unex-
pectedly, we also found significant Top-Flash induction
in cultures treated with conditioned medium collected
from cultures untreated with MPBCD (Fig. 4, Top
Co-+cm), showing that both control and MBCD-con-
ditioned medium can activate Wnt/f-catenin signaling.
These observations could suggest that cholesterol de-
pletion of myogenic cells induces the secretion of Wnt
proteins to the culture medium, but the levels of these
proteins might already be high in non-treated myoblast
cultures.

Frzb-1 inhibits the activation of the Wnt/p-catenin
signaling pathway after cholesterol depletion

In order to further study whether there are more Wnt
proteins in the culture medium of MPBCD-treated cells,
we used the soluble frizzled receptor Freb-1. Frzb-11s a
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Fig. 4 Wnt signaling is activated in methyl-f-cyclodextrin (MBCD)-
treated myogenic cells. Myogenic cultured cells (control and
MPCD-treated) were transiently transfected with a luaferase re-
porter plasmid (Top-Flash). Non-treated myoblasts transfected
with Top-Flash showed high levels of luciferase activity (Top Co),
whereas MPCD-treated cells exhibit a significantly higher activa-
tion of the reporter (Top MPBCD). Cells transfected with Top-Flash
and grown in conditioned medium collected from MBCD-treated
cultures (grown for 3 hr after cholesterol depletion) showed high
activation of the reporter (Top MPCD+cm). as well as control
Top-Flash-transfected cells grown in conditioned medium collected
from non-treated cultures (Top Co+cm). Cells transfected with
Top-Flash, treated with MPBCD, and grown in Frzbl-enriched
medium  showed a lower activation of the reporter (Top
MPBCD+Frzbl), as well as control Top-Flash-transfected cells
grown in the same Frzbl-ennched medium (Top Co+Frzb-1). The
specificity of the effects on the Lef-]1 reporter Top-Flash was con-
firmed using a plasmid Fop-Flash, which contains mutated Lef-1-
binding sites (Fop).

secreted protein containing a domain similar to the pu-
tative Wnt-binding region of the frizzled family of
transmembrane receptors (Leyns et al., 1997). Control
and cholesterol-depleted myogenic cells grown for 24 hr
were transfected with Top-Flash {as described above)
and then treated with an Frezbl-enriched medium for
the next 24 hr (Fig. 4). Both cells {control and MCD-
treated), transfected with Top-Flash and treated with
Frzb-1-enriched medium, showed very low levels of lu-
ciferase activity (Fig. 4), indicating an inhibitory effect
of Frzb-1 in the activation of the Wnt pathway after
cholesterol depletion. We also observed the effects of
the Frebl-enriched medium in control and MBCD-
treated cultures in phase contrast microscopy (Fig. 5).
Cholesterol depleted-cells grown in the presence of
Frzb-1 (Fig. 5D) showed a morphology (thickness of
myotubes) similar to  control (non-treated) cells
(Figs. 5A.5C), confirming the mhibitory effects of
Frzb-1 shown in Figure 4.

Cholesterol-depleted myogenic cells have an increased
expression of myogenic dilferentiation markers

To explore the possibility that activation of the Wnt/
B-catening signaling pathway in cholesterol-depleted
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cultures (shown in Fig. 4) induces myogenic differenti-
ation, we examined the expression ol a myogenic dif-
lerentiation marker (x-sarcomeric actin) in both control
and MBCD-treated cultures by immunoblotting
(Fig. 6). MBCD-treated myoblasts cultured for 48hr
expressed higher levels ol s-sarcomeric actin than un-
treated cells (Fig. 6A). By analyzing the optical density
ol the protein bands detected in the Western blots, we
estimated a 40% Increase In g-sarcomeric actin expres-
sion in MPCD-treated myoblasts (Fig. 6B). These
observations suggest that cholesterol depletion of myo-
genic cells induces myogenic differentiation.

Discussion

Recently, our group has shown that cholesterol deple-
tion by MPCD induces cell proliferation and myogenic
differentiation in chick-cultured muscle cells (Mermel-
stein et al., 2005). In the present work, we studied the
role of Wnt/B-catenin signaling during myogenic differ-
entiation after cholesterol depletion. The results
presented here show that cholesterol depletion by
MBCD from primary chick myoblast cultures increas-
es f-catenin expression, its translocation to the nuclei,
and activation of the Wnt/p-catenin signaling pathway.
Furthermore, we observed that MBCD-treated myo-
blasts increased the expression ol the muscle-specific
protein g-sarcomeric actin. Our data suggest that a de-
crease In the amount of sarcolemmal cholesterol could
be a regulatory mechanism in the mitial myogenic dif-
lerentiation.

Muscle differentiation 1s a multistep process that is
mitiated by signals that cause mvogenic commitment
and the emergence ol muscle precursor cells, which may
proliferate a number of times belore ceasing DNA rep-
lication. After cell cyele arrest, recognition, and align-
ment of individual myoblasts, these mononucleated
cells fuse into multinucleated myotubes. The major mo-
lecular signals that induce the mvogenic specification
and dilferentiation pathway are mediated by Sonic
hedgehog (Boryeki et al., 1999) and Wnt molecules. As
Wnt signaling has a crucial role in the initiation of
myogenesis (Linker et al., 2003) and in myogenic late
determination and differentiation (Cossu and Borello,
1999; Ridgeway et al., 2000; Petropoulos and Skerjanc,
2002), we have locused our experiments on the role
of cholesterol depletion in Wnt signaling during
My ogenesis.

In vitro models such as primary chick myogenic cul-
tures can give rise to a heterogeneous population of cells
(Holtzer et al., 1991), composed mainly of multinucle-
ated myotubes expressing muscle-specific structural
proteins, spindle-shaped post-mitotic mononucleated
myoblasts, replicating presumptive mononucleated
myoblasts, quiescent round-shaped mononucleated
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Fig.t Expression of a-sarcomernic actin is enhanced in methyl-f-
cyclodextrin (MBCD)-treated myogenic cells. (A) Control myogenic
cells (Co) were grown for 48hr. Other cells were grown for 24 hr,
treated with MBCD (2mM) for 30min, and grown for the next
24 hr. Both cell culture extracts were analyzed in Western blot using
anti-g-sarcomeric actin antibody. (B) Extract quantification of
MBCD-treated myogenic cells revealed a 40% increase in the levels
of a-sarcomeric actin (43kDa) expression when compared with
control cells. Two independent experiments were used for the
quantification.
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Fig. 5 Frzb-1 inhibits the effects of methyl-p-
cyclodextrin (MBCD) treatment in myogenic
cell cultures. Control myogenic cells were
grown for 48hr (A), and other cells were
grown for 24 hr, treated with MBCD (2 mM)
for 30 min, and grown for the next 24 hr (B).
Some 24hr non-treated cultures (C) and
MPCD-treated cultures (D) were grown in
the presence of an Frzbl-enriched medium
for the next 24 hr, and then live cells were
analyzed with phase contrast microscopy.
Scale bar represents 100 pm.

myoblasts, and fibroblastic cells. Quiescent myoblasts
retain the ability to be activated and proliferate after
specific induction. Recently, we showed an enhance-
ment in cell proliferation and in mvogenic differenti-
ation in primary cell cultures treated with MBCD
(Mermelstein et al., 2005). Here, we show that MRCD
treatment of myoblasts mduces the activation of the
Wnt/p-catenin signaling pathway. Cholesterol depletion
by MBCD could induce mvogenic differentiation of
quiescent myoblasts by the activation of the Wnt/p-
catenin pathway. Indeed, we found an enhancement in
the number of myoblasts that are positive for nuclear -
catenin alter MBCD treatment.

f-catenin is known to function in both cadherin-
based adherens junctions, and as a transcriptional
regulator, by associating with TCF/Lel factors in the
nucleus (Nelson and Nusse, 2004). The presence ol p-
catenin within the nuclet and at adherens junctions after
cholesterol depletion suggests that the protein is acting
in both intracellular compartments to induce myogen-
esis. Petropoulos and Skerjanc (2002) suggested a dual
role for B-catenin in myogenesis. First, f-catenin would
function in the nucleus to activate transcription during
commitment, and second, 1t would function in com-
plexes with cadherins during differentiation of commit-
ted myoblasts (Goichberg et al., 2001).

One major question that arises from our results is
how cholesterol depletion could activate the Wnt path-
way in myogenic cultured cells. Our present results
suggest the possibility that cholesterol depletion by
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Fig. 7 Schematically, in chick myogenic cultures, round myoblasts
change in 24hr into a bipolar morphology and fuse over 48hr to
form multinucleated myotubes (A). In the presence of methyl-p-
eyclodextrin (MBCD), a higher number of myogenic cells are re-
cruited to the formation of multinucleated myotubes with centrally
localized nuclel (B). Our experiments suggest the hypothesis that
cholesterol depletion by MPBCD enhances the secretion of Wnt
molecules from myogenic cultured cells, mducing the activation of
the Wnt/f-catenin pathway. Wnt signaling activates the expression
of the downstream component of the Wnt pathway f-catenin and
myogenic differentiation markers, such as a-sarcomeric actin and
troponin T (TnT; see Mermelstein et al., 2005). Dark nuclei rep-
resent the expression of nuclear fcatenin and round cells represent
MYOZENic Precursors.

MPBCD releases Wnt into the culture medium where 1t
can bind to Fz receptors and activate the Wnt signaling
cascade. It 1s well known that the Wnt signaling cascade
1s Initiated upon the binding of Wnt glveoproteins to a
particular class of surlface receptors, the Frizzled pro-
teins (Fz). It has been shown that Wnt proteins are
post-translationally modified by palmitovlation, in-
creasing its local concentration on membranes {Willert
et al, 2003). Further, palmitovlated proteins are
frequently targeted to cholesterol-enriched membrane
domains (Zhai et al., 2004). Depletion of cholesterol by
MPBCD changes the membrane composition and struc-
ture, disorganizing cholesterol-enriched membrane
domains. We can speculate that MPCD treatment
could release Wnt to the culture medium, allowing it
to bind to Fz receptors present in myogenic cells.
Accordingly, we observe an inhibitory ellfect of Frzb-1
in the activation of the Wnt pathway after cholesterol
depletion. However, we could not discard the possibility
that an activation of f-catenin could play a role during
cholesterol depletion independent of Wnt/Fz binding. It
still remains essential to determine which Wnt mole-
cules and Wnt receptors, among the large family of Fz
receptors, are involved in the signaling that oceurs after
cholesterol depletion in mvogenic cells.

Based on the data presented above, we propose a
model lor the molecular and cellular events that leads to
myogenesis alter cholesterol depletion by MBCD (see
Fig. 7). The central message in this model 1s that chol-
esterol depletion by MPBCD activates the Wnt/p-catenin
signaling cascade in the surrounding quiescent myo-
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genic cells, which will then regulate the expression of
several genes, including P-catenin and striated muscle-
specilic differentiation markers, such as a-sarcomeric
actin and troponin T (Mermelstein et al., 2005). Myo-
genic differentiation will terminate with the fusion of
mononucleated myoblasts to form large multinucleated
myotubes.

In summary, our results unequivocally show that the
Wnt/f-catenin pathway is involved in the early steps of
myogenic differentiation and can be regulated by mem-
brane cholesterol. Taken together, the data presented
here provide evidence that cholesterol depletion from
myoblasts membranes induces the activation of the Wnt
signaling pathway, the enhancement of f-catenin ex-
pression, and its nuclear translocation, resulting in
myoblast recognition and fusion into multinucleated
myotubes.
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Anexo 5: artigo publicado — “Uma forma soluvel e ativa da proteina Wnt3a
esta envolvida na diferenciacao muscular apos a deplecao de colesterol”

O colesterol € um dos principais componentes lipidicos das membranas
plasmaticas. Recentemente, nosso grupo de pesquisa mostrou que a deplecao de
colesterol pela metil-beta-ciclodextrina (MCD) induz a ativagdo da via de Wnt/B-
catenina e aumenta a diferenciagdo muscular esquelética (Mermelstein et al.,
2007). Decidimos entdo, investigar se moléculas sollveis presentes nos meios
condicionados das culturas miogénicas estavam envolvidas nestes eventos
celulares. Neste trabalho, observamos que o meio condicionado proveniente de
uma cultura tratada com a MCD (meio condicionado MCD) acelera a miogénese
de uma forma semelhante ao tratamento com MCD, sugerindo que os efeitos
induzidos apos a deplecao de colesterol podem ser causados por fatores soluveis
presentes no meio de cultura. Além disso, verificamos que a proteina Wnt-3a em
uma forma soluvel e ativa estd significantemente aumentada no meio
condicionado MCD. O tratamento de culturas-controle com o meio enriquecido
com Wnt3a induz a diferenciacdo muscular, assim como o tratamento com a MCD.
Entretanto, o meio enriquecido com a proteina Wnt5a inibe drasticamente a fusao
de mioblastos. Esses resultados sugerem que a proteina Wnt3a estd envolvida

com a indugao da miogénese observada ap6s a deplegao de colesterol.
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Abstract  Cholesterol is one of the major lipids of plasma mem-
branes. Recently, we have shown that cholesterol depletion by
methyl-f-eyelodextrin (MBCD) induces the activation of the
Wnt/-catenin pathway and enhances myogenic differentiation.
Here, we show that MBCD-conditioned media accelerates
myogenesis in a similar way as MBCD does, suggesting that
the effects induced by MPBCD could be caused by soluble factors
present in the culture medium. Soluble Wnt-3 protein is signifi-
cantly enhanced in MBCD-conditioned medium, Wnt-3a-
enriched media induces myogenesis as much as MBCD does,
whereas Wnt-Sa-enriched media inhibits. We suggest that
Wnt-3a is involved in the myogenic induction observed after cho-
lesterol depletion.

© 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Wnt; Myogenic differentiation; Cholesterol;
Myogenesis; Cyclodextrin

1. Introduction

The Wnt proteins are a highly conserved group of secreted
proteins that are involved in a variety of developmental pro-
cesses, such as cell differentiation, proliferation, and/or signal-
ling. Currently in vertebrates there are 19 known Wnt genes,
that can be divided into the B-catenin dependent (the canonical
pathway) and the B-catenin independent pathways (the planar
cell polarity and the Ca®™ pathway). In the most well-under-
stood P-catenin pathway, the binding of Wnt proteins Lo its
cell surface receptor, which consists of Frizzled (Fz) and low-
density-lipoprotein receptor-related protein  5/6 (LRP5/6),
induces the stabilization of P-catenin and its entry into the
nucleus where it acts in a complex with members of the
TCF/Lef (T cell factor/Lymphoid enhancer factor) family of
transcription factors to activate target genes [1].

Wnt proteins are one of the main signaling molecules re-
quired to activate myogenesis [2]. Members of the Wnt family
produced by the dorsal neural tube are required to fully acti-
vate and stabilize the myogenic program in the dorsal part
of the somite [3]. Wnt-1 and Wnt-3a signalings regulate the
formation of the medial compartment of the dermomyotome
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and the early part of myogenesis [4]. Furthermore, Galli and
colleagues [5] have shown that ectopic expression of Wnt-3a
throughout the right half of the neural tube by electroporation
causes a dramatic enlargement of the myotome 48 h post-elec-
troporation. Wnt family members are able to induce the
expression of muscle markers including MyoD, myogenin
and myosin heavy chain [6]. In addition, overexpression of
the Wnt antagonist Frzb-1 blocks myogenic differentiation in
mouse somites [7].

In order to act in myogenesis, and in other developmental
processes, Wnt molecules must diffuse through the aqueous
extracellular environment. Although Wnts are secreted pro-
teins, it has been difficult to purify active and soluble Wnt mol-
ecules. It is possible to purify Wnt-3a and Wnt-5a from
conditioned medium. Purified Wnt-3a protein stabilizes p-cate-
nin [8] while purified Wnt-5a protein inhibits the transcrip-
tional activity of TCF/Lel [9]). One of the reasons for the
difficulty of purifying Wnts is their insolubility due to their
hydrophobicity [8]. Wnt-3a and Wnt-5a are palmitoylated.
Palmitoylation is not essential for their secretion but is impor-
tant for the actions of these Wnts [10]. Furthermore, palmitoy-
lated proteins are frequently targeted to cholesterol-enriched
membrane domains [11]. Thus, one important guestion that
arises is whether depletion of membrane cholesterol could alter
Wnt availability.

Recently, our group has shown that cholesterol depletion by
methyl-B-cyclodextrin (MBCDY) induces proliferation and dif-
ferentiation in chick-cultured myogenic cells [12], and that
the Wnt/f-catenin pathway is involved in these events [13].
Here, we show that soluble Wnt-3 protein is significantly
enhanced in MPCD-conditioned medium. The data here
presented suggest that Wnt-3a molecules play a role in the
myogenic induction observed after cholesterol depletion by

MPBCD in cultured cells.

2. Materials and methods

2.1. Primary cell cultures

Primary cultures of myogenic cells were prepared from breast mus-
cles of 11-day-old chick embryos [12]. Cells were grown with 8-1-0.5
cultured medium (MEM with 10% horse serum, 0.5% chick embryo
extract, 1% L-glutamine and 1% penicillin—streptomycin) at an initial
density of 5x 107 cells/35 mm culture dishes onto 22 mm-aclar plastic
coverslips (Pro-Plastics Inc., USA) previously coated with rat tail col-
lagen. Cells were grown under humidified 5% CO, atmosphere at
37°C. Cells were treated for 30 minutes with methyl-B-cyclodextrin
(MPCD; Sigma) at a final concentration of 2 mM after the first 24 h
of culture. After MPCD exposure, cultures were washed with cultured
medium and grown for the next 3, 24, 48 or 72 h.

0014-5793/%32.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier BV, All rights reserved.
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Primary cultures of fibroblasts were prepared from the layer of con-
nective tissue that covers the breast muscles of 11-day-old chick em-
bryos. Subconfluent fibroblastic cultures were used after four
trypsinization passages in order to get rid of myogenic cells. Ninety-
five percent of these cultures are represented by fibroblasts (desmin
negative cells) and only 5% of cultures are represented by myogenic
cells (desmin positive cells).

2.2 Generation of Frzbl-enriched cultured medium

Embryonic human kidney cells (2937T) were cultured in DMEM con-
taining 10% FCS and transiently transfected with 10pg of the
pcDNA3/Frzb-1 vector kindly provided by Dr. De Robertis [14].
Transfection was carried out at 50-70% cell confluency by standard
calcium phosphate technique. Conditioned Frzbl-enriched medium
was obtained by culturing the transfected cells in DMEM/F12/Iscove’s
supplemented with non-essential amino acids for 48 h after transfec-
tion. The Wnt signaling inhibitory activity of Frzb-1 was tested by
blocking luciferase activity of 293T cell transfected with topFlash
and Wnt [13]. MBCD-treated and control myogenic cells (with 24 h)
were grown in the presence of Frzbl-enriched medium for the next
24 h, when immunofluorescence microscopy of cultures (control and
MPBCD-treated) was carried out.

2.3 Immumofluorescence microscopy and digital image acquisition
Cultures were rinsed with PBS and fixed with 4% paraformaldehyde
in PBS for 10 min at room temperature. They were then permeabilized
with 0.5% Triton-X 100 in PBS three times for 10 min. The same solu-
tion was used for all subsequent washing steps. Cells were incubated
with primary antibodies for 1 h at 37 °C. After incubation, cells were
washed for 30 min and incubated with FITC- or TRITC-conjugated
secondary antibodies for 1 h at 37 °C. Nuclei were labeled with DAPI
(0.1 pg/mL in 0.9% NaCl). Cells were examined with an Axiovert 100

control

control-
conditioned
medium
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microscope (Carl Zeiss, Germany) and images were acquired with a
C24001 integrated CCD camera using an Argus 20 image processor
(Hamamatsu Photonics, Japan).

2.4 Immunoprecipitation assay

Conditioned-medium collected from 24 h-non-treated cultures
(I mL) and conditioned-medium collected from 24 h MPBCD-treated
cultures (1 mL) were incubated overnight at 4 °C with 10 pl of a spe-
cific rabbit polyclonal anti-Wnt-3 antibody (Zimed, epitope-affinity
purified). After, the samples were incubated for 1 hour at 4 °C with
50 uL of protein A-Sepharose CL-4B (Sigma. pH 7.4). gently mixing
the sample with a shaker. Immmunoprecipitated complexes were col-
lected by centrifugation at 3000 g for 2 min at 4 °C. Supernatants
were discarded and pellets were extensive washed with 20 mM HEPES
bufler, pH 7.5, containing 150 mM NaCl, 0.1% Triton X-100 and 10¢4
glycerol. Samples were heated at 95°C for 5 min and centrifuged for
30sat 12000 x g at room temperature. Supernatants (IP samples) were
separated by 10% SDS-PAGE and transferred to PYDF membranes.
Blots were then probed with the anti-Wnt-3 antibody.

2.5 Immunoblotting of cells extracts

Cultured myogenic cells were quickly washed in ice-cold PBS and
S0 pL of sample bufler (4% SDS, 20% glycerol, 0.2 M dithioethreitol,
125 mM Tris-HCl, pH 6.8) were added to the cells and boiled for
S min. The amount of protein in each sample was determined accord-
ing to Bradford [15], using bovine serum albumin as a standard, and
equal amounts of protein were loaded on the gel. Samples were loaded
in 10% SDS-polyacrylamide gel electrophoresis [16]. Proteins were
transferred to PVDF membranes. The proteins immobilized on the
membranes were immediately blocked for 1 h at room temperature
with a 5% non-fat dry milk in Tris buffered saline-Tween 20 solution
(0.001%) (TBS-T). Then the membranes were incubated with either a

Fig. 1. MPCD-conditioned medium induces myogenic differentiation. Control myogenic cells were grown for 72 h (A), and other myogenic cells were
grown for 24 h, treated with MBCD for 30 min and grown for the next 48 h (B). Some control cultures were grown in the presence of a control-
conditioned-medium (C). Other control cultures were grown in the presence of a MBCD-conditioned-medium (D). Live cells were analyzed under

phase contrast microscopy. Scale bar (A-D) represents 100 pm.
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rabbit polyclonal anti-Wni-3 antibody (Zimed) or a mouse monoclo-
nal anti-M-cadherin antibody (BD Transduction). After five washes
in TBS-T {3 min each), the membranes were incubated with either an
anti-rabbit or an anti-mouse peroxidase conjugated antibodies (Amer-
sham, dilution 1:7000 in TBS-T), washed again as described above and
the bands were visualized using the ECL plus Western Blotting Detec-
tion System (Amersham). To check sample loading, membranes were
treated with striping buffer (2% SDS, 100 mM 2-mercaptoethanol,
62.5mM Tris-HCI, pH 6.7) for 30 min at 50 °C, washed five times
in TBS-T and blocked again as described above. Then the membranes
were incubated with a mouse monoclonal anti-g-tubulin antibody (Sig-
ma, dilution 1:3000 in TBS-T-milk). After five washes in TBS-T (3 min
each), membranes were incubated with anti-mouse peroxidase conju-
gated antibody (Amersham, dilution 1:7000 in TBS-T) and developed
as described above.

3. Results and discussion

3.4, MCD-conditioned medium induces myogenic
differentiation

‘We have previously shown that cholesterol depletion by
MPBCD induces myogenic proliferation and differentiation
[12], and that the Wnt/B-catenin pathway is involved in these
events [13]. To investigate whether the cellular effects induced
by MBCD were caused by soluble factors present in the culture
medium, we decided to analyze the effects of conditioned med-
ia collected from myogenic cultures treated or untreated with
MBCD (Fig. 1). Myogenic cells grown with a MBCD-condi-
tioned medium show an enhancement in muscular differentia-
tion (Fig. 1B and D) in a similar way as MPCD does by itself,

control-conditioned media

s

Y 30 filter

Y 50 filter
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suggesting that the effects induced by MPCD could be caused
by soluble factors present in the culture medium.

3.2, 30-50 kDa-soluble factors from MECD-treated cultured
cells induce myogenic differentiation

To determine the molecular mass of the soluble factors that
cause myogenic differentiation, we analyzed the effects of fil-
tered conditioned media collected from myogenic cultures trea-
ted or untreated with MpBCD (Fig. 2). We employed Centricon
centrifugal filter devices (Millipore, USA) that can be used for
filtration of substances with molecular weight below the nom-
inal molecular weight limit of the filters. A Centricon YM-30
device filters substances with molecular weight below 30 kDa
and a YM-50 device filters substances with molecular weight
below 50 kDa. Conditioned-medium collected from both un-
treated and MPCD-treated cultures and passed through a
Centricon YM-50 induced myogenic differentiation (Fig. 2C
and D), as opposed to conditioned-medium collected from
both untreated and MPCD-treated cultures and passed
through a Centricon YM-30, which inhibited myogenic differ-
entiation (Fig. 2A and B). We found that culture media con-
taining only molecules with a molecular weight lower than
30 kDa do not allow in vitro myoblast differentiation. Mole-
cules with a molecular weight above 30 kDa are required for
chick myogenic differentiation. Interestingly, conditioned-
medium collected from MPBCD-treated cultures and passed
through an YM-50 filter induced the formation of thicker
myotubes (Fig. 2D) when compared with myotubes grown

MACD-conditioned media

Fig. 2. 30-50 kDa-soluble factors from MBCD-treated cultured cells induce myogenic dilferentiation. Control myogenic cells (grown for 24 h) were
grown for the next 48 h with either an YM-30 filtered conditioned-medium collected from 24 h control-cultures (A) or with an YM-30 filtered
conditioned-medium collected from 24 h MBCD-treated cultures (B). Other 24 h non-treated cultures were grown for the next 48 h with either an
YM-50 filtered conditioned-medium collected from 24 h control-cultures (C) or with an YM-50 filtered conditioned-medium collected from 24 h
MPBCD-treated cultures (D). Live cells were analyzed under phase contrast microscopy. Scale bar (A-D) represents 100 pm.
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with medium collected from untreated cultures and passed
through a YM-50 filter (Fig. 2C). These observations suggest
that the myogenic inducer-soluble factors present in MpCD-
conditioned media have a molecular weight within the range
of 30-50 kDa.

3.3. Wai-3a, but not Wat-Sa, induces in vitro chick myogenic
differentiation
‘Wnt molecules have been reported to be involved in muscle
differentiation [2] and the predicted primary translation prod-
ucts of Wnt genes are all relatively small, putative glycopro-
teins of 3843 kDa, which is within the range of the
molecular weight (30-50 kDa) that we found for the myogenic

without MBCD
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inducer-soluble factors found in cholesterol depleted cultures.
Therefore, we decided to investigate whether the effects of cho-
lesterol depletion by MBCD were related to the presence of
two Wnt molecules that have been implicated in myogenesis:
Wnt-3a and Wnt-5a. To test this hypothesis. we grew myo-
genic cells in the presence of Wnt-3a- or Wnt-5a-enriched med-
ia. Fig. 3C shows that Wnt-3a-enriched medium induces the
formation of thicker myotubes in myogenic cultures, as com-
pared to the control cells (Fig. 3A). The induction of myogenic
differentiation by a Wnt-3a-enriched medium was similar to
the MPCD effects (Fig. 3B). These observations suggest that
‘Wnt-3a molecules could be candidates for the myogenic induc-
tion observed after cholesterol depletion by MPBCD in cultured

Fig. 3. Wnt-3a, but not Wnt-5a, induces in vitro chick myogenic differentiation. Control myogenic cells were grown for 72 h (A), and other myogenic
cells were grown for 24 h, treated with MBCD for 30 min and grown for the next 48 h (B). Some control cultures were grown either in the presence of
a Wnit-3a-enriched medium for the next 48 h (C) or in the presence of a Wnt-5a-enriched medium for the next 48 h (E). MPCD-treated myogenic cells
{24 h) were grown either in the presence of a Wnt-3a-enriched medium for the next 48 h (D) or in the presence of a Wnt-5a-enrniched medium for the
next 48 h (G). Other control 24 h myogenic cells were grown in the presence of a medium collected from mock-transfected cells for the next 48 h (F).
Live cells were analyzed under phase contrast microscopy. Scale bar (A-G) represents 100 um.
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cells. In contrast, myogenic cultures grown in the presence of
Wnt-5a-enriched medium showed an inhibitory myogenic
effect, as observed by the presence of thinner myotubes
(Fig. 3E). Treatment of myogenic cultures with MBCD and
either Wnt-3a or Wnt-5a (Fig. 3D and G) did not show signif-
icant differences (as shown also in Fig. 6).

Myogenic differentiation results in the formation of multinu-
cleated myotubes. Thus, to further characterize the induction

without
MpCD

with
MpBCD

Control-
conditioned
medium

MpCD-
conditioned
medium

A
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of differentiation observed in the previous experiments (Figs.
1-3), cells were double stained with the terminal differentiation
marker sarcomeric n-actinin (Sigma) and with the nuclear dye
DAPI (Molecular Probes). The level of organization of a sar-
comeric protein is an indicator of myogenic differentiation,
since the contractile apparatus must be mamntained with almost
crystalline order for its efficient function [17]. Figs. 4 and 5
show a periodic o-actinin staining in Z-lines of untreated (Figs.

Fig. 4. MBCD-conditioned medium can induce fully differentiated and striated myotubes. Control myogenic cells were grown for 72 h (A and B),
and other myogenic cells were grown for 24 h, treated with MPCD for 30 min and grown for the next 48 h (C and D). Some control cultures were
grown in the presence of a control-conditioned-medium (E and F). Other control cultures were grown in the presence of a MBCD-conditioned-
medium (G and H). Cells were double-stained with an anti-sarcomeric s-actinin antibody (A, C, E and G) and DAPI (B, D, F and H). Note the
sarcomeric a-actinin distribution in Z-lines along sarcomeres. Scale bar (A—H) represents 10 pm.
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Fig. 5. MBCD and Wnt-3a can both induce fully differentiated and striated myotubes. Treated and untreated myogenic cultured cells were double-
stained with an anti-sarcomeric a-actinin antibody (A, C and E) and DAPI (B, D and F). Note the sarcomeric s-actinin distribution in Z-lines along

sarcomeres. Scale bar (A-F) represents 10 pm.

4A and 5A), MBCD-treated (Figs. 4C and 5C), control-condi-
tioned medium (Fig. 4E). MpCD-onditioned medium
(Fig. 4G), and Wnt-3a-treated myotubes (Fig. 5E).

Although a significant increase in the number of myofibrils
per myotube was evident in MBCD-treated (Figs. 4C and
5C) and Wnt-3a-treated myotubes (Fig. 5E). no differences
were found in the s-actinin staining pattern (in sarcomeric
Z-lines) between the different conditions (Figs. 4 and 5). These
results show that MBCD, MpCD-conditioned medium and
Wnt-3a enhances myogenesis by the induction of mature stri-
ated myotubes.

Other cell treatments were also labeled with an anti-z-actinin
antibody and DAPI. We counted the number of nuclei per
myotube (fusion index) in control (untreated) cultures and in
cells treated with: MPCD, or control conditioned-medium,
or MBCD conditioned-medium, or YM-50 filtered condi-
tioned-medium collected from either 24 h control cultures or
24 h MBCD-treated cultures, or Wnt-3a-enriched medium, or
Wnt-5a-enriched medium. Fig. 6 illustrates that control (un-
treated) cells had 10£2 nuclei per myotube. In contrast,
MpBCD-treated cultures had 30 £3 nuclel per myotube, cul-

tures treated with MBCD conditioned-medium had 32 +3
nuclei per myotube, and Wnt-3a-treated cultures had 28 £2
nuclei per myotube. Statistical analysis showed significant dif-
ferences (£ < 0.05; ANOVA on ranks with Dunn’s post hoc
test versus control group; n = 50) in fusion index between con-
trol and cultures treated with MPCD, MBCD conditioned-
medium, MBCD conditioned-medium filtered with YM-50,
and Wnt-3a-enriched medium (with or without MBCD).

34, MBCD-induced effects are not related to fibroblastic cells

Primary skeletal muscle cultures contain fibroblastic cells
and myogenic cells. In order to analyze whether MBCD may
act on fibroblasts rather than directly on myoblasts, we pre-
pared primary fibroblastic cultures. Some quaternary fibro-
blastic cells were treated with MBCD (2 mM) for 30 min and
conditioned media were collected from both untreated and
MPBCD-treated cultures and added to myogenic cultures. Nei-
ther of the fibroblastic-conditioned media (untreated and
MPBCD-treated) significantly induced myogenesis, as noted
by the number of nuclei per myotube (fusion index) in each
treatment (Fig. 6).
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Fusion index

€t MCD Ct MCD Ct MCD Wnt MCD Wnt MCD plas Frzb1 MCD Fib  Fib
em cm cm cm 3a Wnt 5a Wnt Frzb1 Ct MCD
Y80 Y50 3a ba cm cm

Fig. 6. Fusion index of chick myogenic cells grown in different culture conditions. Cells were fixed with 4% paraformaldheyde and stained with DAPI
and anti-sarcomeric a-actinin antibody. The number of nuclei per myotube (fusion index) was recorded in control (untreated) cultures and in treated
cells. At least 50 myotubes for each culture condition were scored. (*F < 0.05 ANOVA on Ranks with Dunn’s Post Hoc test versus control group;
n = 50). Ct = control, cm = conditioned medium, plas = mock transfection, Fib = fibroblast.

3.5. Frzb-1 inhibits the myogenic differentiation induced by Wnt proteins in the culture medium of cholesterol depleted-

methyl-f-cyelodexmrin (MACD) cells, we cultured myogenic cells (untreated or treated with

Frzb-1 is a secreted protein containing a domain similar to MPBCD) in the presence or absence of Frzb-1-enriched medium

the putative Wnt-binding domain region of the frizzled family (Fig. 7). Cells were stained with DAPI and anti-desmin

of transmembrane receptors [14]. To test whether there are antibody (Sigma). Figs. 6 and 7 show that Frzb-l-enriched
without Frzb with Frzb

i

Control

MpCD-treated

Fig. 7. Frzb-1 inhibits the myogenic differentiation induced by MBCD. Myogenic cultured cells were double-stained with an anti-desmin antibody
(A, C, E and G) and DAPI (B, D, F and H). Control cells were grown for 48 h (A and B) before staining. Other cells were grown for 24 h, treated
with MPBCD and grown for the next 24 h (E and F) before staining. Some 24 h non-treated cultures (C and D) and MBCD-treated cultures (G and H)
were grown in the presence of an Frzbl-enriched medium for the next 24 h before staining. Scale bar (A-H) represents 10 pm.
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medium inhibits the myogenic differentiation induced by
MPBCD. and suggest that Wnt molecules are involved in these
events.

3.6. Soluble Wnt-3 is significantly enhanced in MCD-
conditioned medium

To test whether Wnt-3 is indeed involved in the cellular ef-
fects observed after cholesterol depletion, we analyzed the
presence of Wnt-3 protein in MPCD-conditioned medium
and in controlconditioned medium (Fig. 8A). Both condi-
tioned media were immunoprecipitated with a polyclonal anti-
body against Wnt-3. We found a more than 3-fold increase in
the levels of Wnt-3 in MBCD-conditioned medium when com-
pared to control-conditioned medium (Fig. 8A). A possible
explanation is that Wnt-3 molecules are released to the culture
medium after cholesterol depletion and do not stay associated
to the plasma membrane of cells.

We also analyzed the expression of Wnt-3 protein in cell ex-
tracts (with no cultured medium) obtained from both control
and MBCD-treated myogenic cultures (Fig. 8B). MBCD-trea-
ted myoblasts cultured for 72h expressed similar levels of
Wnt-3 when compared to untreated cells, which is in agree-
ment with our results (Fig. 8A) showing that the enhancement
of soluble Wnt-3 in MBCD-conditioned medium (and not the
Wnt-3 associated to the membrane of cells) is responsible for
the induction of proliferation and differentiation of myogenic
cultured cells.

3.7. Cholesterol depleted-myogenic cells have an increased
expression of M-cadherin

To further analyze the effects of cholesterol depletion in
myogenic differentiation, we examined the expression of M-
cadherin in both control and MBCD-treated cultures by immu-
noblotting (Fig. 9). M-cadherin is a marker of myogenic differ-
entiation. It has been reported that, besides being a satellite
cells marker, M-cadherin is involved in myoblast fusion and
continues to be expressed in well-differentiated myotubes
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Fig. 9. Expression of M-cadherin is enhanced in MBCD-treated
myogenic cells. (A) Control myogenic cells (Co) were grown for 72 h.
Other cells were grown for 24 h, treated with MBCD (2 mM) for
30min and grown for the next 48 h. Both cell culture extracts were
analyzed in Western blot using anti-M-cadherin antibody (upper blot).
Lower Western blot shows as-tubulin (55 kDa) reactivity of the same
samples, and was used to normalize sample loading. (B) Quantification
of protem bands revealed a more than 2-fold increase in the levels of
M-cadherin (135 kDa) expression in MPCD-treated myogenic cells
when compared to control cells.

[18]. MBCD-treated myogenic cells cultured for 72 h expressed
a more than 2-fold increase in the levels of M-cadherin than
untreated cells (Fig. 9A and B).
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Fig. 8. Expression of soluble Wnt-3 is significantly enhanced in MBCD-conditioned medium. (A) Control-conditioned medium (Co) and MPCD-
conditioned medium were immunoprecipitated with a polyclonal antibody against Wnt-3. Immunoprecipitates were separated by SDS-PAGE and
transferred to PVDF. Membrane was then probed with the anti-Wnt-3 antibody. Quantification of protein bands revealed a more than 3-fold
increase in the levels of Wnt-3 (40 kDa) in MBCD-conditioned medium when compared to control-conditioned medium. (B) Total cell extracts from
myogenic cultures was also analyzed by Western blotting using anti-Wnt-3 antibody (upper blot). Control myogenic cells (Co) were grown lor 72 h.
Other cells were grown for 24 h, treated with MPCD and grown for the next 48 h. Lower Western blot shows a-tubulin (55 kDa) reactivity of the

same samples, and was used to normalize sample loading.
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It is important to point out that, in opposition to common
experimental approaches, we are not overexpressing Wnt mol-
ecules in our cells. The increase in soluble and active Wnt mol-
ecules found in conditioned culture media is a result of MBCD
treatment that can release membrane-anchored proteins, such
as Wnt. We are mostly interfering with Wnt availability to
cells. It has been shown that the secretion of Wnt proteins
from cells is usually inefficient [19]. Since the depletion of cho-
lesterol by MPCD changes the membrane composition and
structure [20], we suggest that cholesterol depletion by MCD
could release active Wnt-3a to the culture medium and activate
the proliferation and differentiation of myogenic cells into fully
striated myotubes. We cannot discard the possibility that myo-
genic differentiation induced by cholesterol depletion involves
not only Wnt-3a molecules but also other Wnt molecules.
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Abstract

Background: Myoblast replication is one of the first steps in skeletal muscle
differentiation. Agents that interfere with myoblast replication are important tools for the
understanding of myogenesis. Recently, our group has shown that cholesterol depletion by
methyl-p-cyclodextrin (MCD) induces the differentiation of chick-cultured myogenic cells,
by activating the Wnt/p-catenin pathway.

Results: Here, we show that MCD treatment enhances cell proliferation in chick myogenic
cell cultures and induces an increase in the number of desmin-positive mononucleated cells.
Treatment of myogenic cells with the anti-mitotic reagent cytosine arabinoside right after
cholesterol depletion blocks the MCD-induced effects on differentiation. Bromo-2’-
deoxyuridine (BrdU) incorporation assays showed higher numbers of cells that were
positive for BrdU and desmin in MCD-treated cultures than in untreated cultures.
Conclusion: These findings suggest that rapid changes in the cholesterol content in
myogenic cell membranes can activate myogenic proliferation, leading to an increase in the

number of desmin-positive cells.
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In wirre skeletal myogenesis proceeds through two moin ssquential stages  noyoblast
proliferafion and their subsequent differentiation into mature oyotibes. Multinucle ated
myotubes arise as a wsult from a fusion event betwesn several mononucleated myoblasts.
In order to fuse. myohlasts must leave the cell cycle. elongate and align with other
myoblasts into chains This sep is mediated by cell membrane components. including the
cadherin/f-catenin adhesion complexes [1,2] and the lipid cholesterol [3-7). Cholesteraol is a
ubigquitous and abundant lipid component of animal membranes and is the key regulator of
membrane fluidity. In addition, it has a cmcial role in the formation and stabilization of
specialized membrane micro-domains [8]. Therfors, in cells, cholestersl manipulations
have become o standard tool for siudying the stucture and function of these domains.
Specific treatments include cholesteral depletion through the use of methyl-G-cy clodextrin
{MCID). which can rapidly and mversibly extract most cholesterol from cell membranz s [9].
Fecently, our group has shown that cholesterol depletion by MOCD enhances myoblast
fusion and induces the differentiation of chick-culiured myogenic cells [7]. Further, we
showed that the activation of the Wnt{d-catenin pathway is involved in these events
[12.11]. Cholesterol depletion by MCD also interferes with cell proliferation in myogenic
cells [7]. Measurements of the total amount of DMA (as measured by DAPI fluorescence )
werne significantly higher in MCD treated-cultures than in untreated cultures. To further
understand the effects of cholesterol depletion in the proliferation of chick myogenic cells.
we analyzed the expression of the proliferation marker KiG? protzin and desmin, one of the
first structural proteins to be expressed in myvoblastic cells [12). We used the anti-mitotic

reagent cytosing arabinoside (ara-cj to block the MCD-induced proliferation of myogenic
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cells. Further, BrdU incorporation was assayed to analyze which cell types (myogenic

and/or non-myogenic cells) were induced to proliferate after cholesterol depletion.
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Results and Discussion

Previously, we have shown that the total amount of DNA (as measured by DAFI
fluorescence) was significantly higher in MCD treated-cultures than in untreated cultures
[7]. Here, we further analyzed the effects of cholesterol depletion in the proliferation of
chick myogenic cultures. Untreated and MCD-treated 27-hs and 48-hs myogenic cells were
fixed with 4% paraformaldehyde and stained with an antibody against the Ki67 protein
(Fig. 1). The Ki67 protein is a cellular marker for proliferation, since it is present during all
active phases of the cell cycle (G1, S, G2, and mitosis), but is absent in resting cells (G0).
By the quantification of the average number of Ki67-positive cells in each culture
condition, we estimated an increase of 60% and 40% in Ki67-positive cells after 3 and 24
hours of MCD treatment, respectively (Fig. 1F). It is possible to conclude that cholesterol

depletion by MCD enhances the proliferation of chick myogenic cell cultures.

Next, we decided to analyze when the MCD-induced effects on replication were occurring:
right after cholesterol depletion or 24 hours after it. We probed the effects of the anti-
mitotic agent cytosine arabinoside (ara-c) in untreated and MCD-treated myogenic cultures
(Fig. 2). Treatment of 24 hour myogenic cultures with ara-c results in myotubes with a
lower fusion index (number of nuclei per myotubes) as compared to cultures that were not
treated with ara-c (Fig. 3). Even though, no significant effect in fusion index of MCD
treated-cells was observed after ara-c in 48 hour myogenic cultures (Fig. 3). It is possible to
conclude from these experiments that ara-c can inhibit cholesterol depletion-induced effects

on proliferation only when used right after MCD treatment.
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Then, we asked whether the effect of cholesterol depletion in cell proliferation was
affecting both myogenic and fibroblastic mononucleated cells. Untreated and MCD-treated
27-h and 48-h myogenic cells were fixed with 4% paraformaldehyde and double-stained
with an anti-desmin antibody and with the nuclear probe DAPI (Fig. 4). Desmin is one of
the first structural proteins that are expressed in myoblasts [12,14]. By the quantification of
the average number of desmin-positive and desmin-negative mononucleated cells/field, we
estimated a 40% increase in desmin-positive mononucleated cells after 3 and 24-h of MCD
treatment (Fig. 4B), compared to untreated cultures. In contrast, no significant differences
were found in the average number of desmin-negative mononucleated cells/field after 3 or
24-h of MCD treatment, compared to untreated cultures. Interestingly, a decrease in
desmin-positive mononucleated cells was found both in 48-h untreated cultures as well as
in 48 hour MCD-treated cultures, as compared to 24 h-cultures (Fig. 4B). The decrease in
desmin-positive mononucleated cell is concomitant with the increase in multinucleated
cells (myotubes), which resulted from cell fusion (see fusion index in Fig. 3). From the
collection of these results we can conclude that cholesterol depletion by MCD enhances the
number of desmin-positive mononucleated cells, but not the number of fibroblastic

(desmin-negative) cells.

To further explore the role of cholesterol depletion in the enhancement in the number of
desmin-positive cells, we decided to examine the expression of desmin protein after MCD
treatment in extracts of cultured myogenic cells by Western blotting (Fig. 5A). Some
myogenic cultures were treated with MCD and grown for the next 3 or 24 hours. Cell
extracts were analyzed by 10% SDS-PAGE followed by immunoblotting. Quantification of

immunoblots revealed a 20% increase in the levels of desmin expression in MCD treated-
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cells that were grown for 27 hours when compared to control cells (Fig. 5B). The same
amount of increase in desmin expression (20%) was observed in MCD treated-cells that
were grown for 48 hours when compared to control cells (Fig. 5B). An increase in 30% in
the expression of desmin was observed when comparing 48 h-cultures with 27 h-cultures,
and can be explained by an increase in the number of fully differentiated myotubes in 48-h

cultures.

We next studied the type of cells (myogenic and/or fibroblastic) that was induced to
proliferate after MCD treatment by analyzing BrdU incorporation in these myogenic
cultures. BrdU, a thymidine analog, becomes stably incorporated into DNA during the S-
phase of mitosis, and thus allows the quantification of dividing cells. Untreated and MCD-
treated 24-hs myogenic cells were labeled (right after MCD treatment) with BrdU (3
ug/mL) for | hour, fixed with 4% paraformaldehyde and double-stained with anti-BrdU
(Figs. 6B, C, green) and anti-desmin antibodies (Figs. 6B, C, red). By the quantification of
the percentage of desmin-positive / BrdU-positive cells, we estimated a more than 2-fold
increase in the number of these cells after MCD treatment (Fig. 6D). BrdU-positive nuclei
were found within desmin-positive mononucleated myoblasts and desmin-negative
fibroblastic cells. Since MCD-treated myotubes have a higher fusion index than control
cells (Fig. 3). we can conclude that cholesterol depletion by MCD enhances the

proliferation of desmin-positive cells that are capable of fusion.

Conclusion
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In conclusion, our current hypothesis is that cholesterol depletion by methyl-p-cyclodextrin
(MCD) treatment increases myoblast proliferation, which causes cells to become more
rapidly confluent. This process increases myoblast alignment and fusion which culminates
with the formation of fully striated myotubes with a higher number of nuclei/cell than the
observed in untreated myogenic cultures. Thus, cholesterol depletion first induces myoblast
replication which ultimately leads to an increase in myogenic differentiation. Recently, we
have shown that a soluble and active form of Wnt-3a molecules is released in the culture
media of chick myogenic cells after cholesterol depletion [11], and that the canonical
Whnt/B-catenin pathway is activated in these cells [10]. Wnt-3a molecules have been shown
to have a proliferative role in chick somites [15]. Thus, we can speculate that cholesterol
depletion by MCD could release active Wnt molecules to the culture medium and activate
the proliferation of myogenic cells. Our findings emphasize the importance of membrane

cholesterol organization and function during the early steps of myogenesis.

Methods

Antibodies and fluorescent probes

DNA-binding probe DAPI (4,6-Diamino-2-phenylindole dyhydrochloride) was purchased
from Molecular Probes (USA). Mouse monoclonal anti-sarcomeric c-actinin (clone EA-
53), rabbit polyclonal anti-desmin, mouse monoclonal anti-c-tubulin (clone DM1A) and
mouse monoclonal anti-BrdU antibodies were purchased from Sigma Chemical Co. (USA).
Rabbit polyclonal anti-Ki67 antibody was purchased from abcam (USA). Alexa Fluor 488-

goat anti-mouse/rabbit IgG and Alexa Fluor 546-goat anti-mousefrabbit IgG antibodies
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were purchased from Molecular Probes (USA). Peroxidase-conjugated goat anti-mouse and

anti-rabbit antibodies were purchased from Amersham Biosciences (UK).

Primary cell cultures

Primary cultures of myogenic cells were prepared from breast muscles of 11-day-old chick
embryos [7]. Cells were grown with 8-1-0.5 culture medium (MEM with 10% horse serum,
0.5% chick embryo extract, 1% L-glutamine and 1% penicillin-streptomycin) at an initial
density of 5 x 10° cells/35 mm culture dishes onto 22 mm-aclar plastic coverslips (Pro-
Plastics Inc., USA) previously coated with rat tail collagen. Cells were grown under
humidified 5% CO atmosphere at 37°C.

The percentage of myoblasts in these cell cultures was calculated by the double-labeling of
24 hour cultures with both DAPI (nuclear staining) and desmin (muscle-specific marker)
and subsequently counting the number of desmin-positive cells in the total number of cells
in the field. On average, myoblasts made up 80% of each culture and non-myogenic cells
comprised 20%.

Some myogenic cultures were treated for 30 minutes with methyl-p-cyclodextrin (MCD;
Sigma) at a final concentration of 2 mM after the first 24 hours of culture. After MCD
exposure, cultures were washed with culture medium and grown for the next I, 24 or 48

hours. Some myogenic cultures were treated with the anti-mitotic reagent cytosine
. . . . 5 . .
arabinoside (ara-c; Sigma) at a final concentration of 10 ~ M in two different experiments:

right after MCD treatment (in 24 hour cultures) or 24 hours after MCD treatment (in 48

hour cultures). Ara-c was left in the cultures for 24 hours.



130

BrdU incorporation assay

5-bromo-2’-deoxyuridine (BrdU, Sigma, 3 ug/mL) was added to MCD-treated and control
myogenic cells (in 24 hour cultures) for 1 hour. Cells were fixed with 4%
paraformaldehyde in PBS for 15 minutes at room temperature and subsequently washed
twice with PBS at 37°C for 15 minutes and once with deionized water at 37°C for 10
minutes. Cells were incubated with 2 N HCI at 50°C for 30 minutes and washed with 0.1 M
Borate buffer (pH 8.5) at 37°C for 10 minutes and once with PBS. Cells were then double-
stained with anti-desmin and anti-BrdU antibodies and analyzed by immunofluorescence
microscopy. For the quantification of the percentage of desmin-positive / BrdU-positive
cells, at least 50 cells for each culture condition were scored in three independent

experiments.

Immunoffuorescence microscopy and digital image acquisition

Cultures were rinsed with PBS and fixed with 4% paraformaldehyde in PBS for 10 minutes
at room temperature. They were then permeabilized with 0.5% Triton-X 100 in PBS 3
times for 10 minutes. The same solution was used for all subsequent washing steps. Cells
were incubated with primary antibodies for 1 hour at 37°C. After incubation, cells were
washed for 30 minutes and incubated with Alexa Fluor-conjugated secondary antibodies for
1 hour at 37°C. Nuclei were labeled with DAPI (0.1 ug/mL in 0.9% NaCl). Cells were
examined with an Axiovert 100 microscope (Carl Zeiss, Germany) and images were
acquired with a C2400i1 integrated CCD camera using an Argus 20 image processor
(Hamamatsu Photonics, Japan).

For fusion index calculations, chick myogenic cells grown in different culture conditions

were fixed with 4% paraformaldehyde and double-stained with the nuclear probe DAPT and
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an anti-sarcomeric o-actinin antibody. The number of nuclei per myotube (fusion index)
was recorded in control (untreated) cultures and in treated cells. At least 50 myotubes for
each culture condition were scored in at least three independent experiments.

For Ki67 immunolabeling, MCD-treated and control chick myogenic cells were fixed with
4% paraformaldehyde in PBS for 15 minutes at room temperature and subsequently washed
twice with PBS at 37°C for 15 minutes and once with deionized water at 37°C for 10
minutes. Cells were incubated with 2 N HC1 at 50°C for 30 minutes and washed with 0.1 M
Borate buffer (pH 8.5) at 37°C for 10 minutes and once with PBS. Cells wete then stained
with a rabbit polyclonal anti-Ki67 antibody, followed by a secondary antibody and
analyzed by immunofluorescence microscopy. The number of Ki67 positive cells and the
total number of cells per field were recorded in control (untreated) cultures and in treated
cells. At least 50 microscopic fields for each culture condition were scored in at least three

independent experiments,

Immunoblotting of cell extracts

Some myogenic cultures were treated for 30 minutes with methyl-p-cyclodextrin (MCD:;
Sigma) at a final concentration of 2 mM after the first 24 hours of culture. After MCD
exposure, cultures were washed with cultured medium and grown for the next 3 or 24
hours. Cultured myogenic cells were quickly washed in ice-cold PBS and 50 pL of sample
buffer (4% SDS, 20% glycerol, 0.2 M dithioethreitol, 125 mM Tris-HCI pH 6.8) were
added to the cells and boiled for 10 minutes. Equal volumes of samples were loaded for
10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE; [13]). Proteins were then

transferred to PVDF membranes. The proteins immobilized on the membranes were
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immediately blocked for 1 hour at room temperature with a 5% non-fat dry milk in Tris
buffered saline-Tween 20 solution (0.001%) (TBS-T). Then the membranes were incubated
with a rabbit polyclonal anti-desmin antibody (Sigma, dilution 1:3000 in TBS-T). After 5
washes in TBS-T (3 minutes each), the membranes were incubated with an anti-rabbit
peroxidase conjugated antibodies (Amersham, dilution 1:10,000 in TBS-T), washed again
as described above and the bands were visualized using the ECL plus Western Blotting
Detection System (Amersham). To check sample loading, membranes were incubated with
a mouse monoclonal anti-a-tubulin antibody (Sigma, dilution 1:3000 in TBS-T-milk).
After 5 washes in TBS-T (3 minutes each), membranes were incubated with anti-mouse
peroxidase conjugated antibody (Amersham, dilution 1:10,000 in TBS-T) and developed as
described above. Quantification of protein bands was performed using the public domain
software Imagel (http://rsb.info.nih.gov/ij/) with data obtained from three independent

experiments.
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Figure legends

Figure 1

Cholesterol depletion enhances cell proliferation in myogenic cell cultures. A
schematical representation of the experiments is shown in A. Untreated and MCD-treated
27-hs and 48-hs myogenic cells were fixed with 4% paraformaldehyde and immunostained
(IF) with an anti-Ki67 antibody (B-E). Quantification of the average number of Ki67-
positive cells in each culture condition revealed an increase in 60% and 40% in Ki67-
positive cells after 3 and 24 hours of MCD treatment, respectively (F). (*P < 0.01 and **P
< 0.05; ANOVA versus control group; n = 50). At least 50 microscopic fields for each

culture condition were scored in at least three independent experiments.

Figure 2

Inhibition of proliferation blocks MCD-induced effects. A schematical representation of
the experiments is shown in A. Control myogenic cells were grown for 72 hours (B), and
other myogenic cells were grown for 24 hours, treated with MCD for 30 minutes and grown
for the next 48 hours (E). Some myogenic cultures were treated with ara-c in two different
experiments; right after MCD treatment (in 24 hours cultures, C and F) or 24 hours after
MCD treatment (in 48 hours cultures, I) and (). Live cells were analyzed under phase
contrast microscopy. Arrows point to multinucleated myotubes. One representative image
of each experiment is shown, selected from three independent experiments. Scale bar (B-G)

represents 20 pm.
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Figure 3

Fusion index of chick myogenic cells grown in different culture conditions. A
schematical representation of the experiments is shown in A. Cells were fixed with 4%
paraformaldheyde and double-stained with DAPI and anti-desmin antibody (IF). The
number of nuclei per myotube (fusion index) was recorded (B) in control (untreated)
cultures and in treated cells (with MCD alone or in combination of Ara-C in 24 or in 48
hours cultures). (*P < 0.01; ANOVA versus control group; n = 50). At least 50 myotubes

for each culture condition were scored in at least three independent experiments.

Figure 4

Cholesterol depletion enhances the number of desmin-positive cells in myogenic
cultures. A schematical representation of the experiments is shown in A. Untreated and
MCD-treated 27-hs and 48-hs myogenic cells were fixed with 4% paraformaldehyde and
double-stained (IF) with an anti-desmin antibody and with the nuclear probe DAPL
Quantification of the average number of desmin-positive and desmin-negative
mononucleated cells/field revealed a 40% increase in desmin-positive cells after 3 and 24-
hs of MCD treatment, whereas no differences were found in the average number of desmin-
negative cells/field compared to untreated cultures (B). (*P < 0.01; ANOVA versus control
group; n = 50). At least 50 microscopic fields for each culture condition were scored (for
desmin-positive or desmin-negative mononucleated cells) in at least three independent

experiments.
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Figure 5

Expression of desmin is enhanced after cholesterol depletion. Total cell extracts from
myogenic cultures were analyzed by Western blotting using anti-desmin antibody (A).
Cells were grown for 24 hours, treated with MCD and grown for the next 3 or 24 hours.
Quantification of the desmin protein band (52 kDa) revealed a 20% increase in the levels of
desmin expression in MCD (reated-cells that were grown for 27 or 48 hours when
compared to control cells (B). One representative image of this experiment is shown on the
top and the semi-quantitative analysis is shown on the bottom, representing the average of 3

independent experiments.

Figure 6

Cholesterol depletion induces the incorporation of BrdU into desmin-positive
mononucleated cells. A schematical representation of the experiments is shown in A.
MCD-treated and control myogenic cells (with 24 hours) were labelled with BrdU (3
ug/mL) for 1 hour. Cells were then fixed with 4% paraformaldehyde and double-
immunostained (IF) with anti-BrdU (B and C, green) and anti-desmin (B and C, red)
antibodies. Scale bars (B and C) represent 5 pm. The percentage of desmin-positive /
BrdU-positive cells (black bar) and the percentage of BrdU-positive / desmin-negative cells
(gray bar) were recorded in control (untreated) cultures and in MCD-treated cells (D). (*P <
0.01; Mann-Whitney test; n = 50). At least 50 BrdU-positive cells for each culture

condition were scored in three independent experiments.
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