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Quando ouvi o sabio astrbnomo

Quando ouvi 0 sabio astrbnomo,

Quando as provas, as figuras, foram postas em colunas diante de mim,
Quando ele me mostrou geaficos e diagramas, para somar, dividir e mensurar,
Quando eu, sentado, ouvi 0 astronomo a discursar sob aplausos no anfiteatro,
Logo e inexplicavelmente eu me senti doente e cansado

Até me levantar e sair devagar para caminhar sozinho no ar Umitie@ da noite

E de tempos em tempos olhar em perfeito siléncio para as estrelas.

Walt Whitman

Invictus

Sob o manto da noite que me cobre,
Negro como as profundezas de um poélo a outro,
Eu agradeco a todos os deuses
Por minha alma invencivel.
Nas garra ferozes das circunstancias
Eu ndo me encolhi, nem chorei alto.
Sob os golpes do destino
Minha cabeca sangra, mas néo se curva.
Além deste lugar de 6dio e lagrimas
S0 assoma o horror da sombra.
Mesmo assim, a ameac¢a dos anos me encontra
E sempre me encoard sem medo.
N&o importa que o portdo seja estreito,
E que a lista seja grande em punicdes,
Eu sou o mestre do meu destino.

Eu sou o capitdo da minha alma.

William Ernest Henley
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RESUMO

Os peixes sdo um grupo de organismogxteemaimportancia ecologica, ambiental
principalmenteecoromica, devido a producédde carne destinada a alimentacdo dos seres
humanos.A carne é composta basicamente por muasculo esquelético, um tecido biologico
altamente especializado que constitui cerca de 60% da massa corporal dos ep&ses,
intimamente relacionado a fisiologia desses animaisiidgénese e o crescimento do musculo
esquelético sdo dependentes da proliferacdo e migracédo de células denominadas mioblastos, que
podem levar ao aumento do nimero de fibras musculares (hieyéou aumento do tamanho
das fibras musculares (hipertrofia). Esse crescimento € regulado por dsiness®xtrinsecos,
como temperatura e oxigenacdo, e intrinsecos, como fatores transcricionais, microRNAs,
horménios e nutrientes. Além da prolifediace diferenciacdo dos mioblastos, o tamanho das
fibras musculares também € influenciguby esses fatorestravés de um delicado balanco entre
as vias de sinalizacao de sintese e degradacéo pr@eigaeixes, essas redes moleculares que
controlam a hommstase e o crescimento do musculo esquelético tivemamexpansao em seu
namero de componentes devido a um eventdupdicacéo total do genoma, que culminou com
o0 aumento da complexidade desses organismos e, possivelmente, para uma maior diversidade
biol6gica. Uma das maneiras de estudar essas vias sinalizatérias e entender a complexidade da
regulacdo do crescimento muscular é através das culturas celulares primarias de mioblastos de
peixes. Durante o desenvolvimento das culturas celulares de mioblestos @ retomada das
principais etapas da miogénese, como a proliferacdo e migracdo dos mioblastos, a diferenciacao
e fusdo em miotubos, e a maturacéo das fibras muscularambientein vitro das culturas
celularesde mioblastosapresentanenor nimero deariaveisquando comparada® anusculo
esqueléticoum nivel sistémicqyermitindo as analises sob condi¢des controlddassa forma,

0 objetivo de nosso trabalho foi utilizar culturas celulares primarias de mioblastos de peixes
como ferramentas para iestigar diferentes aspectos do crescimento do musculo esquelético.
Estudos como 0 nosso, que fornecem novas informagdes quanto aos mecanismos moleculares €
celulares que regulam o tecido muscular nos peixes, podem contribuir para a obtencédo de
melhorias naiscicultura intensiva, relacionadas ao aumento de massa muscular e qualidade de

carne.
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ABSTRACT

Fish are a group of organisms of extreme ecological, environmental and mainly economic
importance, due to the meat production intended for humans. Meat is primarily composed of
skeletal muscle, a highly specialized biological tissue that constitutes @@faubf fish body
mass, and it is closely related to the physiology of these animals. Myogenesis and skeletal
muscle growth are dependent on the proliferation and migration of cells called myoblasts, which
can promote an increase in muscle fibore numberdiptasia) and/or increase in muscle fibre
size (hypertrophy). This growth is regulated by several extrinsic signals, such as temperature and
oxygenation, and intrinsic signals, such as transcriptional factors, microRNAs, hormones and
nutrients. In additiorto myoblasts proliferation and differentiation, the muscle fibre sizes are
also influenced by these factors through a delicate balance between protein synthesis and
degradation signaling pathways. In fish, these molecular networks that control homewstasis
skeletal muscle growth had axpansionin their number of components due to an event of
whole genome duplication, culminating withcreasedcomplexity and, possiblya higher
biological diversityof these animalsOne way to study these signalinglpaays and understand
the complexity of muscle growttegulationis through primary cell cultures of fish myoblasts.
During themyoblast cell culturelevelopmentthe main stages of myogeneare recapitulated
such asmyoblast proliferation and migratiprdifferentiation and fusion to myotubes,and
maturation of muscle fibreSThein vitro environment of thenyoblastcell cultureshasfewer
number of variables when compared to the skeletal muscle ateansydevel, allowing the
analyes under contradld conditions. Thughe aim ofour work wasthe use of fish myoblast
primary cell cultures as tools to investigate different aspects of skeletal muscle growth. Studies
such as ours, which provide new information on the molecular and cellular mecharasms th
regulatefish muscle tissuemay contribute to improvemesin intensive fish farming, related to

increasd muscle mass and meat quality.
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1. INTRODUCAO

1.1. Peixes

Por conveni °nci a, o termo fApeixeso ® wutil
na Ictiologia, animais que de modo geral apresentam branquias, membros em forma de
nadadeiras e tegumento coberto por escamas de origem dérmica. No entanto, 0s @eixes na
constituem uma unidade taxonémica ja que ndo compéem um grupo monofilético, ou seja, ndo
possuem um ancestral comum exclusivo. Para isso, seria necessario incluir o ancestral comum
mais recente e todos o0s seus descendentes, que nesse caso abrangeomrtdiépodes
(Nelson, 20068) Al guns autores r estriaogmgeixes 0ssebseconmo i
mandibula, enquanto muitos outros também incluem tubardes e raias. Alguns poucos estudiosos
também incluem vertebrados sem mandibzdano as lampréias os peixedbruxa.De qualquer
forma, os peixes sdo animais de enorme importaesipecialmentecoldgica e ambiental,
atuando como elementos chave em diversas cadeias alimentares e até mesmo como indicadore:
de poluicdo em ambientes aquéticds. o grupo mais diverso dentre os vertebrados,
representandpouco mais que a metade do numero total de espécies existentes; 27977 espécies
de peixes e 264 espécies de tetrapodes validas em 2006 (Nelson, 2006).dissg os peixes
exibem enorme variabilidade em morfologi@bitos alimentarecomportament@ habitat,de
modo que essa riqueza de informacdes e diversidade, muitas vezes ndo exploradas, tem atraidc
cada vez mais o interesse de pesquisadores e direcionadodagogesquisas a esses animais.

Outro aspecto relevante é a extrema importancia econdmica que 0S peixes possuem,
devido principalmente a producao de carne destinada a alimentacéo dos seres |3egands.
o relat-rio RO Estado tMumnmdi2al0l6da Rdsachar adc
Agriculture Organization of the United Nations (FAO), estisgaque a producao aquicola global
deve alcancar cerca de 200 milhfestaigeladas em 2025, um aumento de quase 20% em
comparacdo ao periodcompreendido entres anos de 2013 a 20X5A0, 2016) Nesse
contexto, os paises em desenvolvimento, incluindo o Brasil, contribuirdo significativamente para
esse expressivo crescimen.Brasil possui iniUmeras vantagens para o desenvolvimento da
aquicultura e pesca extnata marinha, como grande extensao litoranea, 5,5 milhées de hectares
de reservatorios de agua doce, condi¢cdes ambientais e climatologicas altamente favoraveis, mao
de obra relativamente barata, investimentos no setoesente mercado interno (Pinheiro
2014). Além de uma consideravel contribuicgara o PIB nacional (aproximadamente R$ 5

bilhdes),a atividade aquicola Is#éeira alavancou rapidamentas Ultimas décadaspm uma
11
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98 transicdode quasezeronos anos 8para mais de meio milhdo de toneladas de peixes em 2014
99 (SaintPaul, 2017)de modo que @onsumobrasileirode peixe per capitaumentoucerca de

100 30%no periodo compreendido entre os ano2@@0 e 2009bem mais que o registrado para a
101 carne bovina(10%) (Pinheiro, 2014) Por essas raz0es, moducdo de pesca e aquicultura
102 brasileira deve crescer mais de 1088% 2025 (104%)sendo esse aumento o mastimadma

103 regido da América Latina e Caribe, seguido por México (54,2%) e Argentina (53,9%) (FAO
104 2016).

105 O boletim estatistico elaborado pelo Ministério da Pesca e Aquicultura ragstveucéo

106 de pescadada aquicultura em 2011, revelands espéciesnais utilizadas na piscicultura

107  brasileira.A maior producaocontinua sendo da tilapia do Nil®@(eochromis niloticuls (47%)

108  (MPA, 2013) um dos peixes de agua doce mais cultivados do mépdsar de semma especie

109  originaria da bacia do rio Nilo, na Africa, tilapia do Nilofoi introduzida em diversas regides

110 subtropicais e temperasl@o planeta,devido a sua adaptabilidade uma ampla gama de

111 ambientes e sistemas de cult{&-Sayed, 2006)0utras espécis ndcnativascom contribuicdes

112 menores para a producdo nacional sacarpa Cyprinus carpid (7%) e a truta arcdris

113 (Oncorhynchus mykisq0,6%) (MPA, 2013) Apesar @ baixo impactoda truta arcéris no

114  cenario brasileiro, os salmonideos constituem um dos principais grupos de peixes na aquicultura.
115 Ao longo dos anosys criacdes de trutas e dalmao do AtlanticoSalmo salay se espalharam

116  por todos os continentes (Berthelot et al., 20&4tualmente tem marcante produgacEuropa

117 e em paises como Estados Unidos e GRikeO, 2016)

118 O Brasil possui cerca de 3 mil espécies de peixes nativos, muitas com potencial para uma
119 producdo mais significativa na piscicultura, como o doura8alnfinus brasiliensig, jau

120 (Zungaro zungarp piau (Leporinus spp), matrinxd& Brycon amazonicys pintado

121  (Pseudoplatystomapp), pirarucu Arapaima gigay e jundia Rhamdia quelen(MPA, 2013;

122  Pinheiro, 2014 IBGE, 201§. Se compararmos a paises asiaticos, em que 95% da producao
123 baséase em peixes nativos daquele continenge,participacdo das espécies nativas na
124 aquicultura brasileira ainda é baixkso devido arelativa falta de conhecimentsobre a

125 biologia, reproducao, nutricdo e domesticacdo desses animais, enquanto existem muito mais
126  informacgOes basicas para a criacao de espécies introd(RalasPaul, 2017)No entantpesse

127 panorama estdnudando, e o foco da aquicultura nacional, cquées seconcentrava

128 exclusivamente em espécies exoéticas, vem sendo direcionado para 0s peixes @ativos.
129  principais responsaveis por isso saembrosda familia Characidae popularmente conhecidos

130 como pacuPiaractus mesopotamicysambaqui(Colos®ma nacroponum), tambacu(hibrido
12
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entre pacu éambaquj e pirapitinga Piaractus brachypomuisquecorrespondem a maior@os
peixes nativogultivados e representam quase 40% da producdo na¢Ral, 2013 IBGE,
2016. O pacu é encontrado nas bacias fifus Parana, Paraguai e Uruguai, mas sua distribuicédo
esta mais concentrada nas planicies alagadas da regido-Qestieodo Brasil, sendo um dos
peixes mais estudados no Sul, Sudeste e C@waste brasileiroddrbinati e Goncgalves, 2005).
E uma espécie up apresenta diversas caracteristicas economicamente interessantes, como
rusticidade, alta fertilidade, rdpido crescimento, adaptacdo a alimentagcdo artificial e carne
saborosa, podendo atingir até 20 kg (Santos,e2G2).

A mudanca da producao de pesca e aquicultura para as espécies nativas € o caminho para
o desenvolvimento da atividade aquicola, permitindo uma maior acessibilidade da populacao,
estimulo domercadointerno, ampliar a exportagcdo e aumentar o consumo deadweSaint
Paul, 2017) Uma vez quea demanda vem crescendo e esses produtos contribuem com uma
grande parcela da alimentacdo da populagéadial,é necessaria a implementacdo cada vez
maior de politicas publicas na pesca e aquicultura. Esse ceraela a importancia das
pesquisas cientificas com peixes, contemplassionais diversedominioscomo toxicologia,
imunologia, ecologia, genética, fisiologia e nutricllbuscando aumentar o nivel de
conhecimento para a criacdo desses animdgissar do Zgrafish Danio rerio) e do medaka
(Oryzias latipey serem amplamente utilizados como organismos modelo para o entendimento de
muitos processos bioldgicos, existem certas limitacdes devido ao pequeno tamanho que atingem,
como o estudo do muscudsqueléticalurante o crescimento do animal (Froehlich et al., 2013).
Peixes como a tilapia do Nilo, a truta afds e o pacuFigura 1)sédo excelentemodelos
experimentaipara esse tipo de estudo e em outras areas cientificas, tanto pelo grande tamanho

corporalque atingem quanto pelo alto valor e interesse econémico que possuem.

13
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Truta arco-iris (Oncorhynchus mykiss)

155
156 Figura 1: Exemplaes de tildpias do Nilo Qreochromis niloticus pacu Piaractus

157 mesopotamicys e truta arcdris (Oncorhynchus mykis peixes de grande importancia

158 econdmica eientifica.

159  (http://ref.data.fao.org/photo?entryld=2cc8aXe®adb5e9ff3-bfe0731ddcda

160  http://isabelpellizzer.com.br/teodesampaiesp/

161  http://www.invasivespeciesinitiative.com/rainbdxout/).

162

163  1.2. Musculo esquelético

164 O tecido musculaesqueléticoé considerado untecido fundamental assim como o

165  epitelial, conjuntivo e nervos@ funcéo basica dos musculos é a producdo de forca e geracédo de
166  movimento, possiveis atravédacapacidade de contragdo e relaxameetsuas célulassso faz

167 com que o tecidl muscularesqueléticcseja essencial para varios processos fisiolégicos de um
168 organismo, como a locomocamanutencdo e mudancas na postunespiracap além deum

169  importante papel no metabolisgragindo como fonte energétjcatambéma producéao & cabr

170 e manutencdo dé&mperatura corporglJunqueira eCarneiro, 2013 revisado por Frontera e

171 Ochala, 201p

172 As células do tecido muscular esquelético sdo conhecidas como fibras musculares. Séo
173  células alongadagpodendo chegar até 30 cm de comprimetitmdricas com um diametro que

174 varia de 10 a 100 pme multinucleadas(Junqueira e Carneiro, 2013 citoplasma

175 (sarcoplasma) das fibras €& totalmente preenchido gstnuturas cilindricas denominadas
14
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miofibrilas, que sdo formadas pilamentosde proeinascortrateis. As miofibrilagleslocam os
varios nucleos em direcd membrana plasmatica (sarcolema), ou seja, para a periferia das
células, sendo essa uma caracterigticdusivado musculoesqueléticqrevisado por Frontera e
Ochala, 2015)O muscub esquelético esta sujeito a variacbes no didametro de suas fibras
musculares, que depende de fatoremo o proprio musculo considerado, idade e s#X0
organismo, estado de nutriga@xercicio fisice diversas patologias.

Os musculos sao revestidos ponaucamada espessa de tecido conjuntivo denominado
epimisio, que emite septos para o interior do tecido sepamedofeixes. O tecido conjuntivo
gue envolve esses feixes de fibras musculares, também conhecidos como fasciculos, € conhecido
como perimisio.Além do epimisio e perimisjouma delgadacamada de tecido conjuntivo
envolve cada uma das fibramusculares, e recebe o nome de endomisio, formado pela lamina
basal em associacdo com fibnaticulares (revisdo por Kjaer, 2004) (Figura 20 tecido
conjuntivo tem grande importancia para a fisiologia do tecido muscular, contribuindo para a
unido das fibras musculares e permitindo que a forca de contracdo gerada por cada fibra seja
transmitida ndo somente ao musculo inteiro, mas também & @straturas, CoOmo 0S 0SS0S e
tendbes. Além disso, o tecido conjuntivo também permite a insercdo de vasos sanguineos,
linfaticos enervos.Em peixesa distribuicdo do tecido conjuntivo no musculo esquelético e a
concentracdo de colageno variam conforneggcie, a etologia do animal, a atividade muscular
realizada durante osiovimentos natatorios e o estagio de desenvolvimento (Michelin et al.,
2009).

15
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Figura 2: Corte transversal de musculo esquelético de fR@ractus mesopotamicuadulto
(imagem deautoria propria) F: fibra muscular; *: endomisid; : perimisio;f : mionucleo.

Coloragao pohematoxilinaeosina (Aumento: 40XBarra: 20 pun.

As fibras muscularessqueléticagpresentam estriacdes, devido ao arranjo repetitivo das
miofibrilas em uniddes conhecidasomo sarcomerogevisado por Frontera e Ochala, 2015)
sarcomero é a unidade funcional basica e contréatil do musculo, e sua repeticdo ao longo da fibra
proporciona uma alternancia de faixas escuras (banda A) e claras (haretultand nas
estriacoes transversaisaracteristica As miofibrilas sédo principalmente constituidas de
filamentos finos de actina e filamentos grossos de miosina, dispostos longitudinalmente e
organizados de maneira simétrica e pardllaqueira e Carneiro, 28). Além disso, &iste um
conjunto de proteinaegulatérias como tropomiosina e troponina estruturaiscomotitina,
nebulina, alfa actinina, desminadistrofina. A actina apresertse sob a forma de polimeros
longos (actina F), constituidos por deasleias de monémeros globulares (actina G) torcidas em
duplahélice. Cada monémero possui um sitio ativo, regido na qoateoa interacdo com a
miosina.A molécula de miosina é um hexamero formado por quatro cadeias leves de miosina
(MyLC) e duas cadempesadas de miosina (MyHQ@®visado por Geeves, 1999; Junqueira e
Carneiro, 2013)Apresenta uma dupla hélice, que constitui uma regido conhecida compecauda
uma saliéncia globular conhecida como cabécaabeca da miosina possui locais especificos
para a interagcdo com a actina e para a ligacdo com a molécula dgu&Téera hidrolisada para
a liberacdo de energia utilizada na contra@@visado porGeeves, 1999 Com relacdo as
proteinas regulatérias tropomiosina € compostapduas cadeias em alfa héliea tropaina
apresenta 3 subunidad@nT, que se liga &ropomiosina;TnC, que tem fidade pelos ions
calcio; eTnl, que cobre o sitio ativo da actifacal em queocorre a ligacdo da actimm a
miosina(revisado por Geeves, 199Bjnqueira €arneiro, 2Q3).

A contracao tem inicio com a ligag&o de ions cadaobunidade TnC da troponina. Essa
ligacdo promove uma alteracdo conformaciowia troponina que acaba deslocando a
tropomiosinalPor sua vez, o deslocamethitzera o sitio ativo da actina permie swa interacao
com a miosina. A cabeca da miosina apresenta atividade ATR#sicendo que a hidlise d
ATP em ADP, Pi fosfato inorganico) e energi@romove uma alteracdo conformacibgae
aumentaa curvatura da cabeqeevisado por Geeves, 1999; revisado por Frontera e Ochala,
2015) O movimentoda cabecada miosina empurra o filamento de actina, promovenao

deslizamentalos filamentos contrateis uns sobre 0s ouEgse processo se repete varias vezes
16
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230 durante umaontracdoaumentando o tamanho da zona de sobreposicdo entre os filamentos, o
231 que diminui o tamanho do sarcémero e leva ao encurtamento da fibra mudentpre{ra e

232 Carneiro, 2@3) (Figura3).

Musculo
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233
234  Figura 3: Esquema ilustrando a estrutwla sarcomeroAs fibras musculares contém estruturas
235 denominadas miofibrilas, que sao formadas fjamentosde proteinagortrateis organizados
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em sarcomerosOs principaiscomponentes dos sarcomeros sdo os filamentosctilea ae

miosina, que interagem e promovermoatracdo mscular(Junqueira €arneiro, 2008).

As propriedades do musculo esquelético sdo determinadas pelo numero, tamanho e
composicao das fibranusculares, e variacdes na estrutura e funcdo dos compotas fdsas
resultam em adaptacdes a diferentes demandas (plasticidade museulsaji¢ poBlauuw et
al., 2013).De modo geral, alassificagdo dos tipos de fibras musculares é baseala na
caracteristicas contrateis e metabdlidassas célulasis fibras musculares podem expressar
diferentes isoformas de MyHC, que determinam a velocidade de hidrélise do ATP e,
conseguentemente, a velocidade de contracdo musgaiezado por Blauuw et al., 201Em
mamiferos, as fibras que expressam somente umarnmsnfedo denominadas puras e sdo
classificadas em tipd (MyHC-b) , 2 A -2A) MAXHKYHC-2X) e 2B (MyHC-2B).
Entretanto, uma mesma fibra muscular pode apresentar diferentes isoformas de MyHC, sendo
estas denominadas fibras hibridas e classificadas conforiyHC predominantede acordo
com o seguintesquema: B 1/2A2 2A 23 2A/2X2a 2Xa 2X/2B?2 2B (Staron et al.,

1999) No entanto, esse padrdo de expressdo das isoformas ndo € obrigatério; por exemplo,
estudos ja mostraram fibras muscularesexjressanddMyHC do tipo 1 e 2X, mas nao a
isoforma2A (Caiozzo et al., 2003s fibras do tipo 1 apresentabaixa atividade ATPasica,
possuindocontracdo lenta, enquanto as fibras do tipo 2 hidrolisam o ATP mais rapidamente,
possuindo contracdo rapidieevisado poiSchiaffino eReggiani, 2011)Além disso, esses tipos

de fibras musculares possuem propriedades metabdlicas distintéibraasdo tipo 1sao
caracterizadas ponetabolismo aerobico ou oxidati, resisténcia a fadiga e geracdo reduzida de
forca mecéanica as fibrasdo tipo 2B s&o caracterizadas por metabolismo anaerdbico ou
glicolitico, muito suscetiveis a fadiga e geracéo elevada derfecanicae as fibras do tipo 2A

e 2X combinam um metabolismo glicolitico e grande geracdo de fosg@nicacom a
ressténcia a fadiga¢visado poBlauuw et al., 2013).

Na maioria dos peixes o musculo esquelético constitui cerca de 60% da massa corporal
(Johnston, 2001) Essa musculatura esté intimamente relacionada a fisiologia desses animais, de
modo que possibilitas movimentos natatorios e a adaptacdo ao meio aquatico, representa a
principal reserva proteica e compreende a maior porcdo do file, a parte mais valiosa do peixe
para a induastria da aquiculturdopnston, 2001; Sanger ®toiber, 2001).Geralmente a
organizacdo anatbmica do musculo esquelético nos peigdsmseiaem unidades idénticas

chamadas midmeros, estruturas envoltas por camadas de tecido conjuntivo denominadas
18
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miosseptos. Os midmerae repetem ao longo de todo o comprimento corporal do peixe e
possuem unformato em W, que permite um encaixe intrincado dessas unidades e diferentes
flexdes corporais durante o nado (Van Leeuwen, 1999). O miossepto vertical divide os musculos
em antimeros direito e esquerdo e, na regido em que se encontra o nenha ddral, um
miossepto horizontal (septo transverso) divide a musculatura em epaxial e hipaxial €Currie
Ingham, 2001) (Figura 4).

A Musculatura epaxial

A

Midémeros Miosseptos

Miossepto horizontal

Y

© 2013 Encyclopasdia Britannica, Inc. Muscu|atura hipaxia]

Figura 4: Organizacdo anatbmica do musculo esquelético nos peixes. (A) Estrutura dos
midémeros e miosspetos e as muatirlas epaxial e hipaxialdaptado deEncyclopaedia
Britannica Online, 2010). (B) Miossepto verti¢a) e miossepto horizontal (h).

(https://brunaquaglio.com/2015/12/20/pebreagree-peixesgordurosodistal).

Em peixess tipos ddibras muscularegncontrarrse distribuide em compartimentos
distintos, diferentemente do padréo emsaico encomado nos musculos dos mamiferos, em
que adiferentes fibras encontrase entremeadas umas as oufBesets, 1961; Johnston et al.,
1977; Séanger e Stoiber, PQ; Johnston et al., 2004) (Figura 5). Essaima das principais
diferencas entre so muscule esquelétice desses animaistornando os peixes modelos
experimentais Unicos em pesquisas envolvendo fibras musculares. Trés tipos principais de fibras
podem seridentificados em peixes: rapidaentas e intermediariag\s fibras rapidas fas)
compdemcerca de 7% da massa musculagpresentam diametro de 50 a 100 pnséo
caracterizadas porvelocidade de contracdo rapidametabolismo glicolitico e baixas
concentracdes dmitocondrias €eipideos (Sanger e Stoiber, 2001Além disso, essafibras
possuem pouca mioglobina e menor suprimento sanguérnam isso sdo também denominadas

fibras brancas (musculo esquelético brand® fibras rapidassdo nobilizadas durantes
19
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movimentos bruscos de natacdesociados a captura de alimentos e fuga de preda8aregeft

e Stoiber, 2001)As fibras musculares lentéslow) compreendem 120% da massa muscular e
localizamse numa regido mais superficial darpo do peixe, com maior espessura em torno da
linha lateral. Elas apresentam diametro de 25 a 45 um e sado caracterizadas por velocidade de
contracdo lenta, metabolismo oxidativo e elevadas concentracfes de mitocondrias e lipideos
(Sanger e Stoiber, 20QBlém de muita mioglobinaadto suprimento sanguinggue conferm o

aspecto avermelhadao musculo ea denomingéo fibras vermelhas (muasculo esquelético
vermelho). As fibras lentas saalilizadas durante os movimentos lentosde sustentagao,
especialmete aqueles exigidadurante a natacdo migrato(i@anger estoiber, 2001)Entre os
compartimentos rapido e lento residem as fibras musculares intermediarias que, conforme seu
nome, apresentam propriedades contrateis e metabdlicas intermediarias fintas a&pidas e

lentas Sanger &toiber, 2001).

.» Fibras de

-
»

A > contragao rapida B

.

5 Fibrasde
~contragao lenta

Figura 5: Diferentes ipos de fibras musculardecalizados em compartimentos distintos no
musculo esquelético de peixes. (A) Esquema indicando a localizagdo das fibras de contracao

rapida e lenta. (B)Corte transversal do musculo esqueléticojudesnil de salvelino artico
20
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(Salvelinus alpinus As fibras foram marcadas com um anticorpo -amtisina slow (S58

antibody e contra coradas com hematoxiteasina s: fiboras musculares de contracdo lenta
(compartimentovermelho); f: fibras musculares de contracédo rapida (compartimento branco); hs:
miossepto horizontal; sk: pele (Johnston et al., 2004¢) Indicacdo das diferencas na
distribuicio dos diferentes tipos de fibras musculares entre mamiferos & pebsguerda um

corte transversal do musculo esquelético de rRudtfs norvegicys(imagem de autoria do

grupo de pesquisa), que apresenta padrdo em mosaico, e a direita um corte transversal do
musculo esquelético de tilapia do Nil®@reochromis nilotias) (Aguiar et al., 2005), que

apresenta compartimentalizacdo. Fibras coradas pela técnica da AtidagpH=4.6).

1.3. Miogénese

A formagdo de fibras musculares, ou miogénese, ocorre nas fases iniciais do
desenvolvimento embrionario. A mesoderme paraxial, que flanqueia o tubo neural e a notocorda,
sofre umasegmentacdo da regido anterior para a posterior, formando estruturas dedasmin
somitos(revisado por Buckingham e Rigby, 201#)os mamiferos, os somitos subdividea
em uma porg¢ao ventral denominada escler6tomo, que originara a coluna vertebral e as costelas, e
uma porcdo dorsal denominada dermomiotomo, responsavel pela dormag musculos do
tronco e dos membros, da derme dorsal, de células endoteliais e musculares lisas, e dos vasos
sanguineogrevisado por Buckingham Rigby, 2014) O dermomiétoma fonte de populacdes
de células precursoras miogénicas, damminam e migm para a formacade uma camada
subjacente conhecida como miétomo, cuja porcédo dorsomedial originard os masculos intrinsecos
das costas, enquanto a porcao ventrolateral originard os musculos das paredes ventrais e laterais
do corpo. Além dissogélulas @ dermomidétomo também migram para locais mais distantes,
formando os musculos dos membros, e posteriormente para o interior do miétomo ja formado,
fornecendo uma populacédo déludas progenitoras de reseryae originardo asélulas satélite
no musculo maaro (revisado por Yusuf BrandSaberi, 2012).

Nos peixes a classificacdo de um dermomidtamimwla € controversa, sendo que a
maioria dos trabalhos divide os somitos em escler6tomo e midétomo. Sttelabotte et al. (2007)
mostraram que #&orda anterior dos satos fornece uma populacdo de células progenitoras
miogénicas equivalentes as células satélite, que serdo necessarias para o crescimento muscula
do peixeapds o0 nascimeni@ttelabotte et al., 2007Diferentementelos mamiferos, o miétomo
é relativamentenaior que o esclerétomo nos peixes, pois a necessidade de um esqueleto robusto

é reduzida devido a flutuabilidade da agua e a bexiga natatoria, ao passo que a viscosidade do
21
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ambiente aquatico exige maimrassa muscular para a locomo¢éyvisado por Stiakey et al.,
2000)

Durante a somitogénese dos peixes, diferentes tipos celulares formaréo e constituirdo o
miotomo, sendo eles, principalmente, as células adaxiais e as células latesmifioas
(revisado por Stickney et al., 200@s célulasadaxias localizamse ao redor da notocorda e,
sob o estimulo de glicoproteinas secretadas pela notocorda e pelo tubo neural, migram em
direcdo a regido superficial do miétomo, formando uma camada Unica abaixo da epiderme.
Nessa regido, as célulagdaxiaisfundemse e originam as fibras musculares Igntal seja, a
musculatura vermelha do peikevisado por Stickney et al., 2000Jm determinado conjunto
de células adaxiais ndo migra para a superficie do miétomo, permanecendo acopladas a
notocorda e se difenciando nas chamadas fibras musculares pioneiras. Essas fibras atravessam
toda a extensdo do miétomo e orientam a migracdo das demais células adaxiais a regido
superficial. Além disso, as fibras musculares pioneiras concestam nivel de formacao do
miossepto horizontapodendo ter algum papel no desenvolvimento desta estrutura (Halpern et
al., 1993). Ap6s migracao das células adaxiais, as células lateramnpitécas iniciam sua fusdo
e diferenciacdo em fibras musculares rapidacalizadas numagorcdo mais profunda do

miétomo(revisado por Stickney et al., 20Q@jgura 6).

A L ,_}\_s Celylas Ia'tt_erals B
pré-somiticas

Células adaxiais ;
Escleré6tomo

Fibras musculares
pioneiras

Fibras musculares
de contragao lenta

Escleré6tomo .
Fibras musculares de

contracao rapida

Figura 6: Miogénese embrionaria @rimacéo dos tipos de fibras musculanesmiotomo de
peixes. (A) Esquema de um corte transversal de embrido de zebBdisio ferio) com 13

horas, destacando a posicao das células adaxialslasdaterais pr&somiticas. (B) As células
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adaxiais expressamyod(vermelho) enquanto ainda adjacentes a notocorda (azuBs(tiema

de um corte transversal de embrido de zebrafmip rerio) com 24 horas, destacando a
posicdo das fibras musculares de contracao lenta, fibras musculares pioneiras e fibras musculares
de contracdo rapidgD) Fibras musculares de contracdo lenta (ver888 antibody formam

uma camadauperficial, enquanto asbfas musculares de contracdo rapida (vermelam4

antibody permanecem numa regido mais profunda do miot(adaptado destickney et al.,

2000).

Existe umarhierarquia genética ( e X pr e s s «de cosmmentes Mmolecaldres
gue regulam o processaoiagénicq desde o comprometimenfdeterminacamu especificacdo
das célulasprecursoras miogénicagé sua difeenciacdo em fibras musculares. Os principais
deles sdo os Fatores de Regulacdo Miogénica (MRHspr{, 1990; revisado por Weintraub,
1993; Johansen éverturf, 2005), uma familiale fatores transcricionais que ativam genes
musculeespecificos. A estrutura molecular de um MRF apresenta um dominio altamente
conservado, com cerca de 60 aminoacidoshecido comdasic helixloop-helix. A regido
helix-loop-helix esta envolvida com a ligacdo entre 0 MRF e outra molécula idéntica, formando
um homodimero, ou entre o MRF as cofatores transcricionais E12 47, formando um
heterodimero. A regidbasic esta envolvida com a ligacdo do homodimero derbdimero a
uma sequéncia especifica do DNE-CANNTG-3"), denominad&-box (Ma et al., 1994)Essa
sequéncia esta presente na regiao promotora de genes rasgddicos, que codificam, por
exemplo, proteinas contrateis, estruturais e enzimas mues;uier modo que o homodimero ou
heterodimero ativam a transcricdo desses genes (revisado por Rescan, 2001). Assim, os MRFs
controlam o programa miogénico dentro da célula, suprimiodimos possiveisdestinos
celulares. Dentre os MRFs destacarmse o Myf5 (myogenic factor 5 Myodl (myogenic
differentiation 3, Myog (myogenin e Mrf4 (musclespecific regulatory factor Y(Olson, 1990;
revisado por Weintraub, 1993) Myf5 e aMyod1 sdo conhecidos comdRFs primarios, sendo
responsaveisprincipalmente pelo comprometimento das células precursomaslinhagem
miogénicae pela proliferacdo e migracdodos mioblastos(célula precursora miogénica ja
comprometidapo musculo esqueléticd. Myog e o Mrf4sdoconsiderados MRFsecundarios e
estdo envolvidoxom a difaenciacdo e fusdo dos mioblastos em miotubos, e sua posterior

maturacdo em uma fibra musculdohanser Overturf, 2005; Almeida et al2010) (Figura )
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Figura 7: Miogénese e fatores de regulacdo miogénica (MRP9)Esquema do complexo
formado entre unhomodimero de Myde o DNA (Ma et al., 1994). (Bxpressao sequencial e
regulacdo realizada pelos MREsrantea miogénese do musculo esquelét{edaptado de
Zanou eGailly, 2013).

No entanto outros fatores expssos anteriormente sdo necessgas a ativacdo dos
MRFs e drecionamento da célula a miogéness. células mesodermais sdo dependentes de
moléculasprovenientes de tecidos adjacentes para indugdo da miogémes@mito inicial
Diversas glicoproteinas da familia damts secretadas peltubo neural(Wntl e Wnt3a)e
ectoderme(Wnt6 e Wnt7a), e a molécula sinalizadora Sebni{c hedgehdg secretada pela
notocorda, subdivdem os somitos em escler6tomo e dermomiotomo, alémindazir a
expressdo do Myf5 e Myod1 nas células do miétdrevisado por Hernanddzernandez et al.,
2017) Por sua vez, a proteiamp4 (bone morphogenetic proteir),4ecretada pela mesoderme
lateral, promove uma regulacdo negatiessts MRFgrevisado porHernandezHernandez et
al., 2017) Outros componentes importanteda hierarquia miogénica sao os fatores
transcricionaiPax3 pairedbox3) e Pax7(paired box 7. Em mamiferos, #ax3 é expresso em
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todo o dermomiétome constitui ummarcador de células progenitoras miogénicas migrantes
gueainda nao ativaram Myf5 e Myogdau seja, células que ainda ndo se comprometeram com a
linhagem miogénicérevisado por Buckingham e Rigby, 201AJtos niveis de Pax3 direcionam

as células do dermuotomo para o destino miogénico, enquanto baixos niveis podem dar
origem a células da derme, endoteliais, musculares lisas e adipocitos. Além disso, O Pax3 regula
genes envolvidos no equilibrio que deve ser mantido entreentwacacelulare miogénese

como Fgfr4(fibroblast growth factor receptor)4 Spiy2 (sproutyrtk signaling antagonist e

Myf5 (revisado por Buckingham Rigby, 2014) Progressivamentecorre uma redugédo na
expressao do Pax3 e um aumento na expressao doAPexg@ressado do Pax7 fica mais restrita a
porcao centraflo dermomiétomplocal em queélulas Pax3/Paxfositivasmigram efornecem

uma populacéo celular deserva no miétom¢revisado por Buckingham e Rigby, 201Bessa

forma, o Pax®e tornaum marcadomolecular dagélulas satélite, necessarias para a miogénese
posnatal e regeneracdo do musculo adulipds a expressao de Pax3 e Pax7, as células que
definitivamente irdo contribuir para a formacdo de fibras musculares passam a expressar
sequencialmentdyf5, Myodl, Myog e Mrf4(revisado por Buckinghare Rigby, 2014) A
hierarquia miogénica prevalece musculo esquelétiados vertebradosnas os peixepossuem

uma particularidadeEnquanto as células precursoras miogénicas dos mamiferos somente
expressam MRFs apds migrarem para os locais entefugtivamenteirdo se diferenciaem

fibras musculaes madura, as células adaxiaifa sdo Myf5/MyoDpositivas antesnesmodo

inicio daformacéo dos somitoajnda adjacentes a notocor@@g(ra 6B (revisado porStickney

et al., 2000; Stellabotte et al., 200'@visado porBuckinghame Rigby, 2014).Apesar de as

células laterais préomiticas somente expressarem esses fatores ap0s a somitogénese, esse
comprometimento precoce das células adaxiamonstra uma identidade miogénica antecipada

no musculo esquelético dos peiXesvisado pofStickney et al., 2000)

1.4. Crescimento muscular poshatal

O crescimento pésatal do musculo esquelético nos peixes envalwa populacdo de
células precursoras miogénicague, apds estimulos, reativam o0 programa miogénico
embrionario eoriginam mioblastos capazes de fug@visado por Johnston et al., 201&Epsas
sdo as ceélulasonco do tecido muscular e também séonhecidas comomioblasts
indiferenciados ou células satélitkevido docalizagdona periferia das fibras musculares, entre

a lamina basal e o sarcoleifhauro, 1961 Koumans et al., 199@Figura §.
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Figura 8: Célula satélite danusculo esquelético. (A) Esquema mostrangmsicdo da célula
satélite, entre a lamina basal e o sarcolema da fibra musadiptédo déHawke e Garry,

2001). (B) Imunocitoquimica de fibra muscular de mamifero, indicando alta expressédo de Pax7
pela célula satélite (flecha branca) em comparacaoci@misieo (flecha preta). (QYlicroscopia
eletrdnica de transmissdo do musculo esquelético de campam(Cyprinus carpid. ( : lamina

basal envolvendo ambas a célula satélite e a fibra muscular (Koumans et al., 1990).

Os ndcleos decélulas satéliteconstituem de 2 a 7% dos nucleos musculares em
individuos saudaveie saorelativamente grandee com cromatina muito condensada, ou seja,
permanecenfuncionalmente inativd ounum estado quiescentéssa quiescéncia € mantida pelo
Pax7, que reprime genesnvolvidos com a diferenciacdo dos mioblas{osvisado por
Buckinghame Rigby, 2014) Durante a ativacao, as células satélite reduzem a expresséao de Pax7
e aumentam a expressao dos MRFs, originando os mioblagjf@groliferacao e diferenciacéo
sd0 0s racanismos que promovem a hiperplasia (aumento do numero de fibras musculares) e

hipertrofia (aumento do tamanho das fibras) (Rowleesdaggetti, 2001; revisado por Johnston

26



460
461
462
463
464
465
466

467
468

469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

o )

\V
. )x A#é#' UNIVERSIDADE ESTADUAL PAULISTA
- u nesp “JULIO DE MESQUITA FILHO”
’ Campus de Botucatu
Instituto de P u
Biociéncias PG- BGA

et al., 2011)Durante o crescimento hiperplasico, os mioblastos proliferamamigragregam

se na superficie de fibras muscularesexi@entes,iniciando osprocesse de diferenciaca@
fusdo e originando os miotubesque posteriormente formafibras musculares maduraso
crescimento hipertréficoap0s a proliferacdp migracdo e diferenciacdams ndcleos dos
mioblastossaointernalizados nas fibras musculares em crescimento, de modo que promovem
uma maior sintese de miofibrélae, consequentemente, aumengaarea e o diametro de fibras

préexistentes (revisado porhiuston et al., 2011) (Figu#3.

Hiperplasia
J e J SR it G
¥~ Célula |Opaxda Opax’b ©sox8 e A
( satélite e )
k ) - I fibras musculares
i ‘- » e = se formando
- - - -—
Oy — & — @ — - Fusido
©® - - - -
Especificagao Ativacao Proliferacao Diferenciacao Migracao . 1
____oS — —
O myod1 O hgfa O myogenin O myf4 H .
O myf5 O c-met O pena O stac3 ’a _ .

‘Omef2aa  © mef2b om ef2b { = - — = —
@mef2ca  Omef2ch @mef2ca nef2ch i |
2 Omef2d v — = = e~ o)

Hipertrofia

Figura 9: Crescimento pésatal do musculo esquelético em peix€gorrea retomada dos
eventos da miogénese, especialmente profifErae diferenciacdo de mioblastos, que irdo
culminar can os processos de recrutamentoh@erplasia muscular, aumentando o numero de
fibras, e hipertrofia muscularaumentando o tamanho débras Esferas brancasdicam
componentes comaior expressao nas fibras musculares de contragétar sferas vermelhas

indicam componentesom maior expressao nas fibras musculares de contlagfa; esferas

verdes indicam componentes que nao apresentam diferengas de expressao entre os tipos de fibra

musculares (adaptado de Mareco et al., 2015).

A contribuicdo dos mecanismos de hiperplasigertrofia no crescimento muscular pés
natal tem sido estudada enuitas espécies de peix&studos mostraram que em muitiesses
animaise x i st emmndasag de i ntenso Rowkrsone/eggattit200L;hi p e
Johnston et al., 2003). A premma é conhecida como hiperplasia estratificada, uma continuidade
da miogénese embrionaria, que promove a formac¢do de novas fibras musculares em camadas.
Essa hiperplasia ocorre a partir de zonas germinativas e € responsavel pelo espessamento de

musculatua nos estagios iniciais do desenvolvimeflRowlerson e Veggetti, 2001\ segunda
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€ denominada hiperplasia em mosaico, que promove a formacdo de novas filicak eam
musculaturado peixe, a qual também apresenta fibras musculares num estagio de maturaca
mais avancadoRowlerson e Veggetti, 200BImeida et al., 2010). Dessa forma, o musculo
esquelético apresenta fibras musculares com diametro pequeno entredibrai®r diametro,

como um mosaicgpermitindoum maior desenvolvimento da massa musc(fagura 10). Os

peixes que apresentam ambos 0s tipos de crescimento hipergEsidenominados peixes de
crescimento somatico indeterminadoos quais ogrande aumento da massa muscular
proporcionado pela hiperplasia em mosaico permite atinginengran@ tamanho corporal e
também confer@mportancia econdmica a espéffowlersone Veggetti, 2001)Por outro lado,

0S peixes que apresentam somente a hiperplasia estratificada sdo denominados peixes de
crescimento somatico determinadpie atingem um tamarthfixo uma vez que a hiperplasia
cessa nos estagio mais iniciais do desenvolvimento, tornando o crescimento hipertréfico das
fibras o principal mecanismo de crescimento musculainpta nessas espécidiga eGoetz,

2006; Froehlich et al., 2013).

Hiperplasia
estratificada

Zebrafish (Danio rerio)

Hiperplasia
em mosaico

Pirarucu (Arapaima gigas)

Crescimento indeterminado

0-5um 6-10pm  11-15um 16-20pum 21-25um 26-30um  >30 ym

Figura 10. Crescimento hiperplasico do musculo esquelético de peixes. (A) Hiperplasia
estratificala, em que a formacé&o das fibras ocorre em camadfecha pretailustra o sentido

do crescimenta@onforme o diametro das fibras muscula(B3.Hiperplasia enmosaico em que
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novas fibras sdo formadas entre fibras musculares ja maduras, de maior taDsaasieriscos

ilustram fiorasmus cul ar es cer c ad éadaptago de Jdhnstom et gl., Z0P9h v e r
Peixes que apresentam somente a hiperplasia est@éificomo o zebrafish, sdo denominados
peixes de crescimento somatico determinadioquanto @ixes que apresentammbasas
hiperplasia estratiicadae em mosaico, como o pirarucsdo denominados peixes de

crescimento somatidadeterminado

O crescimeto muscular € unprocesso multifatorial que integra sinastrinsecose
intrinsecosem sua regulacdo. Dentre os fatomedrinsecosse destacam a temperatura,
salinidadepxigenacéo, intensidade e duracéo de luz, pH e fluxo de(éayisado por Johnston,

2006) Com relagdo aos sinaigtrinsecos além da regulacdo pelos MRFs e outros fatores
transcricionais, nés podemos citar horménios, citocinas e fatores de crescimento. Esses
componentes influenciam diretamente o tamanho da filurscular, através de um delicado
balanco entre a sintese e a degradacado proteica, cujas vias de sinalizacdoetacioteam e
modulam uma a outra (Sandri, 2008). Para que ooarraumento de massa muscular, o balanco
deve sefavoravel a sintese pmita, fortemente influenciadzela via §f/Pi3k/Mtor. Por outro

lado,a atrofia muscular (reducédo no tamanho das fibras musculares) € decorrente de um balanco
favoravel a degradacédo de proteinas, mediada principalment®pfds e Murfl (atrogenes)

(revisado por Glass, 200%igura 11)
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522
523

524 Figura 11. Vias de sinalizacdo da sintese e degradacao proteica regulando o crescimento do
525 musculo esquelético de peixes.sintese proteica tem inicio com a ligacdo do Igfl em seu
526 receptor de membrana, desencadeando uma cascata que ativa dvRiBKarculo azul) A

527 degradacdo proteica desencadeada pdiversas formas, mas culmina geralmente com a
528 ativacdodo Mafbx (Atrogin-1) e Murfl (circulo vermelho)que quebram proteinas sarcoméricas
529 e outros componentes musculaf@daptado de Sandri, 2008

530

531 Os principaidatoresque egulam a sintese proteica sao o Igigfé (insulin like growth

532 factor), juntamente com seuwoprios receptoresdir - insulin like growth factorecepto) e

533 proteinas liganteddfbp - insulin like growth factor binding protejnrevisado pordohnston et

534 al., 2011). O ¢fl € um dos maisstudados e caracterizados fatores promotores de cresximen
535 muscular Em vertebrados ogfl é sintetizado principalmente pelo figado, em resposta a
536 nutrientes e ao hormdnio de crescimento (Giowth hormong O Igfl produzido no figado é
537 secretado para o sistema circulatqgaza gerar um efeito enddcrino, ntagrostecidostambém

538 apresentam uma producdo locatle Kgfl, incluindo o musculo esquelético, gerando efeitos

539 paracrinos eautocrinos(revisado por Johnston et al.,, 201Quando o dfl se liga ao seu
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receptor de membranagflr) desencadeia uma cascdtafosforilacdo ao promover a ativacao

do A3k (phosphatidylinositeB-kinasg, necessario para a producao plosphatidylinositel
3,4,5triphosphate Esse componentecruta o Akt frotein kinase B responséavel pela ativacédo

do Mtor (mechanistic target forapamycin kinase(Sandri, 2008). CMtor processee integra

sinais nutricionais, energéticos e de crescimento, regulando o ciclo cehrlacricdo génica,
organizacdo do citoesqueleto e sintese de protelEssa quinase forma dois complexos
multiméricos conhecidosomo TORC1 e TORCgSandri, 2008)O TORC1 contém a proteina

Rptor (regulatory associated protein of mtor complex elestimula asintese proteica pela
ativacdo ddrps6k(ribosomal protein 8 kinasé e inibicdo doEif4ebpl (eukaryotictranslation

initiation factor 4e-binding protein 1. O TORC2 contém a proteina Ricioptor independent
companion of mtor compley 8 estimula a fosforilagéo e ativagéo do Akt, geranddagdback

positivo (Vélez et al., 2014Estudos vém demonstrandpe, além da integracdo de sinais
endocrinos, a ativacdo da sintese proteica também envolve outros caminhos. Alguns trabalhos
mostraram efeitos estimulatorides aminoacidos, seja pela ativacao da vidthr (Seiliez et

al., 2008; Vélez et al., 2014) owe dnembros do sistema dgfd (Bowere Johnsbn, 201®;

Garcia de la serrana #hnston, 2013). Esses estudagportam a existéncia de estimulos
nutricionais no crescimento do musculo esquelétieopeixese reforcam a necessidade de
experimentos com amino@os uma vez que essamléculas sdo comumente admirddas na

dieta desses animaidsandoatender ou exceder os requisitos dietéticos pararescimento

ideal e eficienteconversdo alimentarOs aminoacidos essenciais, também denominados
indispensaveis, representam nutrientes de grande importancia para o desenvolvimento e
crescimento de peixes, uma vez que esses animais ndo sdo capazes delasntegndre os
aminoacidos essenciais mais comumente utilizados em dietas para peixesatdisiog,
metionina, treoninatriptofano e leucina (revisado porLi et al., 2008) Os aminoacidos nao
essenciais sdo também chamados de dispensaveis, ou seja, sédo sintetizados pelo organisma
Dentre os aminoacidos n&gsenciais, destacase aalanina e ytamina (evisado poli et al.,

2008. Os aminoaidos possueninumerospapéis noorganismosservindo amplamente como

bl oc os @nstpugdo dproteinas e como substratos energéticos, mas tarpbssuem
fungbes quevariam dependendo do aminoacid@eveland e Radler (2019) mostraram @ue
leucina e fenilalanina reduzem as taxas de degradacao proteica em culturas de células musculares
de trutas arcdris, enquanto a valina e lisina aumentam a protedlise quando em excesso perante
outros aminoéacidos ssnciais(Cleveland e Radler, 2019Além de inibira degradacdo de

proteinas, deucina tem um importante papel como ativador da sintese proteica em mamiferos
31
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573 (Garlick, 2005; Duan et al., 201@ecentemente, 0 mecanismo através do qual os aminoacidos
574 estimulam a sintese de proteinas tep descrito em mamiferos, comidentificacdo dos

575 complexosRrag GTPasesrés related gtp bindinge Lamtor(late endosomal/lysosomal adaptor,

576 mapk and mtomactivator) como sensores de aminoacidos e promotores da ativacBtiodo

577 (Sancak et al., 2010; Demetriades et al., 20Msto o papel do sistemale Kfs e dos

578 aminoacidos no aumento da sintese de proteinas, a aplicacdo dessas moléculas em peixes
579 apresent@e como um potencial tratamento para a obtencdo de crescimento muscular, com
580 possiveis intervengdes na piscicultura.

581 Além do papel na sintese de prossio Akt previne a expresséo de genes relacionados a
582 degradacaaoroteica e atrofia musculagtravés dafosforilacdo do Foa (forkhead boxo)

583 (revisado porBonaldoe Sandri, 2013)A fosforilagdo do Foxo promove sua translocacao do
584 nucleo para @arcoplasmampedindo que desempenhe seu papel como fator transcridimal

585 entanto, a baixa atividade do Aktmaenta os niveis de Foxo nuclear (defosforilado), que
586 promove a ativacdo do Muninusclespecific ring finger proteine Mafbx fnuscle atrophy-box

587 protein) (revisado por Bonaldo e Sandri, 2018mbém denominadd&im63 (ripartite motif

588 containing 63 e Fbxo32 {-box protein 32, respectivamentdd Murf e o Mafbxsédo enzimas

589 ubiquitina ligases cuja funcéoaétransferéncia de ubiquitinagdaterminadasubstratgoroteica

590 [Esse substrato,ma vez poliubiquitinadoé ancorad@o complexo proteassompara que seja

591 realizada sua degradacdimbos Murf e Mafbxegulama degradacéo d#iversos componentes

592 presentes no musculo esquelético; o Mewhtrola a degradacdo geoteinas sarcoméricas,
593 como a troponina e as cadejpssadas e l@s de miosingsenquantoo Mafbx promove a

594 degradacdo da Myoel doEif3j (eukaryotic translation initiation factor 3 subunjt prucial para

595 a sintese proteic@evisado por Bonalde Sandri, 2013 Além da sinalizacdo por AEoxo,

596 outras vias estimulam a degradacdo detginas no muasculo esquelético, como a resposta
597 inflamatoria mediada principalmente pelo Nfklu¢lear factor kappa)oe a acdo da miostatina

508 (Mstn - myostatin, que também culminam com a ativacdo do Murf e Mgflevisado por

599 Bonaldo e Sandri, 2013)

600 Ainda dentro desse contextanumodelo experimental muito utilizado para o estudo do
601 crescimento muscular epeixes é o de jejum e realimentacfasiingrefeeding (Johnston et

602 al.,, 2011) Apds esses tratamentos o0 crescimento do animal ocorre com mdesz ram

603 comparacao a peixes que sdo continuamente alimentados, um fendmeno conhecido por
604 crescimento compensatorio (Nikki et al.,, 2004). Dessa forma, 0s experintnt@gum e

605 realimentacdo sdo comumente utilizados para manipular a taxa de crescimemexemsum
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parametro cujas variacbes sdo decorrentes, principalmente, de alteracdes no crescimento e
fendtipo do masculesquelético. O periodo de jejum esta diretamente relacionado a uma maior
degradacdo de proteinas musculares, enquanto que a realinedesencadeia uma sintese
proteica mais exacerbada (Bower et al., 2009).

1.5.Duplicacédo do genoma

Em peixes,as vias de sinalizagdo que regulam o crescimento do musculo esquelético
tiveramuma expansdo de seu niumerocdmponentes moleculares quandmparada a outros
vertebrados, devida um evento deduplicacdo total do genomaNGD - whole genome
duplicatior). As WGDs apesar de raras sao eventos dramaticos que resultam na duplicacdo
subita da sequéncia completa do genoma, que moldaram profundamertdugéo dos
vertebrados e representam marcos evolutivos a partir dos quais algumas linhagens se
diversificaram(Berthelot et al., 2014evisado poiGlasaue e Neuhauss2014) Dessa forma, a
WGD tem uma importancia crucial para os genomas dos vertebiaaissfornee matérias
primas nas quais a selecao natural pode agir para promamractes adaptativasimovacoes
evolutivas(Taylor et al., 2003). Estimse que h833225milhées de anog) genoma ancestral
de todosos peixes teledsteos sofram evemo de WGD especificalenominaddeleostspecific
3rd WGD (Ts3R), precedido de outros dois eventos de WGD mais antigos comuns a todos
vertebradogJaillon et al, 2004 Dehal eBoore, 200%. Nesse contexto, os salmonideos possuem
um interesse particular devido a um evento adicional e relativamente recente de WGD, estimado
ha 10025 milhdes de anos, denominasi@monidspecific 4th WGI(Ss4R) (Berthelot et al.,
2014) (Figural?). Varios trabdios avaliaram os efeitos da Ss4R no musculo esquelético,
descrevendo a expansao de diversas familias de {@daesueen etlg 2010; Garcia de la
serrana eJohnston, 2013; Macqueen et al., 2013) e como eles sao diferencialmente regulados
durante o desenivomento das células muscularé&over eJohnston, 2010&8ower eJohnston,
2010b;Garcia de la serranalehnston, 2013; Gaeile la serrana et al., 2@)4
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g e e e e Jawless fish < g+ Petromyzon marinus

Carcharhiniformes

Tetrapods Homo sapiens
Polypteridae

Acipenseriformes
Holostei
Osteoglossiformes
Clupeiformes
Gonorynchiformes

| i .
Cypriniformes % Danio rerio
m
T —

Lepisosteus oculatus

Siluriformes
Gymnotiformes
Characiformes

SS4R e Salmonidae

Esociformes
Osmeriformes
Gadiformes

Scombroidei
: Cichlidae @ Oreochromis niltocius

Teleostei
Ostariophysi

Oncorhynchus mykiss

Gadus morhua

Euteleostei

©
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=3 .
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Figura 12: Histéria evoltdiva e duplicacdo total do genoma em peixes. As estrelas vermelhas
indicam a posicdo evolutiva da duplicacdo do genomacidispe de teledsteos (Ts3R) e
especifica dos salmonideos (Ssddt)e expandiram o numero de componentes moleculares que

regulam o crescimentio masculo esquelétidqadaptado d8erthelot et al., 2004

Apbés aWGD ocorre a perda de muitas cépias de genes redundantes, num processo
conhecido como fracionamento génico. Entretanto, cerca de 15 a 21% dos genes duplicados
(genes paralogoy derivados do Ts3R foram retidos através de mecanismos de
subfunciondzacdo e/ouneofuncionalizacéo (Garcia de la serrana et al., I&01durante a
subfuncionalizacdo cada gene paralogo adquire parte da funcdo original do gene ancestral,
culminando muitas vezes em uma regulacdo compartilhada de determinado processm bioldgi
Na neofuncionalizagdo os paralogos adquirem uma fungéo diferente do gene ancestral, o que
pode conferir uma vantagem adaptativa (Maere e Van de Peer, 2010) (Figlgssa3)funcdes
divergentes témsido investigadas ewmtiversasfamilias deproteinascomo gfbps e Akirirs, que
sofreram uma expansdo apos retencao diferencial decorrente da Ts3R e Ss4R (Maajyeen

2010; Macqueen et al., 2013 Através dos mecanismos de subfuncionalizacdo e
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649 neofuncionalizacdoca WGD promove um aumento da complexiddds organismos, podendo

650 contribuir paa uma maior diversidade bioldgica.
_ CEEME e direrente
funcoes diferentes
l: Duplicagao

_— Cama®
——CEaan

| Divergéncia

v v v

CEEEn CERE®
o B d I

Subfuncionalizagao Neofuncionalizagao Degeneracao/Perda do gene

651
652 Figura 13: Esquema indicando os mecanismos que sucedem um evento de duplicacdo do

653 genoma; subfuncionalizac&oopias com fungdo compartilhadagofuncionalizacacépia com

654 nova uncdo)ou perda do gene.

655 (adaptado dattps://en.wikipedia.org/wiki/Gene_redundahpcy

656

657 Além disso, studos recentes mostraram diferencas na retencgendgsparalogos entre

658 as superordens deéeledsteos Ostariophysia qual pertencem o zebrafish e o paeu,

659 Acanthopterygii aqual pertence a tilapia do NilGarcia de la serrana et al. (28L#ostraram

660 que 510 e 418 paralogos, que surgiram ap6bs@R foram diferencialmente retidos nas

661 superordens Ostariophysi e Acanthopterygispectivamentejndicand a existéncia de

662 paralogos linhageraspecificos (LSPslineage specific paralogue$Garcia de la serrana et al.,

663 2014%). Essa retencéao diferencial sugere que os LSPs passawirido diferentes mecanismos

664 de subfuncionalizacdo e/meofuncionalizacaalurante o proso evolutivo das superordens

665 Muitos delessdo componentes essenciais nas vias de miogénese, sintese e degradacéo proteice
666 N0 musculo esquelétiqGarcia de la serrana et al., 20),4 alguns trabalhosugerem quesses

667 genes paralogaspresentam diferentes padrdes de expressao (Mareco et al., 2015). No, entanto
668 apesar dos avancos realizadoa identificacdo dos LSPs, o0s seus papéis fisioldgicos

669 permanecem desconhecidos na maioria dos casos e muitos pesquisadores ndo abordam ess
670 tematicaem suas investigagoes.

671
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1.6. microRNAs

Atualmenteé consensque a propagacao da informacéo genética € muito mais complexa
que aquela definida pettbgma central da biologia molecylao qualo DNA promove a sintese
do RNAque vai ser traduzido em uma f@ima Existemdiversos outros mecanismos envolvidos
no controle do metabolismo celular e definicdo do fendtipo, como a metilacdo do DNA, a
modificacdo de histonas a regulacdo por RNAs nado codificant&hifang eJones, 2007).
Dentre os RNAs nao codificaes destacarae os microRNAs (miRNAs),uma classe de
pequenos RNAs regulatériagie apresentam um importante papel nos mais diversos processos
biolégicos de um organismo, inclusive mesenvolviment@ crescimentanuscular(revisado
por Ge e Chen, 201ievisado poBizuayehue Babiak, 2013 A funcao principal dos miRNAs
€ a regulacdo pésanscricional de genes, promovida pela inibi¢cdo traducional ou degradacéo de
RNAs mensageiro (mMRNAsBéartele Chen, 2004revisado pofilipowicz et al., 2008revisalo
por Gee Chen, 2011)Na maioria dos casosssa repressao se da atraves de complementaridade
de bases entre os nucleotideos’2Zdaa r egi «o 56 do mi RNA,seed®nhec
a regi«o 30 n«e3d3d ruwrdturzda sal atIdd)anREWiliamnet al.d o s |
2009)(Figural4).

ORF

AAAA
NNNNNN

L1111
xy N NN N[NNI N-P 5

NNNNN
oAy )

miRNA ! | '
Sequéncia Seed

Figura 14: Complementaridade de bases entre miRNA e seu mRNA alvo. A complementaridade
geralmente ocorre através da ligacdo eoBenucleotideos 2 Zda regi «o 506 dc
(sequénciaseed e ar egi « o0 d8 mRNARalvo. Essa ligagdo € determinante no
reconhecimento do alvo e suficiente para desencadear o silencia®@&fo open reading

f rame; udtranBl&ed fegi@(pdaptado deluntzinger dzaurralde, 2011)

36



695
696
697
698
699
700
701
702
703
704
705
706
707
708
709

710
711

712

o )

. ) AVAVAV UNIVERSIDADE ESTADUAL PAULISTA
/—_J u nesp JULIO DE MESQUITA FILHO”
' Campus de Botucatu
Instituto de P u
Biociéncias PG- BGA

Com relacéo a biogénese, os genes fRINAs sdo sintetizadoso nucleocomo longos
transcritos primarios, denominados-priRNAs, principalmente pela acdo da RNA polimerase
[I. Os primiRNAs podem codificaum ou mais miRNAs, e sgmsteriorment@rocessados pela
enzima nucleabrosha(drosharibonuclease Il (Lee et al., 2008gerando umaestrutura em
hairpin comsequéncia de aproximadamententi@leotideosgonhecida commiRNA precursor
(premiRNA). Os premiRNAs sdoentdo transportados ao citoplasma pekportin5, onde
serdo processadpglaenzimaDicer (dicer ribonuclease I)lemum miRNA duplafita (duplex
com aproximadamente 22 nucleotide@svisado poWinter et al., 2009revisado por Ge e
Chen, 2011). Em seguida, apenas uma unica fita do duplex de miRNA é incogp@ratizinas
da familia Ago (argonaute, risc catalytic compongnipara formar um complexo de
silenciamento induzido por RNA (RISCRNAinduced silencing complexque associse com
o0 sitio de complementaridade do mMRNA ab/promove sua repress@ievisad por Winter et
al., 2009 revisado poBizuayehue Babiak, 2014 A outra fita doduplexé degrdada ou pode

associaise a um novo RIS@ara a regulacacedoutro mRNA alvdFigura B).

|
Gene do miRNA Nucleo II Citoplasma

5~ “RNAPol Il /1l lTranscrigéo //

S /
/
/
o pri-miRNA /
/

/
4 Cllva em 4
ulnmmmmjm:(i::)
pre-miRNA \
e 5 : ;
>
//

// 3’ .

= pre-miRNA

==

e

T @ TREP) lCIivagem
qum-'—' PPTTTTITITTTITITTTe,
3 5= Pg 5

miRNA dupla fita
Degradacao

l Formag3io do RISC Yo

- ’ u
b 3 utltutl 1

Mo 1 1
. i EX o
miRNA maduro

[N

Repressao traducional

Degradacao do mRNA alvo Deadenilacao

Figura 15: Biogénese domiRNAs. A via de regulacdo do miRNA temicio com a transcri¢cao

do gene em piniRNA e seu processamento em-pt&RNA no interior do nucleo. O pre
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MiRNA é transportado ao citoplasma e clivado para producdo de um miRNA de dupla fita. A fita
funcional € incorporada num complexo de silenciamemie, vai se ligar ao mRNA alvo e
promover suadegradacao, represséo traducional ou deadenil@ciptado déVinter et al.,
2009).

Os miRNAs exercem os efeitos em seus alvos num padréo combinatorio, 0 que aumenta a
complexidade e potencial regulatorio dgoressdo génica. Um uniecoiRNA pode ter diversos
MRNAs alvo e, da mesma forma, mRNAs individuais podem ser regulados por diferentes
mMiRNAs (revisado por van Rooij et al., 2008; Guo et al., 20A8sim, a maioria dos miRNAs
promove uma regulacdo refinada e orquestrada de vias de sinalizacdo e funcbes biologicas
comuns (revisado por van Rooij et al., 2008; revisado por Goljéfielsall et al., 2012).

Analises filogenéticas revelam a existéncia de uma alta conservagdo dos miRNAs entre
0s vertebrados, e sugerem uma correlacdo positiva entre o nimero de genes de miRNAs e a
complexidade do organismo (Sempere et al., 2006; Lee et al., H30TJos tém mdsado que
em mamiferognais de 60% dos mRNAs tem sitios conservados de ligagdo a miRNAs (Friedman
et al., 2009; Guo et al., 2010) e, baseado nessa conservagao de miRNAs em vertebrases, pode
prever que um conjuntoonsideravele mRNAs é modulado por mi¥As também em peixes
teledsteosrévisado poBizuayehue Babiak, 2014)Além disso, a extensdo da participacao dos
mMiRNAs regulando vias moleculares nos peixes pode ser ainda maior e mais complexa devido a
WGD, e Berthelot et al. (2014) mostrou que os geme mMiIRNAs foram quase todos retidos
como coépias duplicadasm contraste com genes codificantes de protgiRaghelot et al.,

2014).

Os mMRNAs em peixes €80 envolvidos na embriogénese, desenvolvimento e em
diversosprocessodisiologicos de diferente tecidos \ienholds et al., 2005; Giraldez et al.,
2006; Yin et al., 20085taton et al., 201Biyashev et al., 2012; Flynt et al., 2009jang et al.,
2012;Yan et al., 2012b; Yin et al., 2012janto aformag¢aoquanto o crescimento muscular sao
profundamente regulados por varios miRNAslguns deles sdo classddos como muscuo
especificoglevido a sua expressdo especifinaatia nos musculos cardiacositeksqueléticos,
especialmente miR-1, miR-133, miR206 e MmiR499. Esses miRNAs participam em processos
como miogéneseqroliferacdode mioblastos diferenciacd@m miotubosespecificagao de tipos
de fibras eregeneracdo musculaClien et al., 2006; van Rooij et al., 20@hen et al., 2010;
revisado poiGe e Chen, 2011; McCarthy, 20 lorquestrand@ destino e fenotipo das células

musculares
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746 Com relacdo ao envolvimento de miRNAs no crescimento muscudmsamiR1l e

747 miR-133 influenciam os padrbes de expressdo génica durante a embriogénese muscular no
748  zebrafish, regulando a organizagioactinanos sarcomerao@dviishima et al., 2009)Um possivel

749  papeldo miR-206 estimulando a diferenciagdo dos mioblastos foi mostrado por Duran et al.
750 (2015) nos musculos de contracéo rapida e lenta do pacu, devido a correlacdo inversa entre 0s
751 niveis de expressao de miR6 epax7 (Duran et al., 2015)e Yan et al. (2013) mostrarama

752  tilapia do Nilo que o miRR03b regula diretamentenayod(Yan et al., 2013)De modosimilar,

753 analises moleculares revelaram que os niveis de expressdo dé, miiR-133 e miR206

754 aumentaram conforme o crescimento muscular em diferentes estagioseaeohi@mento do

755 pacu (Duran et al., 2015garpa (Yan et al., 2012& tilapia do Nilo {ran et al., 201&

756  Nachtigall et al., 2015 Em outro estudo, Huang et al. (2012) identificaram diferemgas

757  expressao deniRNAs envolvidos na sinaliza¢gmr Gh/gfl entreo muasculo esquelético de

758 tilapias do Nilo comcrescimento rapido mormal com miRNAsdowne upregulatedque podem

759  servir como marcadores moleculares em programas de melhoramento dghbpeares et al.,

760 2012) Além disso, foramdentificadosvarios miRNAs que regulam as alteracdes do fendtipo
761 hiperplasico para hipertrofico no musculo esquelético de zebrafish, fornecendo evidéncias para
762 0 envolvimento de miRNAs nas transi¢cées do crescimento muscular (Johnston et al., 2009).

763 Além do crescimentdo m(sculg os miRNAs também estédo envolvidos com a defini¢cao
764 dos tipos de fibras e fendtipo muscular, especialmente e488RNang et al. (2011) mostraram

765 que 0 miR499 é resporé&vel por reprimir a tradugato sox6(sry (sex determining region) box

766  6) em fibras decontracdo lenta no zebrafigWang et al., 201])resultados corroborados por

767 analises também em tilapias do Nilo (Nachtigall et al.,, 200b)Sox6 é um ativador

768  transcricional que exerce um papel chave na manutencéo do fefagtipas fibr& musculares,

769 reprimindo geneslow-especificos comemyhcl(slow myosin heavy chain) & stnnc (slow

770  specifictroponinc) (von Hofsten et al., 20Q08Duran et al(2015) observaram um aumento na
771 expressao do m#&99 no musculo de contracdo lenta de juvenadultos de pacus, enquanto 0s
772 transcritos desox6tiveram maior expressdo nas fibras de contracdo rapida, também em ambos os
773  estagios de desenvolvimento. Além dissoaumento na expressdo dex6 acompanhou o

774  crescimento do muscufast como resultaol dos menores niveis de miR9 conforme as fibras

775 se diferenciavam amadureciam (Duran et al., 2015). Em conjueisses estudos indicam o

776  envolvimento do miRI99 na especificacdo de manutencdo do fendsilpov nas fibras

777  musculares, mecanisnconservad@ntre os vertebrados (Wang et al., 2011).

778
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1.7. Cultura celular primaria de mioblastos

A cultura celular € um#écnicain vitro que permite a manutencédo e estudo de células
fora do corpo doorganismo original Junqueira eCarneiro, 2008). A<ulturas de élulas
permitiram um grande avango em muitas aplicacdes médicas, como no desenvolvimento de
vacinas, ensaios de drogas e terapias génicas, e uma expansdo muito grande do conhecimentt
acerca demecanismos moleculares e vias de sinalizacdo relacionados assdiversos
processos biologicod-reshney, 2010)Esses progressos decorrem principalmente da utilizacao
de linhagens celulares, ou seja, células com alteracbes genéticas ocasionadas por substancia
quimicas, virus ou agentes fisicos, cuja proliferacaotomacentuada permite que sejam
propagadas por longos periodos de teryie§ eGuimaraes, 2010reshney, 2010

A linhagem celular C2C12 é constituida de mioblastos provenientes de camundongo
(Mus musculus sendoamplamentauitilizada para a compreenséo da regulacdo do crescimento e
desenvolvimento musculéyaffe e Saxel, 197Y. Para peixes, no entan#® mais recomendada
utilizacdo de culturas celulares provenientes especificamenespdeiesde peixes, devido a
gr anddiestnci ado evol uti va e npesarada enermeguantidads dee e
conhecimento adquirido a partir das células C2CAiRda ndo foram obtidas linhagens de
células musculares provenientes lxes e, portantgpara estudos relacionados mmisculo
esqueléticodesses animaié necessario 0 estabelecimento de culturas celulares primarias de
mioblastos (revisado por Johnston et al., 2011). As culturas primarias sdo aquelas preparadas
diretamente do tecido de interesse, possuindo as mesmeteistiaaselularesde modo que a
cultura primaria € o procedimento mais semelhante a estugog. No entanto, 0os ensaios em
culturas celulares primarias devem ser realizados com rapidez, pois as células primarias
conseguem manter suas caractedstigriginais apenas por um curto periodo de tempo, antes de
entrarem em apoptoseréshney, 2010

As culturas de mioblastos de peixes recapitulampria€ipaisetapasda miogénese, com
uma fase inicial de células precursoras miogénicas quiescentes eommmmento dos
mioblastos, proliferacdo e migragcdo dos mioblastos, diferenciacédo e fusdo em miotubos, e
maturacgdo das fibrasuscularesGabillard et al., 2018 Vélez et al., 2016(Figura 16). Além
disso, asculturas de mioblastofornecen um ambiente com um menor nimero de variaveis
daquelas encontradas no musculo esquelétioovo, permitindo as analises deiversas vias de
sinalizacdo sob condi¢cdes controladaslisso possibilitaum estudo mais aprofundadde
moléculas regulatériag a investigacdo de seus papéiss diferentes estagios da cultura,

especialmente através de ensaio de ganho (superexpressao, miméticos) enoetdauf(
40
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knockdown antagonistas) de funcaceyisado porJohnston et al., 2011Da mesma forma, os
meios decultivo dos mioblastos podem ser modificados para o teste deswsaielacionadas ao
papel de nutrientesatores de crescimentbpormonios drogas e temperature regulacdo do
processo derescimento musculacCgstillo et al., 2004Bower and Johnstor2010h Gabillard

et al., 201@; Seiliez et al., 2012Garcia de la serrana and Johnston, 2013; Vélez et al.),2014

assim como muitos outros ensaios manipulate/temacoldgicos.

‘. \ EN . i it J
Proliferacao - dia 4 Diferenciacao - dia 8
Figura 16: Culturas celulares primarias de mioblastos isoladtpsnusculatura de contracao

rapida dopacu (A) Mioblastos no dia 4 de culturam periodo de proliferacad¢B) Mioblastos

no dia 8 de cultura, em periodo dderenciacdoe fusdo em miotubosnjagens de autoria

propria).

Froehlich et al. (2013) avafiam marcadores moleculares da miogénesavo de peixes
em culturacelularde mioblaste de giant danio(Devario aequipinnatys Eles observaram que
enquanto Bx7 e Myf5 sdo mais expressos em células precursoras miogénicasateadas, e
Myog é expressarincipalmente em miotubos, expressao de Pax®lyod e Mstn ocorre em
todos os estagios daultura celular (Froehlich et al., 2013). Células musculares de salméo do
Atlantico foram utilizadas para determinar a expreggfivca de paralogos ameyoddurante o
desenvolvimento da cultura celular, conyodlbe myodlcmais relacionadaa proliferacéo e
myodla mais relacionadaa diferenciacdo, comprovando a existéncia do mecanismo de
subfuncionalizacdala Myod apés o WGD (Bowee Johnston, 2010aEm um e&perimento

interessante, Gabillard et al. (2@L(roduziram trutas areis transgénicas que carregavam
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green fluorescent proteifGFP) sob o controldo promotor de cadeia leve de miosiast para
monitorar a diferenciacdo de mioblastios vitro (Gabilard et al., 2010a Os mioblastos
extraidos desses peixes transgénicos expressavam GFP assim que os mioiciastors 0s
mecanismos de fusao e diferenciacdo, durante a formacao de miotubos, consolidando um sistema
in vitro de monitoramento em tempoafteque permite inUmeras aplicacbées no crescimento
muscular de peixes. Além disso, 0s autores mostraram que a temperatura, um fator ambiental
crucial para o crescimento muscular, diretamente influencia a diferenciagéo e fusdo de células
miogénicas (Gabillat et al., 2018).

Diferentes estudos usaram cultucadularesde mioblastos de peixes para examinar as
vias anabolicagelacionadas ao crescimento muscular, especialmente a sinaliacdiaos
(insulin), Igf e Mtor (Castillo et al., 2006; Diaz et al., 2009; Seiliez et al., 2@i8yer and
Johnston, 201QkClevelande Weber, 2010; Vélez et al., 201Diaz et al. (2009) detectaram um
aumento gradual na expressaogtig4 (insulin-responsiveaglucose transporter type) 40 longo
da diferenciacao de células musculatagruta arcéris, e ambos mioblastos e miotubos tiveram
aumento deglut4 ap6s o tratamento com Ins e Ig{Diaz et al., 2009)Além disso, a
suplementacao de Igfl e Ins para midcitos de truta promoveu um aumento da sintese proteica
(13% para ambos os fatores de crescimento) e diminuicdo da protedlise (14% e 17%,
respectivamente), enquanto a administracdo de leucina apenas reduzradag#ey proteica
(8%) (Clevelande Weber, 201D O efeito sinérgico da combinacéo de tratamentos com fatores
de crescimento também € algo sempre avaliado em estudos de cultura celulares de mioblastos de
peixes. De fato, a combinacéo do tratamento comelgfla mi no8ci dos em c¢®I| ul
jejumo de sal meo do Atl ©nti co | egfl,andicaadounm e nc
possivel mecanismo de feedback positivo na producao deBgfte(e Johnston, 201QbAlém
disso, alguns trabalhos antede mostraram que a sintese proteica induzida por Igf ocorre
apenas se 0s aminoacidos também estiverem presentes nos meios de cultivo (Bbnsoe, J
2010k Garcia de la serrana e Johnston, 2013), enquanto 0s amingamidnsGsao capazes de
estimubr as vias de sintese de proteinascélulas muscularede peixs (Seiliez et al., 2008;
Vélez et al., 2014).

A regulagédo daniogénese e do crescimento muscular por miRNWisculeespecificos
também foraminvestigadasusando sistensain vitro. Duran et al. (2015) usaram culturas
celularesde mioblastos de pacu para complementar asatisgvo da expressao daiR-1, miR-
133 e miR206 em ambos musculos dentracao rapida e lentRuran et al., 2015)Assimcomo

nas amostras de musculo esquetétas culturas celulareambém mostraram uma correlacéo
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inversa entre os miRNAs e a expressdo de seus alvos, corroborando oslpap&d e miR

206 na diferenciacdo dos mioblastoslo entanto,as andlisesin vitro forneceram mais
informagdes sobreono o0 miR133a e o miRL33b regulam a proliferacdo e diferenciagao de
mioblastos, provando seu uso como umaneirade expandir nosso conhecimento sobre os
mecanismosnoleculares que regulam o crescimento muscudlannston et al., 2011; Duran et
al., 2019.

Outro aspectamportantederiva da compartimentalizacdo do musculo esquelético em
peixes, que permite o estabelecimento de culteksaresde mioblastos individuais partir dos
musculos de contracdo rapida e lentat@3eprocessosomoo desenvolvimeto, metabolismo e
determinacao dotipos de fibrasédo bastante diferentes de acordo com o tipo de musculo, e tais
estudos poderiam ser abordados nesfiterentes culturaselularesde mioblastosEste estudo
separadalostipos musculares € praticamente impossivel em mamiferos, devido ao padrao em
mosaico do musculesquelético com fibras rapidas e lentaslooalizadas revisado por
Schiaffino e Reggiani, 2011), tornando os peixes modelos ideais para este tipo de.desrpisa
isso, é necessario 0 uso de peixes que apresentem crescimento somatico indeterminado e,
consequentemente, grande aumento de massa muscular (Rowlerson e Veggetipo)ef)
peixes de pequeno tamanho € quase impossivel o isolamento de miobldisiestes de
musculogfast e slow, restringindo os estudos com culturas celulares de mioblastos (Froehlich et
al., 2013). No metanto, os trabalhos publicados até agapenas desenvolveram culturas
celulares de mioblastos de peixes provenientes da natis@utle contragdo rapida.

2. JUSTIFICATIVA E RELEVANCIA DO TEMA

Estudos que visem esclarecer os mecanismos molecelaedalaresenvolvides com a
miogénese e o0 crescimento muscular de pepeemitem o desenvolvimento de um quadro
tedrico que podeontibuir para a elaboracédo de novas estratégias de criacdo e para a obtencao
de melhoriasna piscicultura intensiva As culturas celulares primarias de mioblastos sao
extremamente importantes nesse contexto, pois configuram ferramentas muito Uteis para
invedigar a regulacdo da miogénese e alterag@ascelularidade do musculo esquelético
mecanismos diretamente relacionados ao aumento de massa muscular e qualidadeatkntarne,
de fornecerem informacdes de referéncia para a pesquisa em outras espEiiesde

Além disso, o0 uso das culturas celulares de mioblastos de peixes possibilita descobertas e

uma maior compreensao das particularidades e dos mecanismos que regulam a biologia
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899 molecular, celular e fisiologia do musculo esquelético, gerando conhégilvesico sobre esse
900 tecido bioldgico tdo fundamental para um grupo téo diverso e importante como os peixes.
901
902 3. OBJETIVOS
903
904 3.1. Objetivo geral
905 O objetivo de nosso trabalho fatilizar culturas celulares primérias de mioblastos de
906 peixes para investigatiferentes aspectos do crescimento do musculo esquelético, fornecendo
907 novas informacBes quanto aos mecanismos molecutareslularesque regulamo tecido
908 muscular nesses animais.
909
910 3.2. Objetives especifica (separados conforme os capitulos)
911
912 Capitulo I: Ascorbic acid stimulatesthe in vitro myoblast proliferation and migration of
913 pacu (Piaractus mesopotamicys
914 - Estabelecer culturas celulares primarias de mioblastos provenientes do musculo de
915 contracao rapida (mioblastéas) de pacus;
916 - Avaliar os efdios da suplementacdo de &cido ascorbico e/ou mena@ividante)na
917 proliferacaodos mioblastos;
918 - Avaliar os efeitos da suplementacdo de acido ascérbico e/ou mengmiaente)na
919 migracaodos mioblastos;
920 - Verificar aatividade & enzimasantioxidantes apésuplementacdo de acido ascorbico
921 nosmioblastos
922 - Verificar a expressad@énica de marcadoresolecularesde miogénese, sintese e
923 degradacéao protei@odssuplementacao de acido ascorbmasmioblastos
924
925 Capitulo Il: Rainbow trout slow myoblast cell culture as a model tstudy slow skeletal
926 muscle and the characterization of mirl33 and mir-499 families as a case study.
927 - Estabelecer e padronizar culturas celulares priméarias de mioblastos provenientes do
928 musculo de contragdo lenta (miablosslow) de trutas arcdris;
929 - Verificar a expressagénica de marcadoresoleculares especificos para confirmagéo

930 do ferdtipo e metabolismo dos mioblastiew;
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- Caracterizar as familias de miRNAs museespecificos mil33 e mir499 durante o
desenvolvimentoakculturas celulares de mioblastaste slow,
- Avaliar a expressao de i33 e mir499 em resposta a eletroestimulacéo aplicexa

mioblastosslow.

Capitulo Ill: Lineagespecific paralogues regulatingskeletalmuscle growth in Ostaiophysi
superorder.

- ldentificar genes parélogos linhagaspecificos (LSPs) relacionadosnaogénese,
sintese e degradacao proteicamusculo esquelético de pacus e tilapias do Nilo;

- Comparar a expressatns LSPsno musculo esquelético de pacus apiths do Nilo
submetidos @ modelo de jejunnealimentaéo;

- Estabelecer culturas celulares primarias de mioblastos provenientes do musculo de
contracdo rapida (mioblasttessi) de pacus;

- Investigar a expressdo de LSRas culturas celulares de mioblastesibmetidas a

tratamentos com aminoacidos régsenciais e leucina.
4. MATERIAL E METODOS

4.1. Criagao dos pixese coleta das amostras

Todos os experimentos e procedimentos foram realizados conforme os principios éticos
na pesquisa animal adotados pelo Colégio Brasileiro de Experimentacdo Animal (COBEA) e
pelo Animals (Scientific Procedures) Act 198d@ome Office Code of Practice. HMSO: London
January 1997)Os protocolos para utilizagdo dos pacus e tilapias do Nilo foram aprovados pela
Comisséo de Etica no Uso de Animais (CEUA) do Instituto de Biociéncias, UNESP, Botucatu,
Séao Ruwlo, Brasil (Protocolo n® 705), e @rotocolos para utilizacdo das trutas drioforam
aprovados pelcAnimal Welfare and Ethics Committee (AWEQ@a Universidadede St
Andrews St. Andrews, EscoOcia, Reino Unid®s experimentos foram conduzidos no
Laboratério de Biologia do Mduasculo Estriado (LBME), localizado no Departamento de
Morfologia (UNESP, BotucafuBrasi), e no Scottish Oceans Iriste (Universidade de St.
Andrews,St. AndrewsEscadcia).

Juvenis de acuse tilapias do Nilo forancultivados a 28°CSaintPaul, 1989, ejuvenis
de trutas arcdris foram cultivadas numa tereraturade 1215°C (Raleigh et al., 1984)Os

peixes permaneceram sob fotoperiodo natural (12 horas claro e 12 horas escteaojjues
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dotad® de sistemas de recirculacdo de agudoram alimentados com racdo comercial
apropriada para seus estagiosddsenvolvimento, permanecendo 24 horas em jejum antes dos
experimentosOs animais foram eutanasiados conforme os protocolos descritos pelos comités de
ética.

Amostras de musculo esquelético de contracao rapida foram coletadas na regido epaxial e
amostrasdo musculo esquelético de contracdo lenta foram coletadas na regido superficial do
corpo dos peixes, préximo a linha latefghra os experimentads vivo as amostrasnusculares
foram congeladas em nitrogénio liquido armazenaab a -80°C aplds a coleta, @ara o
estabelecimento das culturas celulares as amostras musculares foram imediatamente utilizadas

apos a coleta.

4.2. Isolamento e cultura celular primaria de mioblastos

O protocolo para isolamento e cultucalular de mioblastos foi realizado conforme
descricdode Fauconneau e Paboeuf (200Micialmente, ogeixesforam imersos em alcool
70% para esterilizacdo das superficies externas. Amostras de maéscuielético foram
coletadas colocadas em meio de extracdo (DMEM, 9 mM NaklQO mM HEPES, 15%oro
de cavalo e 1% antibioticos; Sigmddrich, USA). Em seguida, os musculos passaram por um
processo de dissociacdo mecanica utilizeselbisturis e os fragmentos foram lavados 2 vezes
em meio de lavagem (DMEM, 9 mM NaHg®0 mM HEPES e 1% antibibtisp Sigma
Aldrich, USA), sendo posteriormente centrifugad200 rpm 5 min; 4°C). Foi realizada a
digestdo enzimatic das amostras pela adicdo ded®.de colagenase tipo | (Sigmddrich,
USA) em DMEM, durante 1 hora €d2minutos a temperatura ambientesa@ agitacdo. Os
fragmentos foram centrifugadas200 rpm 20 min; 4°C) e os pellets resultantes foram lavados 2
vezes em meio de lavagem, sendo em seguida centrifugados novab2&@epm 10 min;
4°C). Para a quebra dos contatos cétdlmla foi adicimado 0.1% de tripsina (Sigr#ddrich,
USA) em meio de lavagem, durante 20 min a temperatura ambiente e sob agitagdo. A suspensao
de células foi centrifugadd 200 rpm 1 min; 4°C) e o sobrenadante foi coletado e misturado ao
meio de extracdo. Os pelletssparam por uma segunda digestdo com tripsina, semelhante a
primeira. Os sobrenadantes foram centrifugad@6@ rpm 20 min; 4°C) e o pellet resultante foi
ressuspendido em meio completo (DMEM, 9 mM NaHCZD mM HEPES, 10% soro fetal
bovino e 1% antibidtios; SigmaAldrich, USA). A suspensdo de células foi filtrada eail
strainersde 100 e 40 pum (Corning, USA). Apos centrifugac®a0Q rpm 20 min; 4°C), as

células foram ressuspendidas novamente em meio completo, colocadas em camara de Neubauel
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para a cotagem celular e diluidas na concentraca@de® células/mL. As células suspensas
em meio completo foram colocadas em placas previamente tratadas chantigioA e laminina
(SigmaAldrich, USA), e foram incubadas em estufa a 28p@cus e tilapias doil) ou 18C
(trutas arceiris) durante, aproximadamente, 12 dias. O meio completo foi trocabodiae a
morfologia dos mioblastos foi monitorada regularmente em migoascimvertido (Zeiss,

Germany).

4.3.Tratamentos realizados nagulturas celularesde mioblastos

Para avaliacdo do papel do acido ascorbico na miogénese do musculo esquelético do
pacy foram utilizados 4 grupos experimentais: o grupo Cont@kR], no qual os mioblastos
ndo foram submetidos a nenhum tratamento, permanecendo em ssalig&) O grupo
Menadiona (MEN), no qual os mioblastos foram suplementados com o0 agente oxidante
menadiona para inducdo de estresse oxidativo; o grupo Acido Ascorbico (AA), no qual os
mioblastos foram suplementados com o composasdorbic acid phosphat (SigmaAldrich,

USA), que é uma forma estavel do acido ascorbico e recomendada para uso em culturas
celulares; e o grupo Menadiona e Acido Ascérbico (MEN+AA), no qual os mioblastos foram
suplementados com o-dscorbic acid phosphate juntamente com a madiona, para
verificacdo dos efeitos antioxidativos do &acido ascorb@d.-ascorbic acid bhosphate foi
adicionado ao meio na concentracdo de 200 uM e foi continuamente administrado aos
mioblastos e amenadiondoi adicionadaao meio na concentracéo t@uM durante 1 hora.

Para a estimulacdoom pulsos elétrico$EPS), mioblastos derivados do musculo de
contragdo lentde trutas arcdris foram divididos em 3 grupos experimentais: o grupo Controle
(CTR), no qualos mioblastos ndo forasubmetidos a méum estimulo; o grupo Agudo {A
EPS), no qual os mioblastos foram submetidos a um estimulo agudo e de alta frequéncia,
simulando a inervacdo da musculatura de contracao rapida; e o grupo CréRie8)Go qual
0s mioblastos foram submetidos a um estinarfinico e de baixa frequéncia, simulando a
inervacdo da musculatura de contracdo lenta. A partir do dia 4, os mioblastos foram
eletroestimulados todo dia através do apar€iiace EP Cell Culture Stimulat@m conjunto
com o C-Dish Electrode AssembligdonOptix, USA). A estimulagdo do grupo -EPS foi
aplicada durante 15 minutos e os mioblastos foram submetidos a pulsoklzie 30 V por 10
ms, dados a cada 5 segundésestimulagéo do grupo-EPS foi aplicada durante 2 horas e os
mioblastos foram subrtidos a pulsos de Hz e 30 V por 2 ms. Os mioblastos foram
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eletroestimulados em DMEM e permaneceram 10 minutos em repouso apo0s a aplicacdo de
ambos estimulos.

Paraavaliacdo ddratamento conaminoacidos naessenciais e leucinzaexpressao de
LSPs m musculo esquelético do paauioblastos apés 8 dias de cultura foliasubados por 72
horas em meio |ivre de ami n ocs@uwiondX 9 mM NHabiGQ e n d c
3, 20 mM HEPES, Vitamin Mix 1X, 1% antibiéticos e 4 ditglucose (Sigmahldrich, USA).
Esse meidoi preparado com &agua deionizagdatoclavada e esterilizado através de filtros de
0.22 um. Os mioblastd®ram entdocultivados durante 24 horas em meio livre de aminoacidos
(-AA), meio suplementadoom aminoacidos naessenciais (NEAA(SigmaAldrich, USA) ou
meio suplementadcom aminoacidos naessenciais e-deucina (NEAA+LEU) (Sigma&Aldrich,
USA). Foi adicionado 1% daminoacidos naessenciai®o meiolivre de aminoécidgse a L-
leucina foi adicionadaa concentracdo de2mM.

4.4. Imunofluorescéncia

O ensaio de imunofluorescéncia foi realizado antucas celulares de mioblastesn
laminulas de vidro autoclavadas dentro de plama$wells Os mioblastos foram lavados com
PBS eposteriormentdixados em 4%paraformaldélo durante 15 minuto$Ds mioblastos foram
entdo permeabilizadocom 0,1%Triton X-100 (SigmaAldrich, USA) por 10 minutos e
incubads com solucaode bloqueio(1% glicina, 3% albumina sérica bovinéBSA), 8% soro
fetal bovinoe 0,3% Triton X100 - SigmaAldrich, USA) por 1 hora, paravitar ligagdes
inespecifica. Os mioblastos foram incubadosernighta 4C com anticorpo primarioabbit
anti-desmin(SigmaAldrich, USA) diluido em solucdo de bloqueio (1:20). Aélulasforam
lavadas e depois incubadas durahteoras a 4°C com anticorpo secamal anti-rabbit FITC
(s¢2090- Santa CruzlJSA) diluido emsolucédo de bloquei(l:400). Os nucleos de mioblastos
foram marcadocom DAPI presente no meio de montagem Vectashield® (Vector Laboratories

Inc.,USA) e as imgens foranobtidasemmicroscopio de fluorescéncia (Olympuapai.

4.5. Ensaio de proliferacdodos mioblastos

A proliferacdo dos mioblastos foi avaliada através efwaio de MTT (3-(4,5
dimethylthiazo2-yl)-2,5-diphenyltetrazolium bromide e imunomarcacdo de PCNA
(proliferating cell nuclear antigen O ensaio de MTT foi realizad®, 12,24, 36,48 e 72 horas
apos 1 dia de plagueamen@®.MTT possuicoloragio amarela epgssuareducao por enzimas

celulares ocorre a formacéo de saobstratansoltvel conhecido como formazan, de coloracéo
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roxa ou azulada, cuja intensidaskradiretamentgropacional ao aumento da proliferacdo dos
mioblastos Os mioblastos foram cultivados em placas dew@lls e, ap0s os tratamentos
conforme os grupos experimentais, foram incubados com o MTT durante 4 horas a 37°C. Apos a
remocao do MTT, foram adicionados 20D de DMSO (limethyl sulfoxideem cadawell, e a
leitura da absorbéancia a 595 nm foi realizada emcagietometroAsys Expert Plus Microplate
Reader(Biochrom, United Kingdom).

A imunomarcacdo de PCNA foi realizada 0, 24 e 48 horas apos 1 dia de plaqueamento
emlaminulas de vidro autoclavadas dentropticas de 12vells Os mioblastos foram lavados
com PBS e posteriormente fixados em 4% paraformaldeido durante 10 minutos. Os mioblastos
foram entédo péfixados emL00% metanol por 10 minut@sincubade comsolucédode blogqueio
(3% albumina sérica bovina (BSA) SigmaAldrich, USA) por 1 hora, paravitar ligagdes
inespecifica. Os mioblastos foram incubadosernighta 4C com anticorpo primarionouse
anti-PCNA(sc56 - Santa Cruz, USAYiluido em1% BSA (1:500). Ascélulasforam lavadas e
depois incubadas duran®® minutos a temperatura ambiemtan anticorpo securdtio anti-
mouse HRRabh6789- Abcam, USA)diluido em 1% BSA (1:500). Ap6s mais uma etapa de
lavagem, os mioblastos foram incubados com solucdo de DAB (500 pdiéy8hobenzidina, 4
mL de peroxido de hidrogénio e 4,5 mL de PBSSigmaAldrich, USA), permitindo a
identificacdo decélulas proliferativasexpressando PCNA. Foi utilizadaematoxilina para
contracorar 0s mioblastos, e as lamindtaam desidratadas numa série graduada de alcool e
montadas com Permourt.proliferacao foi quantitada coma porcentagem de célul®&CNA-
positivas do nimero total de nicleos em 10 imagenkapuonula, atravésalsoftwarelmageJ®
(Schneideret al., 2012) As imagens foranobtidasem microscoépio de luz acoplada camera
digital Leica DMC2900 (Leicaiermany.

4.6. Ensaio de migracdo dos mioblastos

A migracdo dos mioblastos foi avaliada através do ensaiw/aiend Healing Apds
confluéncia deB0-100%. As camadas de mioblastos foramecanicamentéesadas (riscadas),
com o uso de uma ponteira estéril de 200 yL, em formato de cruz no centro dectta@s
restos celulares foram removidos apods 2 lavagens em solucéo salimsoblastos foranentéo
incubados com meio completo contendo 2% de sotal feovino, para reduzir a taxa
proliferativa das células. As areas lesadas foram avaliadas nos perid@jds d&, 18, 24, 30 e
48 horasem microscopio invertido (Zeiss, Germany), e as imagens foram capturadas nesses

intervalos de tempo com a utilizacde camera digital acopladexioCam ICc5(Carl Zeiss
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Microscopy, Alemanha). Comilizacdo do programbnageJ®(Schneideet al., 2012), foram
analisadas a area de fechamento da lgs@lacéoda area das leséae longo do temp@ a taxa

ou velocidadede migracdo dos mioblastdgariacdo da area de fechamento das les6es num
intervalo de tempo)

4.7. Jejum e realimentacéo

O modelo de jejunmealimentacdocomumente utilizados para manipular a taxa de
crescimentodos peixesfoi utilizado para avaliagdo dos processos figese e degradacédo
proteica no musculo esquelético dos pacus e tilapias do®&lpeixes foram submetidos a um
periodo de jejum de 4 dias e, em seguida, foram realimerdanosacao comerciakolraopor 3
dias. As amostras musculares foram coletadas antes do periodo de-fEjundiariamente
durarte o jejum {3d,-2d,-1d e Od)e durante a realimentacad(6Lzh, 1d, 2d e 3d).

4.8. Identificacao de paralogos linhagenespecificos (LSPs) e miRAs

Para a selecdo daSPsrelacionados as vias de miogénese, sintese e degradacao proteica
no muasculo esquelético de pacus e tilapias do Nilonecesséaria a identificacdo de genes
retidos como uma Unica cépia em Ostariophysi e duas copias em Acanyihigpee genes
retidos como duas cépias em Ostariople/gsima cépia em Acanthopteryginicialmente foi
realizado o download das sequéncias peptidicas das edpaniesrerio e Astyanax mexicanus
ambas Ostariophysi, @asteroteus aculeatusOreochromisniloticus ambas Acanthopterygii.
Os downloads foram realizados através da ferrament&ioMart
(http://www.ensembl.org/biomart/martview/a6a738c6a5bb5cfddc3a501898540dfsponivel
na plataformaEnsembl Genome Browser 8@ttp://www.ensembl.org/index.htinl Esses
arquivos foram visualizados no programa Notepad++, onde as sequéncias peptidicas dos genes
de interesse relativos a cada espécie foram anotadas. Essas sequéncias foram entdo comparad:
entre si através do prograrB@Edit Sequence Alignment Editajue indicou genes retidos de
forma diferente entre Ostariophysi e Acanthopterygii. Para que fosse feita a separacdo do que
eram genes paralogos e isoformas de um mesmo gene, foi utilizado o programa de alinhamento
MAFFT version 7 (http://mafft.cbrc.jp/agnment/servejl ApOs essa primeira selecdo, as
sequéncias peptidicas das espécies descritas anteriormente foram também comparadas ac
proteoma deTakifugu rubripese Tetraodon nigroviridis(Acanthopterygii) noEnsemhl e ao
transcriptoma ddctalurus puntatus e Piaractus mesopotamicy®stariophysi) ndBioEdit. O

transcriptomade Piaractus mesopotamicu®i obtido pelo nosso laboratorigMareco et al.,
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2015) e encontrese disponivel ndeuropean Nucleotide Archive ENA (nimero de acesso
PRJEB6656).

Para aidentificacdo dos miRNAs mit33 e mir499 no musculo esquelético de trutas
arcairis, inicialmente foram obtidas as sequéncias precursoras dessas moléculas no zebrafish,
através da plataforntaBnsemhl Essas sequéncias foram comparadas ao genoma dar¢aitas
disponivel noGenoscopdBerthelot et al.,, 2014), as sequéncias resultantes foram anotadas.
Usando cEnsemhl as possiveis sequéncias precursoras dd.83ire mir499 da truta arcdris
foram submetidas ao BLAST contra os genomas de outras espécies de teld&tiammx
mexicanus Danio rerio, Gasterosteus aculeatuOreochromis niloticus Oryzias latipes
Takfugu rubripes Tetraodon nigroviridiy e alguns mamiferodHomo sapiensMus musculus
Pan troglodytesRattus norvegicys Aléem disso, as sequéncias de miRNAs dos salmonideos
Salmo salare, sempre que possivéncorhynchus kisutcForam obtidas respegamente da
plataformaSalmoBas¢Samy et al., 2017) CBI (http://www.ncbinlm.nih.goy.

Foram construidas arvores filogenéticas para as sequéncias peptidicas dos LSPs atraves
do program@EGA7i Molecular Evolutionary Genetics Analygisumar et al., 208) e para as
sequéncias precursoras dos miRNAs-b38 e mir499 através do softwarBEAST v1.7.4
(Drummond et al., 2012). As arvores filogenétitasam visualizadas e editadas no software
FigTree v1.4.Zhttp://tree.bio.ed.ac.uk/software/figtrgéFigural?).

Paralogos linhagem- Sequéncias precursoras
especificos (LSPs) dos miRNAs

v \

Download das sequéncias de espécies Download das sequéncias
Ostariophysi e Acanthopterygii de Danio rerio
(Ensembl) (Ensembl)
Comparacgao (BLAST) entre as espécies Comparagao (BLAST) com
Identificar genes retidos de forma diferente entre Oncorhynchus mykiss

Ostariophysi e Acanthopterygii (BioEdit) Obter as sequéncias precursoras do mir-133

¢ e mir-499 em truta arco-iris (Genoscope)

Filtragem
Separar o que eram genes paralogos de
isoformas de um mesmo gene (MAFFT) \

Comparacgao (BLAST) com outros teledsteos
(Ensembl, BioEdit, SalmoBase e NCBI)

v

Arvores filogenéticas
(MEGA7 e BEAST)
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Figura 17: Fluxogramaindicando as principais etapas realizadas para a identificacdo dos
paralogos linhageraspecificos (LSPs) entre Ostaiiysi e Acanthopterygii, e das sequéncias

precursoras dos miRNAs mli33 e mir499 na truta arcdris.

4.9. Extracao, quantificacdo e analise da integridadde RNA

O RNA totalfoi extraidotanto das amostras musculares quaate culturagelularesde
mioblastos através do reagentdlzol® (Thermo Fisher Scientific USA), seguindo as
orientacbes do fabricant&s amostras congeladésram trituradas com o homogeneizador de
tecidosIKA® T-25 Digital Ultra-Turrax® (IKA, Germany) em 1 mL dé&RIzol®&50-100 mg de
tecido muscular, esomioblastos em cultufaramhomogeneizados cooell scrapersem 1 mL
de TRIzol®well. O homogeneizadimi transferido para um tubo debImL e incubado durante 5
minutos a temperatura ambienkai acrescentado B.mL de clooférmio e, posteriormente, 0s
tubosforam agitados vigorosamente e incubados por 15 minutos a temperatura ambiente. Em
seguida, o materidbi centrifugado a 12000 x g por 15 minutos a 4°C. A fase aquosa formada
apos a centrifugacdoi coletada e o RNAoi precipitado através da incubacdo cofm L de
alcool isopropilico, durante 10 minutos a temperatura ambiente. Em seguida, o raiterial
novamente centrifugado a 12000 x g por 15 minutos a 4°C, e o pellet de RNA reduoitante
lavado com 1 mL de etan@b%. O materialoi centrifugado a 12000 x g por 10 minutos a 4°C e
0 sobrenadanti®i removido cuidadosamente. Apés secagem, o pellet de fBiNdssolvido em
UltraPure™ Distilled Water DNAse, RNAse Fre€Thermo Fisher Scientific USA) e
armazenado &80°C.

Para a quantificacdo do RN#i utilizado o espectrofotdmetra n o Vu e EGEP | u s
Healthcare, USA), que fornace medida de absorbancia a 260 nm. Tambgimealizada a
medida de absorbancia a 280 nm, que identifica a quantidade de proteinasesyreenanalise
da pureza do RNA extraido, garantida pela obtencdo de uma razdo 260/280 nm superior a 1.8.
Nés utilizanossomente amostras com razao igual ou superior a 1.8.

A integridade do RNA total extraidoi avaliada por eletroforese em gel de agaidse
A agarosefoi dissolvida em tampéao TBE 1X (89 mM Tris base, 89 mM acido bdrico, 2 nM
EDTA). Uma aliquota de 1 pL do RNA totadi adicionada a 5 pL de uma solugdo contendo o
tampéo de corrida OrangeG e o cordaeRed®(Biotium, USA). Essa misturfoi aplicada no
gel e submetida a corrida eletroforética a 120 V por cerca de 1 hora e 30 minutogoiO gel
fotografado sob luz ultravioleta e a integridade do RNA total extrod@onfirmada pela

presenca das bandas referentes aos RNAs ribossomais 8SAdéIm disso, as amostriasam
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submetidas a eletroforese capilar no sist@d@0 Bioanalyze(Agilent, USA), que fornece um
namero de integridade do RNA (RIN) baseado nas bandas do 28S e 18S. A amostra de RNA é
classificada num sistema numérico de Daskndo 1 o perfil de maior degradacgédo e 10 o perfil

de maior integridade. NGs utilim@ssomente amostras com um RIN igual ou superior a 7.0.

4.10. Tratamento com DNAse e transcricao reversa

Durante os procedimentos de extracdo do RNA, pode ser que ocorra contaminagao das
amostras por DNA genémico. Esse DNA contaminante pode, eventualmente, servir de molde
durante a amplificacdo pela PCR, gerando um produto que ndo corresponde ao fragmento de
interesse. Dessa forma, o RNA total extrafioiosubmetido ao tratamento com o kiNase |,
Amplification Grade(Thermo Fisher ScientificUSA), a fim de eliminar qualquer possivel
residuo de DNA gen6mico contaminante das amostras. Conforme as instrgdesodolo,1
puL de 10X DNasel Reaction Buffer 1 uL de DNase | Amplification Gradg1l U/uL) e
UltraPure™ Distilled Water DNAse, RNAse Fre@hermo Fisher Scientific USA), na
quantdade suficiente para completd AL de solucaoforam adicionados a [ig do RNA total
de cada amostra. Essa solucdo permanademperatura ambiente durante 15 minutos e, em
seguidafoi acrescida de fiL de EDTA (25 mM) e incubada a 65°C por 10 minutos, para a total
inativacdo da enzim@Nase |

Foi realizada a transcrigareversa do RNA pelddigh Capacity cDNA archive kit
(Thermo Fisher ScientificUSA), em quel ug do RNA total tratado cor®dNase 1(11 pL de
solucéo)foram acrescidos de|f. de 10X RT Buffer0.8 uL de 25X dNTP Mix100mM), 1uL
de MultiScribe’™ Reverse fianscriptasg(50 UfIL), 2 uL de 10X RT Random Primees1pL de
RNase Inhibito20 WpL). O volume final da reac&oi ajustado para®pL com UltraPure™
Distilled Water DNAse, RNAse Frgdhermo Fisher ScientificUSA). Cada amostrdoi
incubada a 25°C por 10 minutos, a 37°C por 120 minutos e a 85°C por 5 minutos. Os produtos

da reacéo de transcricao reveimamarmazenados-20°C e utilizados nas rea¢des de PCR.

4.11. PCR em tempo real

Primersnecessarios para amplificacdo dos geresamostras de pacus, tilapias do Nilo
ou trutas arcdris foram desenhados através do softwRrener3 v.0.4.0(Koressaar &kemm,
2007; Untergasser et al., 201Zodos os primerram desenhados para amplificar produtos de
50-200 pares de bases com temperatura de 60°C. A formacéo de possiveis elstinpimasu

dimeros de primers foram avaliadas através do softMetierimer(Premier Biosoft, USA).
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Os niveis de expressao doRNAs foramdetectados por PCR em tempgal; através da
plataformaQuantStudid@ 12K Flex Reallime PCR SysterfThermo Fisher ScientificUSA).
Todas as analisesstavam em conformidade com as diretrizesMioimum Information for
Publication of Quantitatig RealTime PCRexperiments(MIQE) (Bustin et al., 2009)As
amostras de cDNA foram amplificadas utilizarsooGoTaq® qPCR Master MixPromega,
USA) e primers sintetizados pela Invitrogen (USA). Os primers foram diluiddsiteafure™
Distilled Water DM\se, RNAse FreéThermo Fisher ScientificlJSA) e suas concentracdes
ajustadapara 5 uM. Conforme instrucbes do fabricafdeam utilizados 8uL de cDNAdiluido
(1:20), 1.5uL de Primer Forward 1.5pL de Primer Reverse 4 uL de GoTag® qPCR Master
Mix (Promega USA), totalizando um volume final de51uL de solug&o. As reacddsram
realizadas em duplicata, nas seguintes condi¢des: 95°C por 10 minutos, seguido por 40 ciclos de
desnaturacdo a 95°C por 15 segundos e anelamento/extensdo a 60°C por IFaiifeita.a
andlise da Curva de Dissociacdo dos fragmentos ao término de cada reacdo de PCR, um passo d
20 minutos em que a temperatura da reacdo aumenta gradualmente de 60 para 95°C,
possibilitando a avaliacata especificidade de amplificacdo de cadajwetto de primers pela
presenca de um unico pico de fluorescéncia. A eficiéncia de reacao foi calculada pelo software
LinRegPCRRamakers et al., 2003).

A quantificacdo relativada expressdo foi realizada pelo métod&>2 (Livak e
Schmittgen, 2001), utitando o sfiware DataAssist" v3.01(Thermo Fisher Scientific, USA).
As expressfes foram normalizadas peffenescujos valores deexpressdadoram constante

entre todas as amostras utilizadas
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6. CAPITULO |
Artigo aceitopara publicacdona Scientific Reports(fator de impacto: 4.12).

O capitulo | se referaotrabalho e experimentos desenvolvigasa avaliacdoa papel
do acido ascorbico na proliferac@anigracéon vitro de mioblastoprovenientes do muasculo de

contracao rapida de pacus

Ascorbic acid stmulates the in vitro myoblast proliferation and migration of pacu

(Piaractus mesopotamicyis
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ABSTRACT

The postembryonic growth of skeletal muscle in teleost fish involves myoblast
proliferation, migration and differentiation, encompassing the main events of embryonic
myogenesis. Ascorbic acid plays important cellular and biochemicalaslas antioxidant and
contributes tdhe proper collagen biosynthesis necessary for the structure of connective and bone
tissues. However, whether ascorbic acid can directly influence the mechanisms of fish
myogenesis and skeletal muscle growth remairtdean The aim of our work was to evaluate

the effects of ascorbic acid supplementatiorth@in vitro myoblast proliferation and migration
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of pacu Piaractus mesopotamicusTo provide insight into the potential antioxidant role of
ascorbic acid, we alsimeated myoblasts vitro with menadione, which is a powerful oxidant.

Our results show that ascorbic asupplemented myoblasts exhibit increapealiferation and
migration and are protected against thddative stress caused by menadione. In additio
ascorbic acid increased the activity of the antioxidant enzyme superoxide dismutase and the
expression ofmyog and mtor, which are molecular markers related to skeletal muscle
myogenesis and protein synthesis, respectively. This work reveals a direct influence of ascorbic
acid on the mechanisms of pacu myogenesis and hightlghp®tential useof ascorbic acidor

stimulating fish skeletal muscle growth.
INTRODUCTION

Piaractus mesopotamicuwhich is popularly known as pacu, is a teleost fish with major
economic importance and a high market value in Brazilian fisheries and pisciculture. The
distribution of pacu is higlglconcentrated in wetland areas in the Midwest Brazilian régiod,
along with other members of the Characidae famiharactus mesopotamicu£olossoma
macropomumPiaractus brachypomuand hybrids), pacu represents most native fish farmed,
accounting for almost 40% of the national producidn addition to its high economic value,
the use of pacu in scientific research has recently increased. Zebbsfrgb (erio) and medaka
(Oryzias latipe} are teleost fish extensively used for research in many fields, such as genetic
embryology, physiology, toxicology and nutrition, but there are some limitations due to their
small sizes, such as the study of myogenesis in cell cultBesause pacus have a large body
size, they have the potential to serve as an excellent model for studies investigating muscle
growth in fish.

Skeletal musle is the most abundant tissue in teleost fish and constitutes approximately
60% of the total body mass. Skeletal muscle allows underwater propulsion, represents the main
protein reservoir in fish and forms the bulk of the fillet, which is the main ptoduthe
aquaculture industfy. Postembryonic muscle growth irstii involves a population of resident
myogenic precursor cells and encompasses the main events of embryonic mybg@nesis
activated,these cells give rise to myoblasts, whose proliferation, migration and differentiation
are the mechanisms that promote hyperplasia (increase in muscle fiber number) and hypertrophy

(increase in muscle fiber siZ€)
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In such a context, fish myoblast cell culture represents a very useitrio tool to obtain
an understanding of the regulation of muggiewth and myogene$i&°. By recapitulating key
steps, such as cell proliferati and differentiation, myoblast cell culture provides a controlled
environment for studying myogenesis regulatfdh Similarly, cell culture media can be
modified to evaluate the role of nutrients, growth festand drugs under precisely controlled
condition§®. Our research group has been successful in standardizing pacu myoblast cell
culture, preiding a great advance in the understanding of muscle plasticity in this species and
generating an important tool for fish muscle growth reséarch

Food intake, composition and availability represent important factors leading to muscle
growtt’. In generalfish exhibit mammalike nutritional requirements for growth, reproduction
and other physiological functions, and in confinement, fish require a nutritionally complete and
balanced diéf. Several studies have shown that ascorbic acid (vitamin C) plays an important
role in the diet of fish. Ascorbic acitkficient diets, especially fed to larvae fiShpromote
reduced growth, impaired feed conversion, skeletal deformities in the byperand cartilage of
the gills, anemia, delay or decrease in wound healing, reduction in reproductive performance and
decrease in hatchabilf§>* Ascorbic acid plays several important cellular and biochemical
roles as an antigatant because of its high reducing poteffiahscorbic acid neutralizes reactive
oxygen species (ROS) produced during cellulatalm&ism or functional activitiesvhich have
deleterious effects on several molecules in excessive amounts (oxidative'st@sisiative
stress can be induced chemically using stressing agents, such as menadnatieyk2,4-
naphtoquinonéf. Menadione is a polycyclic aromatic ketone that has been widely used as an
oxidant and has demanated cytotoxic activity via the elevation of superoxide anions and
hydrogen peroxid€ %*. As a cellular reducing agent, ascorbic acid also plays a role in collagen
biosynthesis, acting as a cofactor in the hydroxylation of lysine and prpliegent in
procollagef’. The formation of a stable collagen matrix is crucial for the structure and
maintenance of connective tigs stimulation of osteogenesis and bone gréffth Therefore,
ascorbic acid directly influences the growth of animals, including fish species, and is necessary
for the normal devebment of their bodiéd However, whether ascorbic acid influences fish
growth exclusively due to its action on conmeetand bone tissues or whether it can directly
influence the mechanisms of skeletal muscle growth remain unclear.

In skeletal muscle, ascorbic acid is a key factor enhancing carnitine biosyiffiveisish
plays an important role in energy production via hetalation. In addition, this vitamin

facilitates glycogen storagfeand protects cells against exereisduced ROS generatithf".
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Muscle tissues contain 40% of the whbledy ascorbic acid contéfit Some studies have shown
that ascorbic acid plays a role in myogenésigtro, but these studies have focused on na&tb
differentiation into myotubes. MacBride (1989) showed the early fusion of chicken embryo
myoblasts after the addition of ascorbic atidVloreover, ascorbic acid could increase the
expression of myogenj which is a differentiatiomelated myogenic factor, in myoblasts
incubated at both 37%€ and 30°G. Ikeda et al. (2017) observed that ascorbic acid
supplementation in C2C12 myoblasts enhanced nbgottormation (differentiation rate);
although this ascorbic acid supplementation had no effect on myotube hypetir@igpared
to myotubes, myoblasts have an increased ability to transport ascorbic acid and exhibit increased
DHA (dehydroascorbic acid reductase activity necessary for ascorbic acid metabolic
recycling®. This same study showed that L6 fast myobfaste more efficient in ascorbic acid
import than C2C12 myobladfs However, to the best of our knowledge, no study has
invedigated the role of ascorbic acidimvitro fish myoblast proliferation and migration.

Because fish are highly susceptible to ascorbic-defitient diets during the early stages
of growth>'* we hypothesized that ascorbic acidoal®s a direct influence on early muscle
growth in fish. Thus, the aim of our work was to evaluate myoblast proliferation and migration,
which are processes related to the onset of myogenesis, in pacu myoblast cell cultures

supplemented with ascorbic a@dd its antioxidant role against menadione.
RESULTS

Myoblast cell culture

We successfully isolated and established myoblast cell cultures from thisvifakt
muscle of pacu. The myoblasts showed normal development as reported in a previous work that
published results of pacu myoblast cell cultlfreowever, to increase the amount of RNA and
protein for the proposed analgs we seeded the cells at a high concentratioh®fZells/mL),
which reduced the time until the formation of myotubes. We observed an initial stage of round
mononucleated cells on day=21their progressive proliferation and elongation between days 3
6, and a final stage of myotubes formation on day}$ {Fig 1). We chose to study myoblast
proliferation and migration within 4 days after cell platimgnce during this time the cells
reached 100% confluency and began to fuse and differentiate into myotubes. The myoblasts
were separated into the followingekperimental groupsaonteated myoblasts (CTR group),

menadione treated myoblasts (MEN group), ascorbic acid supplemented myoblasts (AA group),
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and menadione plus ascorbic acid treated myoblasts (MEN+AA group). In addition to the
expression of myogeniegulatory factors (MRFs) already published in our previous Hioitke

myogenic cells were identified by staining for desnaind the nuclei were counterstained with

DAPI (4,6-diamidino2-phenylindole) (Supplementary Fig S1).

Day 7 Day 10

Fig 1. Myoblast cell cultures established using fagtvitch skeletal muscle from juvenile
pacus.Myoblasts on days 1 to 4 (during this period, the pn@iien and migration mechanisms

were studied) and days 7 and 10 (the stages of myotube formation) of cell culture. The images

were obtained under an inverted microscope at a 10x magnification (Bars: 100 pm).

We initially performed trypan blue exclusiomda MTT (Thiazolyl Blue Tetrazolium
Bromide - SigmaAldrich, USA) assays to verify the ideal menadione concentration and
treatment duration that causes oxidative stress but maintains cell viability (Supplementary Fig
S2). The trypan blue exclusion assayw@d that menadione treatment for 24 hours drastically
reduced myoblast viability, and therefore, this incubation time was quickly discarded from
consideration for our studies. Compared with the myoblasts treated only with phosphate buffered
saline (PBS),he thour menadione treatment reduced the myoblast viability by 6% (0.1 uM),
which was not sufficient to promote oxidative stress, 21% (1 and 10 pM) and 26% (100 puM)
(Supplementary Fig S2A). Similarly, the MTT assay showed that the higher menadione
concentations significantly decreased myoblast viability (Supplementary Fig S2B). We chose
the 10 &M concent r éourduratiorofér themeyobtast freatments.a nd 1
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Myoblast proliferation assay

Compared to the CTR and MEN groups, the ascorbic agigplementation significantly
stimulated myoblast proliferation based on both the MTT assay (Fig 2A) and PCNA
(proliferating cell nuclear antigenimmunostaining (Fig 2B and C). The MTT assay indicated
that the proliferation of the ascorbic addpplemeted myoblasts was increased with significant
differences after 12 hours (p<0.05). The positive effect of ascorbic acid in the MEN+AA group
overcame the menadione oxidative effects, and these myoblasts exhibited a proliferative rate
similar to that observeth the AA group at all evaluated time points (Fig 2A). The PCNA
immunostaining showed significantly increased proliferation in the AA group on the day
following cell plating (0 h) (p<0.01) and similar proliferation between the AA and MEN+AA
groups at 24 r&d 48 hours, which was statistically higher that in the CTR and MEN myoblasts
(p<0.05) (Fig 2C). No significant differences were found between the CTR and MEN groups
(p>0.05) (Fig 2A and C).

A 016
a
0.124 }
[ -0- CTR
&5 0.10- -0- MEN
8 - AA
8 -o- MEN+AA
9
o

ab ‘ )b
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(absorbance at 570 nm)
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Fig 2. Myoblast proliferation. Cell proliferation was evaluateth myoblasts incubated with
menadione (MEN), ascorbic acid (AA), menadione combined with ascorbic acid (MEN+AA) or

without treat ment (CTR) . Ascorbic acid was

65



1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736

® ) AVA
4 AvAYAY  UNIVERSIDADE ESTADUAL PAULISTA J

.y u nesp " 40LIO DE MESQUITA FILHO” F

Campus de Botucatu
Instituto de u

Biociéncias PG- BGA
myoblasts, and menadione was administered at 10 uM to BHENMEN+AA myoblasts. (A)

MTT assay. Myoblast proliferation was measured considering the absorbance variafpa4),

36, 48 and 72 hours after day The data are expressed as the absorbance at 570 nm and
presented as the med&nSD of duplicates fronthree independent cell cultures. (B) PCNA
iImmunostaining. Representative image of PCNA immunostaining in myoblasts in the CTR
group on day 1. Arrows indicate PCN#ositive myoblasts. Image was obtained under a light
microscope at a 40x magnification (Bag) um). (C) Quantification of PCNAositive cells.
Myoblast proliferation was measured considering the percentage of RBGN®&d nuclei 024

and 48 hours after day. The data are expressed as the fold change compared with the CTR
group and presented #s mear? SD of duplicates from three independent cell cultures. The
different letters indicate significant differences among the groups (p<@oeway ANOVA

test, followed by Tukeyds multiple compariso

Myoblast migration assay

Considering wund closure, similar myoblasts migration was observed between the AA
and MEN+AA groups and between the CTR and MEN groups (Fig 3B). The AA myoblasts
showed increased migration compared to those in the CTR and MEN groups at 6, 12, 18 and 24
hours (p<0.05)At these initial time points, the MEN myoblasts showed the lowest migration
rate, whereas the ascorbic asigpplemented myoblasts showed the highest migration rate at 12
hours (Fig 3C). The comparison between the MEN and MEN+AA groups, specificalljLat 6,
18 and 30 hours (p<0.05), demonstrated that the ascorbic acid supplementation could reduce
menadi oneds effects and increase migration i
no significant differences were observed (p=0.1453), the AA myohasts able to completely

fill the wound area, while some spaces were still visible in the other groups (Fig 3A and B).
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Fig 3. Myoblast migration. Cell migration was evaluated in myoblasts incubated with
menadione (MEN), ascorbic acid (AA), menadione combined with ascorbic acid (MEN+AA) or
without treat ment (CTR) . Ascorbic acid was
myoblasts, and menadione wadministered at 10 uM to MEN and MEN+AA myoblasts.
Myoblast migration was measured, 6, 12, 18, 24, 30 and 48 houp®stwound. (A)
Representative images of wound healing assay. The white dashed line delimits the wound area.
The images were obtained under inverted microscope at a 10x magnification (Bars: 100 pm).

(B) Wound closure (reduction in wound area sizes over time). The data are expressed as a
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percentage and presented as the nie8D of duplicates from three independent cell cultures.
(C) Migration rate (variation in wound closure over a time interval). The data are expressed as
the fold change compared with the CTR group and presented as the® rB&af duplicates

from three independent cell cultures. The different letters indicate signitidéerences among

the groups (p<0.060Oneway ANOVA test, followed by Tukey:¢

Superoxidedismutase and catalase activities

The superoxide dismutase (SOD) and catalase (CAT) activities N groupwere
significantly lower than those in tHéTR group(p<0.001). Both théA and MEN+AA groups
had increased SOD and CAT activities compared to those in the MEN group (p<0.01). Ascorbic
acid also resulted in significantly higher SOD activity in the myoblastthe AA group
compared with that in the CTR group (p<0.01) (Fig 4).

N
=}
1
)
o
g

-
L
1

SOD activity
(umol/g)
2
CAT activity
(nmol/g)

D\g&
N\
_N—io
N\

0.0

T ]
CTR MEN AA MEN + AA CTR MEN AA MEN + AA

Fig 4. Activities of the antioxidant enzymes superoxide dismutase (SOD) and catalase
(CAT). The activities of the SOD (A) and CAT (B) enzymes were evaluated in myoblasts
incubated with menadione (MEN), ascorbic acid (AA), menadione combined with ascorbic acid

( MEN+AA) or without treatment (CTR). Ascorbi
MEN+AA myoblasts, and menadione was administered at 10 uM to MEN and MEN+AA
myoblasts. The data are expresse@ias| per g of proteirand presented as the méasD of
duplicates from three independent cell cultures. The different letters indicateicaignif
differences among the groups (p<0-0®neway ANOVA test , foll owed

comparisons test).
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MRNA expression

Given the high density of the cells seeded on the cell culture plate€ @lls/mL), we
evaluated the expression profile of typical muscle genes throughout development, especially on
day 4, when the experiment was performed. On day 4, the myoblasts expressed high levels of all
genes evaluated, showing that ascorbic acid expetation could be properly conducted at this
stage of proliferation (Supplementary Fig S3).

The differences in the expression wiyodl (myogenic differentiation )lamong the
groups were not statistically significaft=0.5607), whereas the expressiommybg (myogenin
was slightly upregulated in the AA group compared to that in the CTR, MEN and MEN+AA
groups (p<0.05) (Fig 5). Furthermore, the treatment of the myoblasts according to their
experimental groups did not promote significant differencegfin(insulin-like growth factor }
expression (p=0.1644), but thetor (mechanistic target of rapamygifevels were significantly
upregulated in the AA group (p<0.05). In contrast, the expression leviEsa#2(f-box protein
32) were significantly upregulatl in the MEN and MEN+AA groups compared to those in the

CTR and AA groups (p<0.05) (Fig 6).

myod1 myog

2.5- 1.5
§ 204 : § b i -
| ol 5 2 i
g 8 3 %
o 1.0- T W_ _r o //// ;;/’
2z 29/ 2 0.5 54545 /////
S 0.5 ;¢f¢ 27, S 2222 4444
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0.0 T .//’ T % 0.0 r .// T é
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Fig 5. Relative mRNA expression omyodland myog myodland myogmRNA expression

was assessed by gPCR in myoblasts incubated with menadione (MEN), ascorbic acid (AA),
menadione combined with ascorbic acid (MEN+AA) or without treatment (CTR). Ascorbic acid
200 &M IdnA waa addinidteEeN + A A
at 10 yM to MEN and MEN+AA myoblasts. The data are expressed as the fold change

was administered at t o

compared with the CTR group and presented as the me8D of duplicates from four
independent cell cultures. The different letters indicate signifiaffierehces among the groups

(p<0.05-Oneway ANOVA test, followed by Tukeyds mu
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Fig 6. Relative mRNA expression ofgfl, mtor and fbxo32 igfl, mtor and fbxo32 mRNA
expression was assessed by gPCR in myoblasts incubated wakioren(MEN), ascorbic acid

(AA), menadione combined with ascorbic acid (MEN+AA) or without treatment (CTR).
Ascorbic acid was administered at 200 &M to
administered at 10 uM to MEN and MEN+AA myoblasts. The datexpressed as the fold
change compared with the CTR group and presented as the°n&2uof duplicates from four
independent cell cultures. The different letters indicate significant differences among the groups

(p<0.05- Oneway ANOVA test, followedbyf uk ey 6 s mul ti pl e compari s

DISCUSSION

Myoblast proliferation and migration

Ascorbic acid supplementation in the fish cell cultures increased myoblast proliferation
and migration. Even the myoblasts in the MEN+AA group exhibited an enhancemnteete
mechanisms, especially compared to the MEN group, highlighting the ability of ascorbic acid to
suppress the harmful effects of menadione.

Cell proliferation and migration are essential stepsnyogenesis anthuscle growth
The increased myoblast proliferation and migration induced by ascorbic acid started early in our
experiment and was observed within 1 day of the experimghtamgradual increase in these
mechanisms over time. In addition, fish embryos initiate myogenesis during an earkeofstag
development than amnioteshich probably reflects the requirement for the generation of
swimming propulsion during earlier lifstageS This earlier myogenesis and the anticipated
action of ascorbic acid help explain the higisceptibility of fish during the ds stages of

§3,14’

growth to ascorbic acideficient diet which could lead to impaired myogenesis in addition

to connective and bone tissue deformities. We believe teatntyoblast proliferation and
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migration periods may be cruciadrfthe use of ascorbic acid and other interventions, such as
amino acids and endocrine factors, aiming to increase skeletal muscle growth.

In fact, several studies have investigated myogenesis regulation by Igfs, growth hormone
(Gh) and amino acids and pided many indications of their proliferative roles. The
proliferation of sea breanSparus auratamyoblasts was significantly stimulated by Igfl, 1gf2
and Gh treatmenit$® Moreover, Gh and Igf2 increased the expressianyds(myogenic factor
5) and myod2°, which are primary MRFinvolved in the initial steps of myogenesis, mainly
determination, proliferation and migratfii°. Amino acid treatmenteevealedan interplay with
Igfs in Atlantic salmon $almo salay myogenic cells, promoting increased expression levels of
lgf signaling componentsaandmyod1é® on day 6 of development. This role in proliferation was
also observed in a study investigating the impact of amino acid deficiencies on sea bream
myoblasts in which Lysine limitation significantly decreased the mRNA expressiongbf
signaling caonponentsmyf5andmyodZ°.

In our work, it is possible that ascorbic acid increasedbiagt proliferation and
migration through its role as an antioxidant agent that could decrease the levels of ROS within
the cell. Increased or decreased levels of ROS in the cytoplasm lead to alterations in the redox
status of the cell, which is importafatr controlling the activation of many factét4? In fact,
Barbieri and Sestili (2012) discussed the most relevant signaling pathways triggered and/or
affected by ROS in skeletal muscieith low levels of ROS inducing upregulation of Igfl and
Pgel [peroxisome proliferatoactivated receptor gamma coactivator 1 alphendhigh levels
of ROS upregulating-oxO (forkhead box @ or Nf-a B(huclear factor kappa Bsignaling
pathway&®. In our work, the increasemtoliferation and migration induced by ascorbic acid were
probably due to its direct regulation of the redox status, able to decrease ROS levels/persistence
in myoblasts and, consequently, modulate components of the Igf signaling palhovagver,
given the crosstalk among signaling pathways controlling muscle dftfitthe redox status
could also regulate the expression or activity of factors related to myogenesis, such as MRFs. A
relativdy recent study showed the effects of other antioxidants on primary myogenic cells
isolated from skeletal muscle of rainbow trotesting different doses @thocyanidin€. The
anthocyanidins upregulated the expressiogm{l (glutathione peroxidase)landpax7 (paired
box protein J, which contribute to enhancing muscle tissue defense against oxidative stress and
delay the progress of myogentifferentiation, respectivef§, maintaining the cells in a

quiescent or proliferative state.
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Superoxidedismutase and catalase activities

Although no direct measure of ROS were used to confirm the occurrence of menadione
induced oxidative stress and the antioxidant role of ascorbic acid, we evaluated the activities of
the antioxidant enzymes SOD and CAT. The myoblasts treated with menadioned showe
significant reduction in both SOD and CAT activities, whereas the ascorbic acid supplementation
in the AA and MEN+AA groups maintained the high activity of these antioxidant enzymes
compared to that in the MEN group. SOD and CAT act sequentially twahee oxidative
stress. SOD dismutates superoxide anion radical$ ¢@nerated in the mitochondrial electron
transport chain into hydrogen peroxide.QH), which is converted into 40 by CAT*"*® Due to
the high oxidative potential of menadione, we believe that ROS produced following the
menadione treatment may have promoted extensive cellular damage and that the antioxidant
system could notresist this oxidaninduced injury. However, ascorbic acid, which was
continuously supplemented in the cell cultures, may have stimulated the myoblast antioxidant
machinery in preparation for the eventual oxidative stress, especially by increasingvibhedicti
SOD, which could act first to avoid exacerbated increases in the ROS levels. In addition, the
maintained activities of SOD and CAT by ascorbic acid prevented the drastic oxidative stress
caused by menadione in the MEN+AA group.

Similar to our reslts, Khassaf et al. (2003) showed that the baseline activities of both
SOD and CAT were elevated in lymphocytes from ascorbicsigigplemented individudfs Lii
et al. (2010) proposed that antioxidants may taobugh theenhancement of the activity or
expression of antioxidamnzyms, such as SOD, CAT and glutathione peroxidda fact, the
antioxidantinduced activation of these internal antioxidargyenes has been studied in different
cell line models. Treatment with anthocyanins promoted positive effects on elevating the
antioxidant capacity, including increasing the activities of glutathione reductase and peroxidase,
in rat hepatocytéd Robb et al. (2008nvestigated the lonterm exposure of human fibroblasts
to resveratrol and observed a dramatic and progressive upregulation of mitochondrial SOD
expression and activity This activation of intracellular antioxidant enzymes by an external
antioxidant could explain the high SOD activity the fish myoblasts supplemented with
ascorbic acid in our study. Our results confirm that menadione induced oxidative stress and that

ascorbic acid plays an antioxidant role.
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MRNA expression

Since skeletal muscle plasticity and individual figeswth result from a balance between
protein synthesis and degradafforf, to strengthen our workwe evaluated the mRNA
expression of some molecular markers of myogenesyesdlandmyog, protein synthesiggfl
andmtor) and protein degradatiofbo32 in pacu myoblasts.

The MRFs Myod1 and Myog control the myogenic program inside the cetiarsditute
the key factors that determine the progression of myogéhelsisour study, the significant
increase in thenyoglevels in the ascorbic acslpplemented myoblasts represents an enhanced
differentiation mechanism. This increase probably occurred due to the increased proliferation
and migration oflie myoblasts in the AA group as observed in the proliferation and migration
assays despite the absence of significant differences in the expression lawgisdafSince
proliferation and migration were elevated, the myoblasts could express highepfenglzgand
initiate fusion and differentiation earlier. Mitsumoto et al. (1994) showed that rat L6 myoblasts
expressed higher amount of myogenin at both the mRNA and protein levels after treatment with
ascorbic acitf, and Shima et al. (2011) observed that ascorbic acid increased myogenin
expression in mouse C2C12 myoblasts incubated at 30°C, promoting myogenic differentiation at
low temperatured. Based on these findings, we can infer that ascorlicsapplementation is
able to accelerate and advance the beginning of myogenesis in fish myoblasts.

Igfl, which is among the most studied and best characterized muscle -growtbting
factors triggers several downstream cascades that culminate withctivatian of Mtor and
other components? Mtor processes and integrates signals from nutrients, energy status and
growth factors, controlling protein synthesis among its otherctions®. Although igfl
expression did not significantly differ among the experimental grouogsy was highly
expressed in the myoblasts treated exclusively with ascorbic acid, which is indicative of
increased proteirsynthesis in the AA group. These results show possible Mtor activation
independent of Igfl. Early studies investigating fish myoblast cell cultures have shown that
amino acids independently stimulate protein syntf&Siswhereas Igf only stimulates protein
synthesis if amino acids are also present in the fh&dighese workssupport the role of
nutritional stimulation in skeletahuscle growth in teleost fish, anetactivation ofntor by our
ascorbic acid supplementation could be related to this nutritional pathway, increasing protein
synthesis in addition to myoblast prelifition and migration.

Fbxo32, which is also known as Mafbrscle atrophy-box proteir), regulates the

protein degradation in skeletal muscle and presents an usual upregulation during muscle
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atrophy?. The upregulated expression fixo32in the MEN and MEN+AA groups indicates
increased protein degradation in myobl asts
Similar results were observed by Suzuki et al. (2007), who investigated the involvement of the
dystrophin glycoprotein compleXDGC) in the regulation of skeletal muscle atrofhiffhese
authors showed thatNOS (euronal nitric oxide synthayealissociates from the DG@uring
atrophy andgenerates nitric oxide that could induce oxidative stress in skeletal muscle. Nitric
oxide increased the levels of Fbxo32/Mafbx and other markers relatied podtein degradation
pathway®. In addition, Eijkelenboom and Burgering (2013) reviewed the function of FoxO,
which is a weHknown upstream activator of Fbxo32, including itsreased transcriptional
activity following cellular stress and high generation of ROShese data corroborate our
results, demonstrating thaihe potent oxidative effect of menadione could incredmx32
expression and, consequently, protein degradation. This finding further explains the reduced

myoblast proliferation and migration in the MEN group.
CONCLUSIONS

Ascorbic acid supplementatiomgmotes increased myoblast proliferation and migration
in cell culturesestablished usinfasttwitch skeletal muscle from pachese results may be
related to the antioxidant role of ascorbic acid, which protects myoblasts against the harmful
effects ofmenadione, a powerful oxidant.

In addition to the enhanced proliferation and migration, the higher expressiopogf
and mtor showed that the ascorbic acid supplementation accelerated the beginning of
myogenesis and increased protein synthesis, respgctinelicating that ascorbic acid can
directly influence the mechanisms of fish skeletal muscle growth in addition to its action on
connective and bone tissue.

Given the beneficial role of ascorbic acid in myogenesis and increased protein synthesis
in skektal muscle, the supplementation of this vitamin in fish is a potential treatment for
increasing muscle growth, enabling interventions and improvements in pisciculture of pacu and

other fish species.
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MATERIALS AND METHODS

Ethics statement andanimals

All experiments and procedures were performed in accordance with the Ethical Principles
in Animal Research adopted by the Brazilian College of Animal Experimentation (COBEA). The
protocol was approved by the Ethics Committee on Animal Use (protocol nutdbgofthe
Institute of Biosciences, Sdo Paulo State University (UNESP), Botucatu, Sao Paulo, Brazil.
Pacus were obtained from thimiversity of West Sdo Paulo (UNOESTE), Presidente Prudente,
Séao Paulo, BrazilThe fish were farmed at 28°C under a natptabtoperiod (12 light:12 dark)
in 0.5 n? storagetanks equipped witla water circulation system. Fastitch muscles were
collected from juvenile pacus weighing 14.08 + 5.91 g (mean + SD; n=10 per cell culture) to
establish the primary myoblast cell cutta. The pacus were euthanized with excess benzocaine
(SigmaAldrich, USA), at a concentration exceeding 250 mg/L, prior to the collection of the

muscle samples.

Myoblast cell culture

The myoblastswere isolated and cultured according to the protocol ribest by
Fauconneau and Paboeuf (2080Previous work was already published using myoblast cell
cultures of pactf. Briefly, the fasttwitch muscles were collected from the epaxial region and
mechanically dissociateavith scalpels. To release the muscle cells, the fragments were
enzymatically digested with 0.2% collagenase type | and 0.1% trypsin (Bilgirieh, USA).
The cell suspension was filtered in cell strainers (Corning, USA), allowing for the remove of the
debris, centrifuged and the cell pellet was resuspended in DMENari2d | beccods Mo
Eagl eds 9k &NaHC@and20 mM HEPES, pH 7.4 SigmaAldrich, USA) with 1%
antibiotics and 10% fetal bovine serum (SigAidrich, USA). The cells wereounted using a
hemocytometer (Kasvi, Brazil) ardiluted at a concentrati of 33 10° cells/mL, to increase the
amount of RNA and protein for the proposed analyses, especially on day 1 (the next day after
cell plating). The amountof cells seeded was330° cells/well in 6well plates (1 mL per well),
1.5 10° cells/well in 12well plates (0.5 mL per well) or 0.1870° cells/well in 96well plates
(0.0625 mL per well) DMEM mediawith 1% antibiotics and 10% fetal bovine seruvere
added to each well at the same volume of cell suspensionL{well in 6-well plates, 0.5
mL/well in 12-well plates and 0.0625 miell in 96-well plate3. The cells werglated in wells

previously treated with pol-lysine and laminin (Sigmaldrich, USA), which have high
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1987  affinity for the myoblastsandincubated at 28°C fot0 days.The mediawere changedonce a

1988 day and the myoblasts morphology was regularly monitored in inverted microgceiss,

1989 Germany) The results were achieved from three or four independent cell cultures

1990

1991  Immunofluorescence

1992 Immunofluorescence was performed in myoblast cell cultures at days 1, 3 and 7 of
1993 development in coverslips imBell plates. The myoblasts were washed with PBS and then fixed
1994 in 4% paraformaldehyde for 15 minutes. The cells vpemneabilized with 0.1% Ton X-100

1995 (SigmaAldrich, USA) for 10 minutesand incubated in blocking solutiod% glycine, 3%

1996 bovine serum album (BSA), 8% fetal bovine serum ard3% Triton X100 - SigmaAldrich,

1997  USA) for 1 hour, to prevent nonspecific binding. The myoblasts wexéated overnight at 4°C

1998  with a rabbit antdesmin primary antibodyS{gmaAldrich, USA) diluted in blocking solution

1999 (1:20). The cells were washed and then incubated for 2 hours at 4°C with -aabaittiFITC

2000 secondary antibody (s2090 - Santa Cruz USA) diluted in blocking solution (1:400). The

2001 myoblasts nuclei were counterstained with DAPI present in Vectaghigldunting medium

2002 (Vector Laboratories Incl)SA) and the images were acquired under a fluorescence microscope
2003  (Olympus Japai).

2004

2005 Experimental design and myoblast viability

2006 The following four experimental groups were used to evaluate the role of ascorbic acid in
2007 proliferation and migration: the Control group (CTR), in which the myoblasts were not exposed
2008 to any treatment; the Menadione groupEMN), in which the myoblasts were treated with
2009 menadione (Sigmaldrich, USA) to induce oxidative stress; the Ascorbic acid group (AA), in
2010 which the myoblasts were supplemented witladcorbic acid phosphate (SigmaAldrich,

2011 USA), which is a stable form afscorbic acid recommended for use in cell culfirsand the

2012 Menadione and Ascorbic acid group (MEN+AA), in which the myoblasts were treated with
2013 menadone combined with dascorbic acid phosphate supplementation to verify the antioxidant
2014  effects of ascorbic acid. Based on previous Wotk® L-ascorbic acid shosphate was added

2005 to the DMEM media at a ¢ cAnandeMEN+AA groupsnandovas 2 0 0
2016 continuously administered to the myoblasts (each time the media were changed) since cell
2017 plating. Tests were performed to verify the ideal concentration of menadione causing oxidative

2018 stress while maintaining cell viability.
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2019 The myoblast viability following the treatment with menadione was accessed by trypan

2020 blue exclusion and MTT assays. The trypan blue exclusion assay was performed on day 1 in 6
2021  well plates using duplicates from four independent cell cultures. Menadione wéadizad in

2022 di met hyl sul foxide (DMSO) at 1 mg/ mL (stoc
2023 guidelines, and different concentrations were prepared after dilution in PBS (working solution).
2024 The myoblasts were treated with 0.1, 1, 10 and 100 uM memadar 1 and 24 hours. After

2025 washing with PBS and harvesting with 0.25% trypsin, the myoblasts were stained with 0.4%
2026 trypan blue solution (Sigmaldrich, USA). The stained (dead) and unstained (live) myoblasts
2027 were counted using hemocytometer (Kasvi, Beil), and cell viability was expressed as a
2028 percentage of the total number of cells. The MTT assay was performed on day -Wéll 96
2029 plates using duplicates from four independent cell cultures. Metabolically active cells reduce
2030 tetrazolium MTT into intraellular purple formazan, whose quantity is directly proportional to
2031 the viable and proliferative cells over tifheThe myoblasts were treated with 10, 100 and 200
2032 pM menadione for 1 hour and then incubated with tetrazolium MTT solution (Sidadnich,

2033 USA) at 37°C for 4 hours. The myoblasts were incubated withr@0@er well of 299.9%

2034 DMSO (SigmaAldrich, USA) to solubilize the intracellular purple formazan, and the absorbance
2035 at 570 nm was measured using an Asys Expert Plus Microplate Reader (Biochrom, United
2036 Kingdom). Based on the trypan blue exclusion and MTT assays, the MEMEN+AA groups

2037 were treated with 10 uM menadione for 1 hour immediately before each experiment. The
2038 concentration of 10 pM menadione contained 0.1% DMSO, which is not toxic t6°c@is

2039 acount forthe possible effects of DMSO on the menadione treatment, the media in the CTR and
2040 AA groups also received thnbxic concentration of 0.1% DMSO.

2041

2042  Myoblast proliferation assays

2043 Myoblast proliferation was assessed by an MTT assay and PCNA imtaunog. The

2044 MTT assay was performed 02, 24, 36, 48 and 72 hours after day Hifferent 96well plates

2045 seeded on the same day using duplicates from three independent cell .cBitmiles to the cell

2046  viability test, the myoblasts were incubated WM T solution (SigmaAldrich, USA) at 37°C

2047 for 4 hours. After the tetrazolium MTT reduction, the resulting intracellular purple formazan was
2048 solubilized by incubating the myoblasts with 26Q per well of 299.9% DMSO (Sigma

2049 Aldrich, USA). The absorbance @ar0 nm was quantified using an Asys Expert Plus Microplate
2050 Reader (Biochrom, United Kingdom). PCNA immunostaining was perform2d &nd 48 hours

2051 after day 1lin coverslips on 12vell plates using duplicates from three independent cell cultures.
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The myoblats were washed with PBS and then fixed in 4% paraformaldehyde for 10 minutes.
The cells were postfixed in 100% methanol for 10 minutes and incubated in blocking solution
(3% BSAT SigmaAldrich, USA) for 1 hour to prevemtongecific binding. The myoblastwere
incubated overnight at 4°C with a mouse &@NA primary antibody (sé6 - Santa Cruz,

USA) diluted in 1% BSA (1:500). The cells were washed and then incubated for 90 minutes at
room temperature with an amtiouse HRP secondary antibody (ab678%cam, USA) diluted

in 1% BSA (1:500). After an additional washing step, the myoblasts were incubated with DAB
solution (500nL  3-DidBninobenzidine, 4 mL hydrogen peroxide and 4.5 mL PEfgma
Aldrich, USA) to identify proliferative cells expressing PANHematoxylin was used to
counterstain the myoblasts, and the coverslips were dehydrated in a graded alcohol series and
mounted with Permount. Proliferation was quantified as a percentage of-p&3ditive cells of

the total number of nuclei in 10 imagesroverslip using ImageJ® softwiteThe images

were acquired under a light microscope coupled to the digital camera Leica DMC2900 (Leica,
Germany).

Myoblast migration assay

Myoblast migration was assessed by a wound healing assay, which was performed after
reaching 80100% confluency (da4) in 6well plates using duplicates from three independent
cel | cultures. I nitially, the cell monol ayer
of a cross by a 200 pL sterile tip in the center of each well. The cell debris was removed by two
washes with PBS, and the myoblasts were in@that DMEM mediawith 1% antibiotics and
2% fetal bovine serum (Sigmldrich, USA) to reduce the cell proliferation rate. The wound
areas were evaluated @t 6, 12, 18, 24, 30 and 48 houasid images wereaptured under an
inverted microscope coupled to the digital camera AxioCam ICc5 (Zeiss, Germany). The wound
areas corresponding to the area mean of the four lines in thestiag®sd wound were measured
using ImageJ® softwat® The wound areas were used to calculate the reduction in thedwo
area size over time (wound closure) and the variation in wound closure over the time interval

(migration rate or migration speed).

Superoxide dismutase and catalase activity
The assays used to verify the activities of antioxidant enzymes were petfaifiee
reaching 80100% confluency (day 4) in-&ell plates using duplicates from three independent

cell cultures. The protein content was extracted from the myoblasts REd#g buffer and a
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protease inhibitor cocktail (Sigm@drich, USA), which iscong st ent wi th the n
recommendations. The extracted protein content was quantified by the Bradford %hatttbd

used to evaluate the activities of the antioxidant enzy®@B and CAT.The activity of the

SOD enzyme was determined by its ability to inhibit the reduction in nitroblue tetrazolium,
causing changes in the color intensity. SOD
PBS pH 7.4, 0.1 mM EDTA, 62 €M nitroblue tet
methosulfate SigmaAldrich, USA), and theéSOD unit was defined as the amowftenzyme

needed to decrease the reference rate to 50% of maximum infibifiba activity of the CAT

enzyme was determined by its ability to decompose dygir peroxide (bD,) and was also
measured in proper solutioh 0 MWM,and 50 mMM sodium and potas
pH 7.0- SigmaAldrich, USA). The CAT unit was defined as the amount of enzyme necessary

for H,O, decomposition at a constant ratelo6 s e ¢ o n d°& Tha enzy@eladtiviteswere
analyzed using the EON microplate reader system with Gen5 2.0 Software (BioTek Instruments,
USA).

MRNA expression
The expression analyses were performédraB03100% confluence (day 4h 6-well
plates using duplicates from four independent cell culturke.tdtal RNA was extracted from
the myoblast cell cultures usifigRlzol® Reagen{Thermo Fisher Scientific, USAaccording to
the manufactureros recommendati ons. The RN/
spectrophotometer (GE Healthcadmited Kingdomn), and the estimation of the RN#urity was
performed by measuring the absorbance at 260 nm (RNA quantity) &nhchr@ (protein
quantity). The RNA integrity was evaluated through capillary electrophoresis in the 2100
Bioanalyzer (Agilent, USA), which provided a RNA integrity number (RIN) based o288e
and 18Sribosomal RNAsOnly samples with 260/280 ratfo1.8 and with an RIN2 7.0 were
used. To eliminate any possible contaminating genomic DNA from the samples, the extracted
RNA was treated with DNase |, Amplification Gradehérmo Fisher Scientific, USA The
RNA reverse transcription was performed using thehHigpacity cDNA Archive Kit Thermo
Fisher Scientific, USA, according to the manufactureros
Primers for themyodl1(myogenic differentiation)1 myog(myogenip, igfl (insulin like
growth factor }, mtor (mechanistic target of rapamyginfoxo2 (f-box protein 3% rpl13
(ribosomal protein L1B ppiaa (peptidylprolyl isomerase Aaand gapdh (glyceraldehydes-

phosphate dehydrogendsemRNAs were designed from Piaractus mesopotamicus
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transcriptome, obtained by our grétmnd whose raw reads werepdsited in the European
Nucleotide Archive- ENA (accession number PRJEB6656). These primers were designed using
Primer3 v.0.4.8®®andNetPrimer(Premier Biosoft, USA) softwares (Table 1).

The mRNAs expression levels were detected by quantitativéimealPCR (qPCRlising
the QuantStudi® 12K Flex RealTime PCR SystemThermo FisherScientific, USA. All
gPCR performed were compliant with the Minimum Information feblRation ofQuantitative
RealTime PCR experiments (MIQE) guidelifésThe cDNA samples wemmplified using the
GoTag® gPCR Master Mix (Promega, US&)d the respective prime(Jable 1) which were
synthesized binvitrogen (USA). Theeactions werperformed at 95°C for 10 minutes followed
by 40 cycles of denaturatioat 95°C for1l5 seconds and annealing/extension at 60°C for 1
minute. The reaction ééfiency was calculated by LinRegPCR softwré and the specificity
of each primer set was evaluated by the dissociation curve at the end of each PCR reaction,
which confirmed the presence of a single fluorescence p€hg. relative quantificatiorof
expression was performed by tH&2hethod? using the DataAssiSf v3.01 software (Thermo
Fisher Scientific, USA). The mRNA expression lewsksre normalized to thepll3, ppiaaand

gapdhmRNAs, whose expressions were constant among all samples.

Statistical analyses

The datistical analyses were performed using the parametricvame ANOVA test,
foll owed by Tukeyds multiple compar? Shhaofs t e
duplicates from three or four independent cell cultufée gdatistical significance waset at 5%
(p<0.05) (GraphPad Prism 5 SoftwadSA).

Data availability statement

All data generated or analysed during this study ataded in this published article.
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SUPPLEMENTARY INFORMATION

Table 1. Primers used formyodl myog igfl, mtor, foxo32 rpll3, ppiaa and gapdhmRNA
amplification by qPCR.

Gene Accession code Primer ( 5360 ) Amplicon size (bp)
F: GTTCGTCGTCTTCCTCTTGC

myod1 compl44727_cl _seqd 191
R: ACCCGTGCTTTAACACCAAC
F: CAGACCAGAGGTTTTATGAA

myog compl37034_c4_seq6 171
R: TAGATGTTGGGGATGGCTTG
F: ATTCAGCAAGCCAACAGGT

igfl compl34662_c2_seq? 116
R: CGCACAATACATCTCAAGTCG
F: TTGGGAGAGACGTACTGC

mtor compl141640_cO0_seql 145
R: CACAGGACTGGTGTAGGAA
F: TCTTTGGTGCTCCCCTTGTG

fbxo32 compl145335_cl_seq5 231
R: TAAAACCGAGGACGGCTGG
F: ATCAACAGGAAAGTAGCCC

rpll3 compl41862_c0_seql 122
R: AGGATGAGTTTGGAGCGGTA

ppiaa compl45566_c0_seqll F: ATTGTGGTTCGTGAAGTCGC 168
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R: CCGCTGGGCAGAGTGATTAT

F: ACACACGACGACAAGACCAA
gapdh compl140533_c0_seql 267

R: GTCCCTCTCGCTGAAAACTG

2329

2330 F, forward; R, reverse. Gene are as follomyodl (myogenic differentiation )1 myog
2331 (myogenip, igfl (insulin like growth factor }, mtor (mechanistic target of rapamygjrfbxo32
2332 (f-box protein 32 rpll3 (ribosomal protein L1B ppiaa (peptidylprolyl isomerase Aaand
2333 gapdh(glyceraldehyde3-phosphate dehydrogengse

2334

Day 1 Day 3 Day 7
2335

2336 Supplementary Fig S1. Immunofluorescence of myoblast cell cultures established using

2337 fast-twitch skeletal muscle from juvenile pacus.The myogenic cells were identified by

2338 immunostaining for desmin (green) and the cells nuclei were counterstained with{lib4e}lon

2339 days 1, 3 and 7 of cell culture. The images were obtained under a fluorescence microscope (days

2340 1 and 3- 20x magnification; Bars: 50 um; day 20x magnification; Bar: 100 pm).
2341

A B
Trypan blue exclusion MTT assay
- our
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2342
2343 Supplementary Fig S2. The effect of menadione treatment on myoblast viabilitgA) Trypan
2344  blue exclusion assay. Myoblasts were incubated with PBS or menadione at 0.1, 1, 10 and 100

2345 M for 1 and 24 hours. The stained (dead) and unstained (live) myoblastsaumted and cell
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viability expressed as a percentage of the total number of cells. (B) MTT assay. Myoblasts were
incubated with PBS or menadione at 10, 100 and 200 uM for 1 hour. The data are expressed as a
percentage and presented as the nie&D of duplicates from four independent cell cultures.

The different letters indicate significant differences among the groups (p<O@%eway

ANOVA test, followed by Tukeyds multiple corm
myod1 myog
81
5 s
2 2 ¢l
(7] (0]
[ [
S S
3 3
) s 41
[ [
2 2
- -
5 5 24
[] [
o x
0'0 L] ] ] L L] L 1 c L] T L} L} T ] ]
2d 4d 6d 8d 10d 12d 14 2d 4d 6d 8d 10d 12d 14
igf1 mtor
3- a
c c
2 A=l
7} A b b b b
g gz_ C bc C C
Q. Q.
3 3
o Qo L
2 2 1
-t -
& 5
[] []
(14 114
c T T T T T T T
2d 4d 6d 8d 10d 12d 14d
fbxo32

-
(=]
1

Relative expression
o
o
L

=
=]

T T T T

Ll T L)
2d 4d 6d 8d 10d 12d 14d

Supplementary Fig S3. Relative mRNA expression ohyodl, myog igfl, mtor and fbxo32

through cell culture development.myodl myog igfl, mtor andfbxo32mRNA expression was
assessed by gPCR in myoblast cell cultures on days 2, 4, 6, 8, 10, 12 and 14 of cell culture
(d=days). The data are expressed as the fold change compared with 2d and presented as the mea
° SD of duplicates from three independent celtures. The different letters indicate significant
differences among the groups (p<0-0®neway ANOVA test, foll owed

comparisons test).
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2361 7. CAPITULO Il

2362

2363 Artigo em fase de revisdo apos submissdo paka Scientific Reports (fator de impacto:
2364 4.12).

2365

2366 O capitulo I se refereao trabalho e experimentos desenvolvidos para o estabelecimento e
2367 padronizacdo da cultura celular primaria de mioblastos provenientes do musculo de contracdo
2368 lenta de trutas arefis, e também para a caracterizacas fdenilias de microRNAs mit33 e
2369 mir-499 utilizando este modein vitro.

2370

2371 Rainbow trout slow myoblast cell culture as a model tstudy slow skeletal muscle and the
2372  characterization of mir-133 and mir-499 families as a case study.

2373
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2375
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2385
2386 ABSTRACT
2387 Skeletal muscle is the mogbundant tissue in teleost fish, representing up to 60% of the

2388 total body masgor some specieBBased on their contractile and metabolic propertiksleal
2389 muscle fibres are broadly classified as fast {fa#ich), slow (slowtwitch) and intermediate.
2390 The fishfast skeletal musclmyoblast cell culturén vitro modelhasprovedto bea very useful
2391 tool to study muscle growtand developmenbut equivalent models for slow muscle have not
2392 been developedhanks to theeompartmentalization dhe two typs of skeletal muscle in fish

2393 we were able to develop a slow skeletal muscle myoblast cell culture for rainbow trout
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(Oncorhynchus mykis$ to study its developmentSlow myoblast showed equivalent
developmental stages than those described for fast myobldastyith a higher expression of
slow muscle markers such alw myosin heavy chaifsmyh¢ and peroxisome proliferator
activated receptor gamma coactivatoralpha (pgcl ) during differentiation. We also
characterized theainbow trout mi¥l33 and m#499 microRNA families in slow and fast
myoblastsas a case study to test the utility of the slow myoblast mddahg normal
developmenandin response telectrical pulse stimulatio(EPS)on slow muscle cell cultures.
Rainbow trout mi499 paralogues ha@ higher transcription in slow myoblast cell culture,
whereasmir-133 copies had similaevels in both phenotypes. The slow myoblasts showed
significant differencesn expression for some of the rliB3 and m#499 paralogues analysed
after chronic stimulationat days 6 and &f development. W have successfully established a
primary slow myoblast celtulture which opens the doors to future comparative stuaies
muscle growth, development and metabolism in fise have also characterizdte members of
the mir133 and mi499 families in rainbow trout and their expression profiles during
myogenesis, confirming the role of rB9 on slow muscle phenotype determinatiod casting
doubts about mifi33 role during differentiationin additon, we have found signs of

subfunctionalization of mi#99 paralogues in response to electrostimulation.

KEYWORDS
Slow Keletal muscleCell culture;Myoblasts; miRNA; Electrostimulation.

INTRODUCTION

Skeletal muscle is the most abundant tissue in teleosafidinepresentsp to 60% of
total body mass irsome species®. Skeletal muscle is key fofish underwater propulsign
representshe main protein reservaandis themain product of the aquaculture industfy

Muscle fibre typs are classified basedn muscle fibre contractile andmetabolic
properties in fast, intermediate and sldwFast fibres compsie up t080-90% of the skeletal
muscle and are characterized by {fa@tch, predominant anaerobic metabolism, and low
concentrations of myoglobin, mitochondgantent,lipids and blood irrigationThe fast fibres
arerecruitedduring fast swimmingctivity, associated to food capture and esdagteaviour’.
Slow fibres comprise-20% of muscle mass arate superficialljlocaed alongthe fish body,
with athicker region on the lateral line. These fibrae characterized for having sldawitch,

predominant aerobic metabolism, and Hig\els of myoglobin, mitochondria content, lipiand
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blood irrigation®. Despite their relativéow abundance, the slow muscle plays a critical role in
the fishbiology, being the main tissue involved in sustaisgdmming and critical for middle
and longdistance migratory fishThe intermediate fibresn accordance to their namleave
intermediatecontractile and metabolic properties between fast and stoes and lie between
these two compartmentts

Posembryonic skeletal muscle growth occurs through the activationngfogenic
precursor cells (MPCs)ocated between the lmdamina and the sarcolemnod the muscle
fibresin a quiescent state (then known as satellite cBfispatellite cells reenter the celtycle
in response to different stimuli, such as growth factors, hormogtskinesjnjury, exercise and
nutrition, becoming activated myoblasta/hich proliferate and fuse each other to form new
fibres (hyperplasia) orto be incorporated by prexistent fibres (hypertrophy)’®. The
establishment ofthe fish fast myoblast cell culture moddias helped tocharacterizethe
molecular networks involved on theontrol of myogenesisand to better understand the
regulation of muscle growth and developm®Ht Thein vitro modelrecapitulateshe different
stages of the myogenesis with initial quiescegits followed by proliferative myoblastsand
final myotube formation stagés*2 The myoblast cell culture provisla controlled environment
that facilitates thestudy of the molecular networks involved in muscle formation in response to
specific inputs, such agowth factors and nutritigrwithout the background noise of the whole
organism®%*3? The compartmentalization of skeletal muscle in fishkes possibléo isolate
myoblast from fast and slow musclimilar studies in mammalian systems are very difficult
due to he mosaic pattern afie musclefibres with fastandslow fibresmixed**. Until now, the
myoblast cell culture had been only developed for fast sketetablast while a similar model
for slow muscle remained to be established.

Teleost lineage has undergomepecific whole genome duplication (WGRjound450-
320 million years agqMya) '°. As a result of thisseveral signailhg pathways and molecular
networkshave some of their compents expanded with multiple paralogue copies. It has been
estimated that after the teleost specific WGD arotBé1% of theduplicated paralogues
originated have been retainédl In addition to thatthe salmonidlineagewent through an
additional WGD around@5 Mya and with an estimated 50% paralogues retalflédl Several
studieshave shown that paralogue gewas bedifferently regulatedat transcription level, what
might be an indication of subfunctionalizatioea¢h paralogue acquires part of the original
function of the ancestral gene) neofunctionalizationp@ralogue acquires a different function

from the ancestral gené§*"*12
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There is also evidence aficroRNA (miRNA) families expanded aftehe teleostWGD
%4 The primary function of theséype of small noncoding RNAS(ncRNA) is the post
transcriptional regulatioof gene expressigorpromoted by translational inhibition and decay of
target messenger RNAs (mRNASY. MiRNAs orchestrate the regulation of their targets to
control signdling pathways and common biological functioAR%?*’. Based onthe high
conservatiorobserved irmiRNAs among vertebrates, it can be anticipated that a considerable
set of mMRNAsareunder the modulation by miRNAs teleosts®. Some miRNAs such as rir
mir-133, mir206 andmir-499 arespecifically or highly expressed in cardiac and/or skeletal
muscles controllingmyogenesis, myoblast prolifgion, differentiation, fibre type specification
and muscle regeneratidh**>° Previous studies iRiaractus mesopotamicishowed thafast
and slow muscles may have differentRNIA expression pattern, as was the case of-488
that exhibited significant increase in slow muscfe suggesting its involvement in the
specification and maintenance of slowmitch phenotypeas previously observed in mammals
3031 The innervation pattern has been suggested to be iasfenthee mbr yos d mus c |
type specification; a tonic and loWequency neural stimulation induces the slphenotype,
whereas a phasic and hiflequency neural stimulation promotes the fastnotype’®*3 In the
past years, studies have shown that muscle fibre neural activatidre ceareatedby electrical
pulse stimulation (EPS) of cultured skeletal muscle céff$®. EPS models are useful to
investigate adaptive responses of skeletal muscle cells to different patterns of contractile activity,
for instance thestudy of molecular rzd cellular mechanismduring simulaton of resistance
trainingor endurance training' °,
In the present workve establisheda slow muscle myoblast cell cultufom rainbow

114143 and usedt to characterize thmir-133 and miu499families

trout (Oncorhynchusnykis$
duringslow and fastnyoblasts developmeandin response to EPS applied on slow muscle cell

cultures.

MATERIAL AND METHODS

Ethics statement and animals

All experimentsand proceduresvere approved by the Animal Welfare and Ethics
Committee (AWEC)f the University of St Andrews, and weperformed in accordance with
relevant guidelines and regulatiof&inbow trout(Oncorhynchus mykiyguveniles (10-15 g
were obtained fronfrrandy Farm (Gleneagles, Scotland) and transported to the Scottish Oceans

Institute aquarium facilities (University of St Andrews). Animals were evenly distributed in
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duplicated 200 L fibreglass tanks, maintained infrashwater reirculatory system at
temperature between 415°C and fedad libitum daily with commercial diet Animals were
humanely killed by @&low in the head followed by the destruction of the brain with a scalpel
according to Schedule 1 protocols as described in the Animals (Sci®nbttedures) Act 1986
(Home Office Code of Practice. HMSO: London Jand#97).

Myoblastcell culture

A total of 4 myoblasts cell cultures were performed as previously deséfibBdefly,
fast musclesamples were collecteflom the epaxial region and slow musadamples were
collectednear the lateral linef the same animal®1£14-16 fish per culture until a total of 20g
per tissue)Muscle wasmechanielly dissociated with scalpels aedzymatically digested with
0.2% colhgenase type | (Signidrich, USA) and0.1% trypsin (SigmaAldrich, USA) until
obtain two separate suspensions of fast and slow myabldstgell suspensions weffdtered
through40 and 100uncell strainers (Thermo Fischer Scientific, USA) to removerideAfter
several washescgells were resuspended in DMEM medBul beccods Modi f i
Medium,9 mM NaHCQ, 20 mM HEPES, pH 7.4SigmaAldrich, USA) with 10% fetal bovine
serum and 1% antibiotics (Sigmddrich, USA). After cell counting in a Neubar chamber,
cells were dilutedo a final concentration of 210° cells/mL andseededn poly-L-lysine and
laminin pre-treated éwells plates Slow and fasmyoblastswere maintained &t8°C for a total
period of12 days.Culturemediawaschanged every day and the morphology of myoblasts
regularly monitoredising aLeica DM IL Inverted Microscopeoupled with thd.eica DFC320
Digital Camera systerfLeica, Germany)Total RNAwas extracted from cells at days 2, 4, 6, 8,

10 and/or 12 foexpression analysis.

Electrical pulse stimulation (EBS

Electrostimulation was performed using GtPace EP Cell Culture Stimulatdn
conjunctionwith the GDish Electrode Assemblies (lonOptix, UEMay 4 developed myoblasts
were electrostimulatedvery day until day 11 following three different protocaisntreated
cells orcontrol plate (CTR)acute treatment (A£PS; 15 minutes, 10Hz, 30V for 10ms evefy 5
second)and chronic treatment (EPS; 2 hours, 1Hz, 30V for 2ms). The myoblasts were
eledrostimulated in seruAfree DMEM media and remained 10 minutes in rest after application
of both stimuli. Morphology was daily monitored to detect any difference in development and

RNA extractions for days 6, 8 and 10 of cell culture were performed 2 aftershe EPS.
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miRNA phylogenetic analysis

Initially, the precursor sequences of miRNAs 183, mir499 and mi206 (a miRNA
highly expressed in muscfé*® were obtained from zebrafisiDénio rerio) genomeusing the
Ensembl Genome Browser 8Bttp://www.ensembl.org/index.htylused as query against the
available rainbow trout genomat(ps://www.genoscope.cns.fr/troutf and initially named as
omymir-133, omymir-499 and omymir-206. Orthologues fomir-133 and mi499 precursor
sequence (premiRNA) were retrieved from differenteleost speciesAGtyanaxmexicanus
Danio rerio, Gasterosteus aculeatu®reochromis niloticusOryzias latipesTakifugu rubripes
Tetraodon nigroviridi$ and mammalsHomo sapiensMus musculysPan troglodyts, Rattus
norvegicu} from the Ensembl database. In addition, orthologuesmiRNA sequences of
salmonids Salmo salarand Oncorhynchus kisutctwere also obtained respectivelyfrom
SalmoBasghttps://salmobase.og?® and NCBI (http://www.ncbinim.nih.goy when possible
The  premiRNA sequences were aligned using  MAFFT version 7
(http://mafft.cbrc.jpalignment/server/), while MEGA7 softwaféwas used t@stimatethe best
evolutionarymodel. Bayesiaphylogenetidrees were constructessing BEAST v1.7.4 software
“8 with 10,000,000 seeds and summarize using TreeAnnotator v.1.7 with a Burning of 1000. The
phylogenetic trees were visualized andedited wusing FigTree v.1.4.2 software

(http://tree.bio.ed.ac.uk/software/fige).

RNA extraction and reverse transcripti

Total RNA was extracted usingTRIsuré" (Bioline Reagents, United Kingdom),
according to the man udndstoted &36°C fordurthereasatysishiomin d a t i
RNA was quantified by spectrophotometry using a Nanodrop (ND1000) (Th8memntific,

USA) while integrity wasevaluatedby 1% ethidium bromideagarose geélectrophoresisAll
samples had 280/260nm and 230/260nm ratlms/e 1.8, indicating high quality RNA total

of 224 ng oftotal RNA per samplevere reerse transchbied using the miScript Il RT Kit and
QuantiTec Reverse Transcription Kit (Qiagen, Germany), following the manoufaetr 6 s

guidelines.The resulting cDNA wassed for quantitative PCR (qPCR).

Primer design
Primers for rainbowtrout slow myosin heavy chaifsmyhg, fast myosin heavy chain

(fmyhg, sry sex determining region-ox 6 (soxf , six homeobox 1six1), insulin-responsive

glucose transporter type (glutd), late endosomal/lysosomal adaptor, mapk and mttivator 3
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gamma coactivator 1 alph@gc-1 )J creatine kinase, rtypea (ckmg, creatine kinase, fypeb

(ckmb, ribosomal protein L13rpll13), ribosomal protein L19rpl19), paralogues obmymir-
133 (133ala, 133alb and 133&) andomymir-499 (499aa, 499ab, 499ba, 499bbjny-mir-
2061 and U6 snRNA(U6 small nuclear RNAwere designed using Primer3 v.0.4%°
(Supplementary Table $1The precursosequences from each rainbow trout miRNAevased

to design the forward and reverse primers in regions with low similaribyder to distinguish
expressiorbetween copie§rimers foromymir-499aaamplified both 499aa and 499ab copies,

resulting in a globabmymir-499aexpression (aa+ab)pll primers were designed to amplify

50-200 bp products ith annealing temperatel of 60°C.Any possible hairpin osdf-dimer

strucures formed by the primer pairs were estimatgidg NetPrimer software (Premigiosoft,

USA).

Quantitative reatime PCR(gPCR)

Quantitative Realime PCR experiments (MIQE) guidelingsEachgPCR reactiorontained 6

uL of diluted cDNA (1:40), B pL of SensiFAST SYBR' master mix (Bioline Reagents,
United Kingdom) and 5. uL of 500 nM forward/reverse primer mix. The reactions were
performedin duplicatesunder the fdbwing conditions: 95°C during ginutes, 40 cycles of

denaturation a95°C during5 seconds and annealing/extension @ during 20seconds in a

All gPCR performed were compliant with the Minimum Information fablRation of

Stratagene MX3005P Real Time PCR Machine (Stratagene, US¥).specifidy of each

primer set wasconfirmed by the presence of a singkeak dissociation curve Relative

expressionof each genewas estimatedusing the 22®' method *>. Different housekeeping

candidates were testerplL3, rpl19, omymir-206-1 andU6 snRNA and NormFinder software

>3 was usedto identfy the optimal normalization genes according to their expression stability

among all samplesThe most suitable and stable genes for normalization wpé&t8, used for

MRNA expressionandomymir-206-1, usedfor miRNA expression

Statistical analysis

Statisticalanalyses were performed using RStudio v1.0X2hdstatistical significance

was set at 5% (p<0.05). Expression dassanalysedusingthe twoway ANOVA test followed

by

post

hoc

Tukeyos

honest | ytssue g origirf(tissagaandt
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day of developmentdevelopmentas factors for the analyses. In addition, miRNA expression
data from slow and fast mpgtasts comparison were analysed usihg unpaired-test with
tissueas factoy and miRNA expression data from EPS treatments were analysedhesioge

way ANOVA test foll owed tegtmegntasstactorfiootbe abalysisn 6 s
P e a r careldien was used to access interesting relationships beevakrated genegll

graphs were constructed using ggplot2 R pacRage

RESULTS

Myoblastcell culture

Fish myoblast cell culture protocols commonly use small juveniles in order to maximize
the number of myoblast extracted jgeam of musclesampled®>®%, However, it is difficult to
extract slow muscle without having significant cressitamination from fast muscie juvenile
anmals. As fish grows, it is easier to discriminate and obtain slow muscle minimizing
contamination from fast muscle, however the older the animal the less myoblasts it yields per
gram of fast muscleWe found thatrainbow troutaround15 g yield enough fasand slow
myoblasts from individual animals to perform the experiment reported in the present study (Fig
1A).

Slow muscle needed a harder mechardesdociationrcompared to fast muscle in order to
have small enougfragments to facilitate enzymatic digestion. In addition, while fast muscle
sectioning turned DMEM media orange, no similar change was observed imsissle. That
was a reflecof their essentiaimetabolicdifferences with acid lacticfrom fast skeletamuscle
turning phenol red to orange, an early indication of successful extraction of fast and slow muscle.
After mechanicakectioninga top thick layer of lipids appear in the slow muscle extraction tubes
that, if not removedpersistin the following sepsaffecting extraction efficienc{fFig 1B). It is
interesting to highlight thalew~ skeletalmuscle consistently yielded more myoblasts per gram
of tissuethan fast skeletal musc{data not show), suggesting a higher satellite cell density.

Slow and fat myoblasts cell culture had a very similar development, with an initial stage
of round mononucleated cells at days 1 and 2, an active proliferative phase betweeii dags 3
distinctive myotubes between dayd 8 (Fig 1C).
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a8 Slow muscle

Fast muscle

Fast

2621
2622 Fig 1. Rainbow trout fast ard slow myoblast cell cultureestablishment (A) Slow muscle

2623  strips were carefully extracted from the surroundings ofldteralline and any remain of fast
2624 muscle was removeid avoidcrosscontaminationFast musclesamples were collected from the
2625 epaxial regiorafter slow muscle removaB) Fast musclextraction tube showing the DMEM
2626 media slightly angedue topH reduction by lactic acjcand slowmuscleextraction tube witla
2627 top layer of lipids(black arrow).(C) Rainbow trout fast and slow myoblastsdalys 2, 6 and 12
2628 of development (20x magnificatin

2629

2630 Characterizaton of slow musetierived myoblast cell culture

2631 In orderto confirm the phenotype of the slederivedmyoblastcultures, the expression
2632 of skeletal muscle gene markers suctlsmyhc fmyhg six1 andsox6was analysedt days2, 4,
2633 6, 8, 10 and 12 of culture (Fig 2).

2634 Expression ofmyhcandsmhycwas significantly different between cell cultures and day
2635 of developmentt{ssueP=0.00 andaievelgpmentP=0.00) confirming the slow and fast phenotype

2636 (Fig 2A-B). The fmyhcwas?2.5-fold higher in fastmyoblast than slownyoblast between days 8
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and 12 (Fig B) while smyhcshowed a >12old increase in slownyoblasts compared to fast
myoblasts between ga 8 to 12 Fig 2A), concomitant with the myotube formation (Fig 1C).

The six1 and sox6transcription factors expression levels were highefast than slow
myoblast cell culturetissue P=0.M for both six1 and sox§ (Fig 2C-D). Both transcription
factors changed their relative expression during cell development of the culture with maximal
expression found between day®@.0 (developmenP=0.® for both genes) (FigC-D).

A smyhc B fmyhc
Development: P<0.001 30 Development: P<0.001 1
e 600 Tissue: P<0.001 — Tissue: P<0.001 - %
S = .
s 8
c c 20
3 400 Tissue ‘o Tissue
g ® Fast g ® Fast
=% @®Sow o @ Slow
x x
@ 200 0 10
) )
== =]
[ )
o A A O
01 &= 0
2 4 6 8 10 12 2 4 6 8 10 12
Day of development Day of development
c six1 D sox6
150 Development: P<0.001 . Development: P<0.001 "
. Tissue: P<0.001 * —~200 Tissue: P<0.001 ‘ ¥
3 =
8120 Lol
5 . 5 150
k7 Tissue %
o 90 ®Fast &
<3 @ Slow 2100
) )
O] 0] 50
30
2 4 6 8 10 12 2 4 6 8 10 12
Day of development Day of development

Fig 2. Rainbow trout fast and slow myoblast cell culture characterizationGene expression
in slow and fast myoblast cell culture at days 2, 4, 6, 8, 10 and 12 of developmslawfor
myosin heavy chai(slow myhg (A), fast myosin heavy chaffiast myhg (B), six homeobox 1
(six) (C) and SRY (sex determining region Y) boxs6xg (D). Values represent meanSE
(n=4 independent cell culturea.u.= arbitrary unifs Significant differencedy the tissue of
origin (tissug andthe day of developmen{developmentare shown in the left corner of each
graph. Asteriskdndicate gynificant differences betweemeans ofslow myoblastsand fast
myoblasts cell culturesand different lettereupper case for slow and lower case for fasd)cate

significant differences betweeneanf days ofdevelopmen{P<0.05).
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2654 In orderto understand the fundamental differences at metabolic level between the two

2655 tissues, we determine the expression of genes related to protein synthesiegeamhtion
2656 (lamtor3 ragd, rptor and mafby, glucoseuptake (glutd) and markers of energy metabaiis
2657 (p g c, tkdaandckmb during cell culture development (Fig 3).

2658 Despite not being significangjut4, lamtor3andragd (tissueP=0.58, P=0.22 and P=0.63
2659 respectively) (Fig 3AC) expression levels were slightly higher in slow than magbblasts and
2660 decreased between days 8 to 12 in slow myobldstgee(opmenP=0.007 forglut4 and P=0.02
2661 for ragd) (Fig 3A and C). Bothrptor and mafbxshowed similar transcription profile between
2662 slow and fast muscle cellsgsueP=0.53 forrptor and P=0.05 fomafby® (Fig 3D-E). Themafbx
2663 expression decreased suddenly after ddgeXelopmenP=0.0Q and remained low during the
2664  rest of the cell culture (Fig 3E). In contragstg c eixplession did not show statistical differences
2665 with the progress of cell culturedgvéopmentP=0.59), but it was considerably higher in slow
2666 myoblasts compared to fast muscle cell culttissieP=0.00) (Fig 3F). The expression pattern
2667 of ckmaand ckmb paralogues were very similar between slow and fast muscle tisiisg
2668 P=0.28 forckmaand P=0.36 forckmb, with maximal expressiomuring myotubeformation
2669 (days8 to 12)(developmen®P=0.® for both genesfFig 3GH).
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Fig 3. Muscle regulatory signdling components in rainbow trout fast and slow myoblast
cell culture. Gene expression in slow and fast myoblast cell culture at days 2, 4, 6, 8, 10 and 12
of development forinsulinresponsive glucose transporter type @lutd) (A), late
endosomal/lysosomal adaptor, mapk and mtotivator 3 (lamtor3 (B), ras related GTP
binding D (ragd) (C), regulatory associated protein of mtor complexrftor) (D), muscle
atrophy fbox potein (mafbX (E), peroxisome proliferateactivated receptor gamma
coactivator 1 alphap g c) 1R) creatine kinase, Aypea (ckmg (G) andcreatine knase, m
typeb (ckmb (H). Values represent meanSE (n=4 independent cell culturesu.= arbitrary
units). Significant differencedy the tissue of originti€sug and the day of development
(development are shown in the left corner of eadmaph. Asterisks indicate significant
differences betweemeans ofslow myoblastsand fast myoblasts cell culturesand different
letters (upper case for slow and lower case for fastlicate significant differences between

meansof days ofdevelopmen{P<0.05).
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2684 miRNA identification

2685 Several potential paralogues from the-a®3 and mi#499 families were identified from
2686 salmonid genomedNe used phylogenetic analysis eéstablish their evolutionary relationship
2687 and name them accordingly based on the exigehiafish and salmonid nomenclature.

2688 Phylogenetic analysis confirmed the existence of three copies-df3di¢Fig 4) and four
2689  of mir-499 (Fig 5) in rainbow trout. According to their position relative to zebrafish and Atlantic
2690 salmon orthologues, rainbowotit paralogues were namedasymir-133ala, omymir-133a-

2691  1b, omymir-133a-2, omymir-499ag omymir-499&b, omymir-49%a and omymir-49%b (Fig

2692 4 and 5;SupplementaryrableS2). Theidentity of the sequences was over 92% in all casitis,
2693  striking 97%for omymir-133ala vs omymir-133alb and omymir-499bavs omymir-499bb
2694 (Supplementary Table $3However due to a high degree similarity (Supplementary Fig B,

2695 the primerdesigned foomymir-499aaalso amplified the@mymir-499abcopy (the expression
2696 of both was namedmymir-499aa+ab). We also constructed Bayesian phylogenetic tree for the
2697 musclespecific mMIRNA mir-206 Supplementary Fig2Z.

— mir-133c Astyanax mexicanus %
L—— mir-133c Danio rerio mir-133c
mir-133b Astyanax mexicanus N
0,98 [z mir-133b Takifugu rubripes
: mir-133b Tetraodon nigroviridis
0,99 0,09 mir-133bb Salmo salar
' 041 == mir-133ba Salmo salar
. mir-133b Oncorhynchus kisutch > mir-133b
mir-133b Oryzias latipes
0,48 mir-133b Danio rerio
[ mir-133b Gasterosteus aculeatus
L=—— mir-133b Oreochromis niloticus
mir-133b Homo sapiens 7
mir-133a-2 Tetraodon nigroviridis =
mir-133a-2 Takifugu rubripes
mir-133a-2b Salmo salar
0,98 [~ mir-133a-2 Oncorhynchus kisutch
1 0,07 55 Mmir-133a-2a Salmo salar =
0,79 003 = mir-133a-2 Oncorhynchus mykiss > mir-133a-2
2 57a— Mmir-133a-2 Oryzias latipes
: mir-133a-2 Gasterosteus aculeatus
0,33 mir-133a-2 Oreochromis niloticus
0,98 ross— mir-133a-2 Astyanax mexicanus
L=—— mir-133a-2 Danio rerio
=== mir-133a-1a Oncorhynchus mykiss)
0.93 mir-133a-1a Salmo salar
: 5es Mir-133a-1b Salmo salar

0,21 0,78

0,36

mir-133a-1b Oncorhynchus mykiss

0,94 — mir-133a-1 Homo sapiens
) mir-133a-1 Astyanax mexicanus .
05 ir-133a-1 Danlo rerio >~ mir-133a-1
0,44 — o mir-133a-1 Oryzias latipes
- mir-133a-1 Gasterosteus aculeatus
0,69 525 Mmir-133a-1 Tetraodon nigroviridis
058 = mir-133a-1 Takifugu rubripes

mir-133a-1 Oreochromis niloticus

2698
2699 Fig 4. Teleost fish mir-133 phylogenetic analysisPhylogenetic reconstruction of the Ai83

2700 family using Bayesian methods. The tree was constructed flughby confidence alignment of

2701 36 nucleotide sequencasd usedHasegaw&Kishino-Yanowith Gammadistribution (HKY +G)
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2702 as best fitted substitution meld Bootstrapposteriorare indicated on the node of each branch.

2703  Branches in red indicate the riiB3 copies identified for rainbow trout.

mir-499ba Oncorhynchus mykiss
mir-499ba Salmo salar

mir-499bb Oncorhynchus mykiss

> mir-499b

mir-499bb Salmo salar

0,95
mir-499b Danio rerio

-
L4 & 4
© ) o
IS ~ N

mir-499b Astyanax mexicanus J
\

mir-499a Danio rerio

0,98 mir-499a Astyanax mexicanus
0,3

mir-499a Oreochromis niloticus

0,34

mir-499a Tetraodon nigroviridis
0,35

mir-499a Takifugu rubripes
mir-499a Gasterosteus aculeatus ) mir-499a
mir-499a Oryzias latipes

0,6 0,76

mir-499aa Oncorhynchus mykiss

mir-499aa Salmo salar

mir-499ab Salmo salar

mir-499ab Oncorhynchus mykiss J
mir-499 Pan troglodytes

mir-499 Homo sapiens

mir-499 Rattus norvegicus

- - =)
)
©

= = o = 4
© © ©
~ -3 ©

mir-499 Mus musculus

2704
2705 Fig 5. Teleost fish mir-499 phylogenetic analysisPhylogenetic reconstruction of the ri®9

2706  family using Bayesia methods. The tree was constructed frohighly confidence alignment of
2707 21 nucleotide sequencesd usedHasegaw&Kishino-Yanowith Gammadistribution (HKY +G)
2708 as best fitted substitution mod@&ootstrapposteriorvalues are indicated on the node of each
2709 branch.Branches in red indicate the r4i99 copies identified for rainbow trout.

2710

2711  miRNA expression during fast and slow myoblast culture development

2712 Expression of mil33 and mi499 paraloguesvas estimated in slow and fadrived
2713  myoblast cell cultures at days 6, 8 and 10 of development (Fig 6).

2714 No significant differences in expression were found for any of dhetmir-133
2715 paraloguedetween slow and fast myoblasts cell cultures, with siabkds of transcription for
2716  all copies during culture developméRig 6A-C).

2717 Some of the ainbow trout mi¥r499 paralogues showeslignificant differences in
2718 expression between slow/fast culturAs day 8,globalomymir-499aexpressior{aat+ab) in fast

2719 myoblastsvas 0.5fold lower compared to slow myoblastsscueP=0.0), and expression levels
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of omymir-499abin fast myoblastavas 0.6fold lower between day$ to 8 (tissueP=0.Q1)
compared to fast derived myoblagtig 6D-E). The expressionfoomymir-499bawere not
statistically differentetween slow and fast myoblgstghereaomymir-499bbexpressiorwas
0.5fold lower in fast myoblasts at day (@@ssueP=0.Q) (Fig 6FG). Expressionievels of omy
mir-499 copies did not show statistical flerences with the progress of cell cultures
(developmenP=062 for omymir-499%a+ab, P=088 for omymir-49%b, P=0.86 foromymir-
499baand P=004 for omymir-499bh (Fig D-G).
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Fig 6. miR-133 and miR499 paralogue expression in rainbow trout fast andlow myoblast

cell culture. Gene expression in slow and fast myoblast cell culture at @agsandl10 of
development foomymir-133ala (A), omymir-133alb (B), omymir-133a2 (C), omymir-
499aarab (D), omymir-499ab (E), omymir-499ba (F) and omymir-499bb (G). Values
represent mearf SE (n=4 independent cell cultures; a.u.= arbitrary units). Significant
differencesby the tissue of origintissug andthe day ofdevelopmen{developmentare shown

in the left corner of eacraph.Asterisksindicate significant differences between means of slow

myoblasts ad fast myoblasts cell cultur¢B<0.05).

In addition to slow and fast cell culture comparisee, also investigated expression of
rainbow troutomymir-133 and omymir-499 paraloguesn response to EPS applied on slow
muscle cell culture@~ig 7).

All omymir-133 showed minor changeas expressionn response t&PS treatments
Omymir-133a2 abundance increased byf@d at day 6 of chronic stimulation {EPS group)
(treatmentP=0.0Q1). However we did not find significant differences ammymir-133ala and
omymir-133a1lb expressionn response to EPS protocalsie to a high degree of variability
between cell culturegréatmentP=0.85 foromymir-133alaand P=0.48 foomymir-133a1b)
(Fig 7A-C).

Expression obmymir-499abin C-EPS myoblastsvas 0.5fold lower compared to CTR
group at day 6tfeatmentP=0.02), whereas no significant differences were observeahymir-
499aat ab expression between grougseg@tmentP=042) (Fig 7D-E). Expression levels admy-
mir-499bain C-EPS myoblastsvas #fold higherat day 6 {reatmentP=0.00) and 4old higher
at day 8 {reatmentP=0.03) compared to CTR grodpig 7F) The chronic stimulation also
increased expression omymir-499bb paralogue, by 2:5%old at day 6 freatmentP=0.00) and
by 2-fold at day 8 freatmentP=0.02) compared to CTR group. Besidemnymir-499bb
expression at day 6 was Z@d higher in acutestimulated myoblastéA-EPS grouptompared
to CTR group tfeatmentP=0.01) (Fig 7G)
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Fig 7. miR-133 and miR499 paralogue expression in rainbow trout slow myoblast cell
culture treated with electrical pulse stimulation EPS). Gene expression in slow myoblast cell
culture at days, 8 and10 of development foomymir-133ala (A), omymir-133alb (B),
omymir-133a2 (C), omymir-499aatab (D), omymir-499ab(E), omymir-499ba(F) andomy
mir-499bb (G). The treatments are as follow: nweated myoblast{CTR, purple bay,
myoblastssubmitted toacute and higlirequency stimulatiofA-EPS blue ba); andmyoblasts

submitted tochronic and lowfrequency stimulation (EPS red ba). Values represent mean
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SE (n=4 independent cell cultures; a.u.= arbitrary units). Significant differdnceise EPS
treatment(treatnen? are shownn the left corner of eachraph. Asterisksndicate significant

differences between meanskRS treatments compared to C{IHX0.05).

To complement our results and provide further insight of miRNA paralogue roles, we
performedP e a r scormelétisn analyses between expressiorowiymir-133 omymir-499,
smyh¢ fmyhc and soxg§ with some noteworthy resujtespecially the negative correlation
betweeromymir-499 paraloguesindsox6(Supplementary Fig3.

DISCUSSION

In the present study westablished a viable slow muscle derived myoblast cell culture. In
addition to harder mechanical dissociation of slow musutleer aspects have to be taken in
consideration when develmg the slow myoblast cell culturé) even ater enzymatic digestion
the slow musclefragmentsare much firmer tha fast muscle and very easy to lose during
washes2) after enzymatic digestion slow muscle is specially rich in tissue debris cahtpare
fast musclewhat canmakecell counting very dficult if the cells are not very welivashed and
carefullyfiltered through a 4um and 100um cell strainers and 3pf an equivalent amount of
tissue the number of myoblasts obtairfiein slow skeletal muscle isigherthan fast skeletal
muscle (43% basl on Neubauer chamber counting, data not show), therefore, unless the used
protocol require samples from the same animals, we recommend to use smaller animals to
extract fast myoblast and bigger animals for slow myoblast extraction in order to have enough
cells to test all the conditions needed. The difference in the number of myoblasts extracted from
slow and fast skeletal muscle in agreement with previous studit#sat observed a higher
proportion of satellite cells in slow fibré% Slow myoblasts have equivaledgvelopment stages
compared tdast muscle myoblasts: initial phase of round mononucleated cells that progressively
become Bngated to finally fuse into myotubeath no morphologically differences between
them (Fig 1*°"°

Despite the morphological mailarities between the slow and fast extracted myoblasts
theywere different at molecular level dependingludir tissue of origin, as demonstrated by the
expression ofsixl, sox6 and smyhc Six1 and Sox6are transcription factors related to the
determingion of the muscleohenotype. Sox6 repressow fibres formation®’, while Six1 is
requiredfor the determination of the fast fibr&s Our results show thaix1andsox6expression

from day 4 was significantly lower in slow muscle myoblasts, indicating thatfgdosvprogram
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was not repressedFig 2). Accordingly, slow derived myoblast had a much higher expression of
slowtwich myosin heavy chairfsmyhg, while fast derived myoblast had a higher expression of
fasttwich myosin heavy chaiffimyhq (Fig 2). Besidegonfirm the myogenic nature of the Isel
extracted the increase of myosin heavy chain expression also confirmed the differentiation into
myotubesduring thecell culture progressioft. Our results suggest that myoblasts from slow
and fast muscle trend to differentiate to the fibre type of the tissue they were extracted from. This
seems in agreement with previostsidies on birds where myoblasts extracted from pectoralis
major (PM) and anterior latissimus dorsi (ALD) formed myotubes in similar proportions of fast
and slow phenotypes as found in the muscle of offgin

Surprisingly, slow muscle cell culture showadigherfmyhcexpression than expected
(Fig 2), which coudl indicate that slow myoblastaight assumed an intermediate phenotype
when cultured,what raises questionabout the possibility of some degree of phenotypic
plasticity in response to signals sucheasrcise and/or electrostimulatiddowever, phenotypic
differences between culture systearse maintained, since fast muscle £&khd very low levels
of smyhcexpression (Fig 2)Fish myoblasts phenotype plasticity is a field that needs a more
detailed research in future studies.

We analysed the expression of genes involved on different mietgootesses in order
to get a preliminary idea of the metabolic differences or similarities between slow and fast
derived myoblastsSeveral of thegenesanalysedhad higher expression in slow muscle cells
(glut4, lamtor3 ragd andp g c),Jdébpite onlypge 1 dhowed statisticadifferences (Fig 3)This
increase@ g c expyession in slow cell cultusés consistent witltheir phenotypePgclactsas
co-factor of mitochondrial biogenesis, crucial for the oxidative metabolism characteristic of slow
muscle®”. Moreover slow fibres are significantly more insuliesponsive than fast fibres, due to
higher levels of Glut4 proteiff, in agreement with the relatively highglut4 transcriptionon
slow muscle cellsoundin our study.Myoblast proliferation and differentiation into myotubes
are regulatedynutritional and endocrine stimuli, especially Igf signalling pathway and amino
acids '*2 necessary to increasgnshesis of proteins. Early studies showed that amino acids
stimulates protein synthesis by themselV&¥ suggesting at the same time that Igf stimsate
protein synthesis only if amino acids are also present in the M&dRecently, the LamtdRrag
GTPases completias been identifiedd act as amino acid sensor and proniter activation
representing an important mechanism through amino acids stimulate protein synthesis by
themselves®®®’. Despite the similar expression pattern mtor throughout cell cultures

developmentlamtor3 andragd had higher transcription at day 6 for slow myoblasts and day 4
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for fast myoblast (Fig 3), showing the contribution of LamieragGTPases complex to protein
synthesis at the early steps of myogenesis. These data are supported byrhaébm@xpression

on most days of cell culture, in both tissegy 3), which is anE3 ubiquitin lgasethat regulates
protein degradation and loss of components in skeletal mtfsddso, both slow and fast cell
cultures hacckmaandckmbparalogues expression higher at dayi?§Fig 3), what agrees with

the role ofCkm on transferringphosphatdetweernphosphocreatine and ATP, replenishing local
ATP to myotubeg®.

We alsoused the slow and fast muscle cell crgtito investigatéhe effect of WGD on
mir-133 and mi499 families and characterize them during differentiation and in response to
electrostimulationThe miRNA mature sequence is highly conserved anatigplogues from
different vertebrate speciemd bentical between paralogues of the same fanfflybut the
precursor sequence, including both-mnd premiRNA, has some distinctucleotideghat allow
to design specific primers to distinguish betwesthologues and paralogueBhylogenetic
analysisconfirmedthe identity of thesequences founfdr mir-133 and mi#499in rainbow trout,
which were named accordingly to their phylogenetic relationshiyesidentified three rainbow
trout paralogues fomir-133 Emymir-133ala, omymir-133a1b andomymir-133a2) (Fig 4)
and four pardogue copies fomir-499 Emymir-499ag omymir-499aly omymir-499ba and
omymir-499bh (Fig 5). It is also interesting to notidbat rainbow trout seems to laokr-133b
and-133¢ indicating a species specific lost

The omymir-133 paralogues had similar levels of expression between fast and slow
myoblast cell cultures with very little variation during the culture development (Fig 6)mirhe
133 has been described to be involve in muscle development, preventing myoblast diftarentia

and enhancing myoblagroliferation 2°"°

what seem to be in disagreement with the lack of
significant differences on mit33 expression during cell culture development. It might be
possibé that mir133 might have a different role in fish than suggested in mammals, however,
due to the miRNA expression analysis was limited from day 6 of development forward while
early days were not studied, this hypothesis would need further confirmatiearlgnstages.
Similarly, electrostimulation only modifie@mymir-133a2 expression, which increased in
response to chronic stimulation at day 6, wbiteymir-133alaandomymir-133a1bremained
stable(Fig 7). It is possible that EPS treatments coulonpote more dramatic changes before the
evaluated days of cell culture, due to the less established myoblast phenotype before the day 4,
as shown by the absence of differencesixi andsox6levels between fast and slow myoblasts

during this period Kig 2). However, myoblasts at these initial days were mar@erableto
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2862 electrostimulation and did not yield enough RNA for #malysesrequiringfurther researchn

2863 future studies T h e Pcereelat®roasuits revealed positive relationships betweery

2864 mir-133a1b andomymir-133a2, confirming the close association of these molecules in terms
2865 of gene expression suggestirggp-regulabry mechanisms Interestingly, omymir-133a1b

2866 paralogue correlated positively wiftmyhcand sox6(Supplementary Fig3. Li et al. (2010)"*

2867 showed that treatmemntith miR-133a promoted decreased mRNA and protein expression of
2868 NFATc4 in C2C12 cells. The NFAT family of transcription factors has been shown to be
2869 involved with the regulation of fibre type specification, inducengslow gene program and
2870  inhibiting a fas programonce dephosphorylatdsy calcineurin"2 It is possible thabmy-mir-

2871 133alb might regulatefmyhc and sox6 expression through a similar mechanism, but more
2872  studies are needed to further explore this hypothesis.

2873 In zebrafish’®, Nile tilapia "> andpacu®®, miR-499 mediates the translational repressi
2874  of sox§ which is involved in the maintenance of the fagitch phenotype in muscle fies

2875 throughrepres®on of slow-twitch-specific genes, such aw myosin heavy chainahnd slow

2876  specific troponin c®

. Our results show a negative correlation between sewengmir-499

2877 paralogues andoxg suggeBng that a similar mechanism might be in place in slow myoblasts
2878  cell culture. These data are corroborated bypthgtive correlation betweesmymir-499b and

2879 slow myh¢ and thenegative correlation observed betwesmymir-49%b and fast myhc In

2880 addition, positive relationships were observed betweerd8rcopies dmymir-499aatab vs

2881 omymir-499alh omymir-499aarab vs omymir-499bly omymir-499ab vs omymir-499bh

2882 omymir-499bavs omymir-499bl, also suggesting mechanisms ofregulation and pssibly

2883 subfunctionalization§upplementary Fig3.

2884 The omymir-499 paralogues appeared to have a more complex behaviour th&33nir
2885 components with a general trend to have higher expression in slow myoblasts (Fig 6), that is in
2886 agreement with research imammals suggesting thahiR-499 promotesslow fibre type

2887 phenotype®. In EPS experimentnir-499acopies émymir-499aaandomymir-499al) showed

2888 few significant differences after treatments, bath mir-499bcopies ¢mymir-499baandomy

2889 mir-499bh had higherexpression levels in €€EPS group at days 6 and 8 compared to CTR
2890 group (Fig 7). These resslshow thamir-499bcopies could be more susceptible to stimuli that
2891 might modify fibre phenotype, and could have more active role in fibre type specification.
2892 However, considering the decreased expressioongfmir-499abat day 6 and a tendency of
2893 increased expression a@mymir-499aa+ab at day 10in C-EPS myoblasts (Fig 7), another

2894  possibility could be thabmymir-499b paralogues have an early role in slow phenotype
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determination, at days 6 and 8, whileymir-499acopies may act in the late stagenojotube
formation, at days 10 to 12. Given the increased expressimir-499bcopies in GEPS group,
we believe that our chronic and slémequency stimulation protocol enhanced the slow
phenotype in cell culture and could be used in skeletal muscle fibre type studies.

CONCLUSIONS

We have successfully established a slow myoblast oéilire The extraction of slow
myoblasts opex the doors to future comparative studies between slow and fast muscle
development regulation and to study the physiology of the slow muscdlige have also
characterized the members of the -3 and mi499 family in rainbow trout and their
expression profiles during myogenesis, confirming the role of48@% on slow muscle
phenotype determinatioand casting doubts about RiiB3 role during differentiationln
addition, we have found signs of subfunctionalipat of mir-499 paralogues in response to

electrostimulation.

DATA AVAILABILITY STATEMENT
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Supplementary Table S: Quantitative PCR primer sequencesGenes are as followslow

mytt (slow myosin heavghain); fast myle (fast myosin heavy chginsox6 ((sex determining
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region Y3}box 9; six1 (six homeobox )1 glut4 (insulin-responsive glucose transporter type 4
lamtor3 (late endosomal/lysosomal adaptor, mapk and metivator J; ragd (ras related GTP
binding D); rptor (regulatory associated proteinf ontor complex t mafbx(muscle atrophy-f
box potein); p g ¢ (pddoxisome proliferateactivated receptor gamma coactivator 1 aljgha
ckma (creatine kinase, Aype a); ckmb (creatine kinase, rype b); rpl13 (ribosomal protein
L13); rpll9 (ribosomal protein L19; omymir-133ala, omymir-133alb, omymir-133a2
(precursor sequences of rainbow trout-a86 paralogues)omymir-499aat ab, omymir-499ah
omymir-499bg omymir-499bb (precursor sequences of rainbow trout -A8© paralogues)
omymir-206-1 (precursor sequenad rainbow trout ni-206) andU6 snRNAUG6 small nuclear
RNA.
(http://wwwncbinlm.nih.goy database

genome ** or NCBI

onrainbow  trout

Accession code based

Forward pri Reverse pri
slow myle AGTTCCGCAAGATTCAGCAT GCCGACATCACAACTCTTGA
fast myle GGCCAAGAAGGCTATCACTG GCCAGATTCTCAGCCTCATC

SOX6 TGGGAGAGGATGATGGAAAG CCCAGGATCTTGCTGATGTT

six1 TCCCTCTGGATATCGGCGTT AGAAAACGACCGAGCCTCTC
glut4 GTGCCAGGCTTATTGTCCATATTC | TAGAGAAGATGGCTACCGACAG
lamtor3 TCACCATGGACTGGGGGTTA TGCGTTATCATTTGCCACTTTG
ragd AGGGGGTTTCGAAGTACACC TGAAACCACCTCCGTCTTCG
rptor CCATCGACAAGATGAGACGA CCTGGGGAGACAGAGACAGA
mafbx CAGGAGCCCGAGTGACTTTT ATCAAATGCACCATCACCCCT
pgclU AACCTGAGAGATGACGGGGA GTGTGTCCGTTTTCAAGGGC
ckma GTGGGTGGAGTGTTCGACAT TCCACCATGAGCTTGACACC
ckmb AGCACACACCCCAAGTTTGA CAGAAGATCCCAGACGGTCA
rpll13 CACCATTGGCATCTCTGTTG AGTGCTGTCTCCCTTCTTGG
rpl19 GAGAAGACGACGCAGGATTC CAAGTGAAGGCACACAGGAA
omymir-133ala AGTGAACCCCCAATGCTTT GGGACCAAATCCATTCAAGA
omymir-133a1lb GACAAACACCTAATGCCTTG GGGACCAAATCCATTCAAGA
omymir-133a2 TTCACACCAAAAATGCTTT GGGACCAAATCCATTGAACA
omymir-499aarab | CTGAGAAGGAGACAGTTAAGACTTG | AGAGTGGAGCCAGCAGAGAC

omymir-499ab AGGAGACAGTTAAGACTTGC TGAGAATGGAGCCAGCAC
omymir-499ba GAGGGAAGTAGTTAAGACTTG CTTAAAGTGATGTTCATGAGT
omymir-499bb GAGGGAAGTAGTTAAGACTTA CTTAAAGTGATGTTCATGAGC
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omymir—2061 TCGTTGCCTCCTGTGAAGAC CTCCATTCCCCTTGTAACCA
U6 snRNA GGCTTCGGCAGCACATATAC AACGCTTCACGATTTTGC

Supplementary Table S2:Rainbow trout miRNAs nomenclature. Adopted nomenclature of

rainbow trout mi¥l33, mir499 and mu206 precursor sequences based tba Bayesian

phylogenetic trees.

Accession codén Genoscope

Oncorhynchus mykiss scaffold_1560

Precursor sequence nomenclature

omymir-133ala

Oncorhynchus mykiss scaffold_7992¢

omymir-133a1b

Oncorhynchus mykiss scaffold_1154

omymir-133a2

Oncorhynchus mykiss scaffold_984

omymir-499aa

Oncorhynchus mykiss scaffold_116

omymir-499ab

Oncorhynchus mykiss scaffold_347

omymir-499ba

Oncorhynchus mykiss scaffold_1915

omymir-499bb

Oncorhynchus mykiss scaffold_1381(

omymir-206-1

Supplementary Table S3: Rainbow trout miRNAs similarity. Percentage of similarity

betweermiRNAs paralogues identified in rainbow trout.

Paralogue Nucleotide similarity ‘
omymir-133alavsomymir-133alb 97%
omymir-133alavsomymir-133a2 93%
omymir-133albvsomymir-133a2 92%
omymir-499aavs omymir-499ab 96%
omymir-499bavs omymir-499bb 97%
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“TTTGCTAAAGCTGGTAAARAGGAACCAAATCACCTCTTGAATGGATTTGGTCCCCTTCAACCAGCTGTAGCTATGCTTTGATG
AACCA

>omy-mir-133a-la AGTGAACCCCCAATG

>omy-mir-133a-1b G AAAGCTGGTAAAI

\TCACCTC

>omy-mir-133a-2 ;CTAAAGCTGGTAAAATGGAACCAAATCAACTG

>omy-mir-499%aa+ab GCTGAGAAGGAGAC CTTGTAGTGATGTTTAG

\ATTATCACATGAACATCACTTTAAGTCT! ( GCTCCRACTCTCATA

>omy-mir-499ab GCTGAGAAGGAGACAGTTAAGACTTGCAGTGATGTTTAGGGAAATGATCACATGAACATCACTTTAAGTCT! ( I'¢ ’ ITCATA

>omy-mir-499ba GTTGAGA

TGCAGTGATGTTTAGGTAACTCAA( T “ATCACTTT TCTGTGCTACCTCCACTCTTTCAT

>omy-mir-499bb GTTGAGAGGGAAGTAGTTAAGACTTACAGTGATGTTTCGGTAACTCAGCTCAT TCACT" AGTCTGTGCTACCTCCACTCTTTCAT

>omy-mir-206-1 TGTCGTTGCCTCCTGTGAAGACATGCTTCCTTATATCCCCATATGAATACTGCCGTTATGGAATGTAAGGAAGTGTGTGGTTACAAGGGGAATGGAGCT

Supplementary Fig S1: Rainbow trout mir-133, mir-499 and mir-206 precursor sequences.
The yellow boxes show nucleotides that differ between copies. Forward primers are indicated in
red and reverse primers are indicated in blue. The underlined sequences correspond to the

mMiRNA mature sequences.

mir-206-2 Astyanax mexicanus
0,81 mir-206-2
mir-206-2 Danio rerio

~

mir-206-1 Astyanax mexicanus

0.86 mir-206-1 Oncorhynchus mykiss
0,65

mir-206-1a Salmo salar

0,6

mir-206-1b Salmo salar

0,44

mir-206-1 Oreochromis niloticus  » mir-206-1

0,27

mir-206-1 Oryzias latipes

0,26

mir-206-1 Gasterosteus aculeatus

mir-206-1 Tetraodon nigroviridis

mir-206-1 Takifugu rubripes

mir-206-1 Danio rerio

mir-206 Pan troglodytes

mir-206 Homo sapiens

08

Supplementary Fig S2: Teleost fish mi206 phylogenetic analysis. Phylogenetic
reconstruction of the mi206 family using Bayesian methods. The tree was constructed from a
highly confidence alignment of 14 nucleotide sequences and used TEeIufBN93) as best
fitted substitution model. Bootstrgmsterior values are indicated on the node of each branch.

Branches in red indicate the rR#06 copies identified for rainbow trout.
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A 133ata | 133a1b | 133a2 | 3202 | 499ab | 499ba | 499bb | smyhc | fmyhc | soxs
133a1a 1 021 | 011 0,2 012 | 002 | 0,17 | 0,12 | -002 | 0,26
133a1b 1 0.55*** | -0,1 016 | 014 | 009 | -02 |[055**| 04*
133a2 1 01 | -005 | 027 | 021 002 | 026 0,13
499aa+ab 1 0,71**| 011 | 0,6** | 0,26 | -0,17 | -0,38*
499ab 1 0,13 | 0,41** | 046* | 0,21 0,27
499ba 1 |069*| 015 | -024 | -0,5*
499bb 1 0,08 | -0,31* | -0,51***
smyhc 1 0,19 -0,46**
fmyhc 1 0,45**
sox6 1

B 31R=055"" @ R=0,55""* @ R=04" i

2.0 o 201 e
o) 9.4 [ 2P ° O @ L [ ] °
== v 1.5 L — 151 o4 °
® 3 [ 4 3 3 )
4 o 3 1.0 oo ©1.0 AT
-~ .. -~ ’ . ~ ° [ ] L4
0lé &° O 0.51e L 0.5 .
L . . » . T—L!_l_l— T T T T T
05101520 0.0 035 1.0 1.5 01 2 3 4
133a2 fmyhc SOX6
4] ea®® R=-0,38" 4e8 R=-0,5" 4 e® R=-0,51"**
°N g 31 %
< 21 L4 °® < 21 [ <2 o
(@) o o ° o (@) o o
»n 0_ ;%N » 0 ‘h o »n 8 ~. u ..
. —— - =————— gl —
0.51.01.5202.5 0 2 4 6 0 1 2 3
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20 R=0,46'; °

05 1.0 15 0 1 2 3 0510152025
499ab 499bb 499aa+ab
R=0,6*** [ ] R=0,69***

499bb

05 10 15
499aa+ab 499ab

0510152025

Supplementary Fig S3: Correlation of rainbow trout miRNAs and mRNAs expression(A)
Pear sonos corr el eent tho expressn anmymidIE3X andboenymir-499
paralogues, andmyh¢ fmyhcandsox6 mRNAs. (B) Plot char between gene expression values
for omymir-133a1b vs omymir-133a2, omymir-133a1b vs fmyhg omymir-133albvs soxg
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omymir-499aa-+abvs soxg omymir-499bavs soxg omymir-499bbvs sox§ omymir-499abvs

smyh¢ omymir-499bbvs fmyhg omymir-499aa+abvs omymir-499aly omymir-499aa+abvs
omymir-499blh omymir-499ab vs omymir-499bb and omymir-499ba vs omymir-499bh
Pearson correlation andvalue are indicated in the corners of the plot graphs. Significant
differences between gene correlations are indicated with one (P<0.05), two (P<0.01) or three
(P<0.001) asterisks.

119



® ) AVA
AvAYAY  UNIVERSIDADE ESTADUAL PAULISTA

- u ne sp " 9(LIO DE MESQUITA FILHO” ;
’ Campus de Botucatu
Instituto de P u

Biociéncias PG- BGA

3192 8. CAPITULO Il

3193

3194 Artigo em fase de escritaPosterior submissao para Genome Biology and Evolution (fator
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3200 mioblastos provenientes do musculo de contracdo rapida de pacus, submetidos a tratamentos
3201 com amind@cidos naeessenciais e leucina.
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3216
3217 ABSTRACT
3218 Whole genome duplication (WGD) events are considered a major feature of the evolution

3219 of eukaryotic genomes, providing raw materials in where natural selection can act to promote
3220 increasing complexity. Teleost fish have undergone a specific WGD (TSGb¢ inase of the

3221 lineage, estimated aB33-225 million years ago. Around 131% of the TSGHEderived

3222 paralogues have been retained due to subfunctionalization aedfoinctionalizatiomprocesses.

3223 Recentstudies have demonstratedifferences in paraloguesstention between the teleost

3224 superorders Ostariophysi and Acanthopteryginany of them key components of the
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myogenesisprotein synthesis andegradation However, despite the progresses done in the
identification of these lineaggpecific paralogues (LSI, their physiological roles remain
unknown in the majority of cases. The pa&lafactus mesopotamicusnd the Nile tilapia
(Oreochromis niloticusbelongto superorders Ostariophysi and Acanthopterygspectively.

Both species are economicatilevant for the Brazilian aquaculture and, therefore, objects of an
intense research to prove their productionSkeletal muscle ishe most abundant tissue in
teleost fish, representing up to 65% of the total body mass for some species. Muscle growth is
strongly dependent of the balance between protein synthesis and degradation, processes
regulated by intrinsic and extrinsic signals. Among them, growth factors and amino acids have
demonstrated to play an essential role in protein syntla@sismuscle gneth regulation.The

fast musclemyoblastculture is arising as a very usefal vitro tool to study the regulation of
muscle growth. The cell culture recapitulates all the steps from myogenesis: myoblast
commitment, proliferation, fusion and myotube forimat Cell cultures can be manipulated to
generate experimental conditions that would allow us to study muscle regulation, growth and
development at different levels and under a variety of circumstances. Similarly, cell culture
media can be modified to ewualte the role of nutrients or growth factors in the regulation of
myogenesisThe myoblast cell culturdas been successfully developedAcanthopterygii and
Protacanthopterygii specieshat turns many of the assumptions derived from those models very
difficult to extrapolate to Ostariophysi species. Therefore, the pacu myoblast culture is an
excellent model to understand the regulation of myogenesis and muselh gn Ostariophysi
superorderThe aim ofour work was to compare the expression of LSRRgeé to myogenesis,
protein synthesis and protein degradation between Ostariophysi and Acanthogdteogier to
mobilize thesesignaling pathways, we submitted pacus and Nile tilapias to a fasfieeding
experiment, anélso usel pacumyoblastcell cultures toinvestigatethe effects of amino acid
treatments in LSPs expression. Quork contributedto better understand the evolutionary
divergence ofOstariophysi and Acanthopterygsuperorders and the regulation skeletal
musclein fish, allowing the development of a theoretic framework that may help to improve

muscle growth.

INTRODUCTION
Skeletal muscle in teleost fistepresents around 65% of total body mass in several
commercial species antlis the most abundant tissughich allows underwater propulsioand

represents the main protein reservoir in fidbhnston, 2001; Séanger & Stoiber, 2000here are
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different populations of muscle fibres that can be classified accordingly to their contractile and
metabolic properties, usuallyost and fast fibregJohnstonet al, 2004) and fst muscle
comprises the bulk of the fillet (up to 90% of the muscle mass), the main product of the
aquaculture industry.

Postnatal skeletal muscle grovehcompasses the main events of embryonic myogenesis
andoccurs through the activation of satellite cells, a group of myogenic precursor cells (MPCs)
adjacent to thenuscle fibresOnce activated, these satellite cells proliferate (myoblasts) and can
fuse each other to form new fibres (hyperplasia) or cannberporated by prexistent fibres
increasing their size (hypertrophgfrowlerson & Veggetti, 2001; Johnston, 2006; Johnstion
al., 2011) Muscle growth is a multifactorial procetisat incorporates biotic and alic signals
in its regulation, and thé&bre sizeis the result of the balance between protein synthesis and
degradation, whose signaling pathways are interrelated and modulatetieacSandri, 2008
Vélezet al, 2019. Growth factors and amino acids have demonstrated to play an essdatial r
in protein synthesis, indicating the integratiorboth endocrine and nutritional signals these
pathways regulating muscle growth.

In fish, themolecularnetworks havesuffered an expansion of its number of components
compared to vertebrates due @aowhole genome duplication (WGD) event. The WGD are
thought to provide raw materials in where natural selection can act to promote increasing
complexity of organismgTaylor et al, 2003) Around 333225 million years ago, teleost fish
have undergone a agific WGD in the common ancestor of the grqtgleostspecific genome
duplication- TSGD) (Jaillonet al, 2004). WGD are followed by diploidization and loss of
duplicated genes. It has been estimated that arom2d %6of the paralogues originated during
the TSGD have been retained through subfunctionalization and/or neofunctionalization
mechanisms(Garcia de la serranaet al, 2014) During subfunctionalization each paralog
acquires part of the original function of the ancestral gene, which many times culminates in a
shared regulation of a biological process. neofunctionalizationthe paralogues acquire a
different function of the ancestral gene, which can confer a selective advévitegge & Van de
Peer, 2010)Thus,the WGD increasethe complexity of organismand may contribute to high
biological diversity.

Recentstudieshave demonstratetdifferencesn paraloguesetention between the teleost
superorders Ostariophysi and Acanthopterygarcia de la serraret al (2014) showedthat510
and 418 TSGDparalogueswvere differently retained in th®stariophysi and Acanthopterygii

superorders, indicating thexistence of linegespecific paralogues (LSPs). These LSPs may
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haveundergone different mechanisms of subfunctionalization and/or neofunctionalization during
the evolution of the superorderslany of them are key componentstbé myogenesisprotein
synthesis angrotein degradatiopathwayyGarcia de la serraret al, 2014)and recent studies
suggest that they might have different expression pati@iaseco et al, 2015) However,
despite the progresses done in the ideatiion of these LSPs, their physiological roles remain
mainly unknown.

Piaractus mesopotamicuand Oreochromis niloticusbelong to Ostariophysiand
Acanthopterygiisuperorders, respectivelpiaractus mesopotamicupopularly known as pacu,
is found in tke wetland areas of the Brazilian Midwest reg{dirbinati & Goncalves, 2005)
Oreochromis niloticuspopularly known as Nile tilapia, is one of the most commonly farmed
fish in the world, due to its adaptability to different conditions and hakliiiatSayed, 2006)

The members of Characidae family (pacu, tambaqui and tambacu) correspond to the majority of
native fish farmed, representing up 38.5% of national production, while Nile tilapia alone
representg6.6%of fish production in the countrfiPA, 2013)

The fish myoblastculture represents a very usefial vitro tool to understand the
regulation of muscle growth and myogend@swer & Johnston, 201Q@ohnstoret al, 2011
Garcia de la serrana & Johnston, 201Blyoblast cell culture recapitates the steps of
myogenesis, with an early myoblast commitment, proliferation, fusion and maty@tiargé &
Rudnicki, 2004; Gabillardet al, 201Q. The myoblast cell culture provides a controlled
environmentto studymyogenesigegulation and examinte role of TSGBparalogues in the
different culture stages. Similarly, cell culture media can be modifieevatuate the role of
nutrients growth factorsdrugs and temperatuire the regulation of myogenesis (Johnsébral.,

2011; Garcia de lserrana &ohnston, 2013).

Myoblast cell cultures have been successfully developed for Acanthopterygii and
ProtacanthopterygspeciegMontserratet al, 2007; Seiliezt al, 2008; Garcia de la serrana &
Johnston, 2013)However, the same system has not been developedstariophysispecies.

With differences in the LSPs retained for key components of the myogepesgn synthesis

and degradatiobetween superorders it is difficult to extrapolate conclusions at rggiuéation

level from Acanthopterygii and Protacanthopterygii myogenesis to Ostariophysi. The main
Ostariophysispecies studied is the zebrafi€ha(io rerio), but due to its relatively small size it

is almost impossible the isolation of enough myobléasisn the fast skeletal muscle, which
strongly constrains any myoblast cell culture st(ieipehlichet al, 2013) The pacu, as well as

the Nile tilapia, exhibit indeterminate somatic growth with formation of new fibres for a
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3324 prolonged period of time andrqviding great increase of muscle mass in these animals
3325 (Rowlerson & Veggetti, 2001)The pacu can be used as a model to study myogenesis in
3326 Ostariophysi superorder, due to its relatively big size and fast growthnthaste a higher

3327  number of myoblasti the muscle.

3328 We hypothesized that distinct mechanisms of subfunctionalization and/or
3329 neofunctionalizatiomccurredoetween theeleostsuperorders Ostariophysi and Acanthopterygii

3330 which promoted a differential retention of LSEriring this work we intended to compare the
3331 expression of LSPs related to myogenesis, protein synthesis and protein degradation between
3332 pacus and Nile tilapiafor a better understanding of the evolutionary divergence between
3333 Ostariophysi and Acanthopteliygsuperorders This comparison allowed us to identify

3334 subfunctionalization and neofunctionalization events of the LSPs and to understand their roles
3335 during muscle growth in both lineageSor this proposal, we usegaacus and Nile tilapg

3336 submitted to adstingrefeedingmode| commonly used to manipulate fishusclegrowth The

3337 fasting period is directly related tohiggherproteindegradation, whereas thefeedingtriggers a

3338 more exacerbated protein synthesis (Bower et al., 2009rovide further inght we also used

3339 pacu myoblast cell cultures, to evaluate the effects ofassential amino acids and leucine
3340 treatments in LSPs expression.

3341

3342 MATERIAL AND METHODS

3343 Fish and éstingrefeeding experiment

3344 This work was approved bythe Ethics Committee on Animal Use (CEUA) of
3345 Biosciences Institute, UNESP, Botucatu, Sao Paulo, Bdaxienile pacus and Nile tilapiagere
3346 obtained fronthe S&o Paulo Agency for Agribusiness Technology (APTA), Presidente Prudente,
3347 S&o Paulo, Brazilln order to reducepotential external variablesn pacus and Nile tilapia
3348 comparison the fish were placed in similar 0.5°watertanks equipped with the same water
3349 recirculation system. In addition, the animals werse@iat the same temperature®(29 and
3350 fed twicea daywith the same commercial feed, appropriate for their developmental shages.
3351 our study we used the fastirgfeeding modelo evaluateprotein degradation ancgrotein
3352 synthesis processes in pa@uxl Nile tilapias. Fish werefastal for 4 days and therefed for 3
3353 days. Fish wereeuthanized with an excess of benzocaetea concentration exceeding 250
3354 mg/L, and body weight (g) was measured. Fagsae samples were collecttbdm the epaxial
3355 region before the fasting period4d), daily during fasting 3d, -2d, -1d and 0d)and during

3356 refeeding (6h, 12h,dl 2d and 3d)(Figurel).
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3358

3359 Figure 1. Fastingrefeeding experimental esign. Muscle samples were collected at the
3360 indicated periods (d: days; h: hours)
3361

3362 Pacumyoblastcell culture

3363 Theprotocol for the isolation and culture phcumyoblastsvereperformed according to
3364 Bower & Johnston2010. Fast musclesamples wereollected from the epaxial regicend
3365 mechanically dissociated with scalpels. The fragmermtie enzymatically digested with 0.2%
3366 collagenase type ISfgmaAldrich, USA) and with 0.1% trypsin SigmaAldrich, USA),
3367 allowing the release of muscle cells. The suspension of waltsfiltered in cell strainers
3368 (Corning, USA)to remove debris and resuspeddin media with DMEM, 10% fetal bovine
3369 serum and 1% antibioticSigmaAldrich, USA). After cell counting in a Neubauer chamber, the
3370 cellswerediluted at a concentration @ 10° cells/mL andseededn wells previously treated
3371 with poly-L-lysine e lamim (SigmaAldrich, USA), which have high affinity for thenyoblasts.
3372 The myoblastsvereincubated aR8°C duringl2 days The mediaverechanged every dagnd
3373 the morphology of myoblastgasmonitored regularly

3374

3375 Nonessential amino acids and leucitneatment

3376 After 8 days of cell culturegduring myotubdormation the myoblastsvereincubatedor

3377 72 hours with free aminoacde di a ( Ear |l eds bal amMaHCGs26mMN s o |
3378 HEPES, Vitamin Mix 1X, 1% antibiotics and 4 g/L-ducose- SigmaAldrich, USA). The

3379 mediawerepr epared with deionized wat e mgoblastsi | | z
3380 were then incubatefdr 24 hours in free aminacid media{AA), mediasupplementedith non

3381 essential amino acids (NEAA) (Sigafddrich, USA) or media supplementedith nonessential

3382 amino acids and deucine (NEAA+LEU) (SigmaAldrich, USA). RNA extraction was

3383 performed 24 hours after the treatmeritise results were obtained from three independent cell
3384 cultures.
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LSPsidentification

To select which LSPsve should evaluate in our studwe neededo identify genes
retained as a single copy in Ostariophysi and two copies in Acanthopterygii, and genes retained
as two copies in Ostariophysi and one copy in Acanthoptedydist was madevith 248 genes
related to myogenesigrotein synthesis and protein degradafp@thwaysin skeletal muscle
(data not shown)based orpublished articles in the fieldnitially we downloaded the peptide
sequencedrom Danio rerio and Astyanax mexicanusoth Ostariophysi, andasterosteus
aculeatusand Oreochromis niloticus both AcanthopterygiiThe downloads were performed
using the BioMart tool
(http://www.ensembdrg/biomart/martview/a6a738c6a5bb5cfddc3a501898640dferilable in
Ensembl Genome Browser 8&tp://www.ensembl.org/index.htniThese files were visualized

in the Notepad++ prograandthe peptide sequencesioferesting geneelative to each species
were annotatedl he sequences were then compared to each other throudtiaiBdit Sequence
Alignment Editor(Hall, 1999) which indicated genes retained differently between Ostariophysi
and Acanthopterygiiln order to separate paraloggenes fromsoformsof the samegene, we

used the alignment prograWhAFFT version 7http://mafft.cbrc.jp/alignment/servér/After this

first selecton, the peptide sequences of the species described above were also compared to the
Takifugu rubripesand Tetraodon nigroviridis(Acanthopterygii) proteome iEnsembl Genome
Browser 89 and the Ictalurus punctatusand Piaractus mesopotamicugOstariophysi)
transcriptome in BioEdit Sequence Alignment EditorThe Piaractus mesopotamicus
transcriptome was obtained our laboratory(Mareco et al., 2015and it is available in the
European Nucleotide Archive ENA (accession numbePRJEB6656).After obtainingthe
peptide sequences of the LSPs geties MEGA7 software(Kumar et al., 2016jvas usedo
generateNeighborJoining or MaximuraLikelihood phylogenetic tregsand alsoestimatethe
best evolutionary model for each phylogenetic tree constructiorPhylogenetic treeswere
visualized andedited usingFigTree v.1.4.2software (http://tree.bio.ed.ac.uk/software/figtree/
(S1 File).

RNA extraction and reverse transcription

Total RNA was extracted usinglRIzol® Reagen{Thermo Fisher Scientific, USA
accordingtothenanuf act ur er 0 s RNAeuaatificet®mvasgerformed sising the

spectrophotometdd a n 0 V u e EGE Pléalthsare, USA), which alstlowedan estimative of
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the RNA purityby measuring the absorbanae260 nm(RNA quantity) and 280 nm(protein
quantity). The RNA integrity was evaluated througHectrophoresis in 1% agarose ,gel
confirmed by the presence of the band$ 28S and 18S ribosomal RNA# addition, the
samples were submitted to the capyllaelectrophoresis syster®@100 Bioanalyzer(Agilent,

USA), which provided a RNA integrity number (RIN) based on 288 and 18%ands.The

RNA sample is classified into a numerical system from 1 to 10, with 1 being the most degraded
profile and 10 being # highest integrity profile. We only use samples with a RIN equal to or
greater than 7.(Extracted RNAwassubmitted to treatment witbNase | Amplification Grade
(Thermo Fisher Scientific, USAto eliminate any possible contaminating genomic DNA from
the samples. RNA reverse transcriptioms performed using théligh Capacity cDNA archive

kit (Thermo Fisher Scientific, USA, foll owing the nheapodets 6fur er
reverse transcription were stored2@°Cand used in the real time PCR.

Primer design andaal time PCR

Initially the alignment progratAFFT version Avas used to identify regions with low
similarity between the paralogyeshere thdorward and reversprimers needed to laesigned
to increase amplification specificity dugrgPCR reactionPrimers forpacus and Nile tilapias
were designed usingrimer3 v.0.4.0(Koressaar & Remm, 2007; Untergasser et al., 2032)
Table).All primers were designed to amplify @0 bp products ith annealing temperata of
60°C.Any possible hairpinsdf-dimeror crossdimerstrucures formed by the primer pairs were
assayed usiniyetPrimersoftware(Premier Biosoft, USA)The expression levelseredetected
by realtime PCR using th&®uantStudi@ 12K Flex Reallime PCR SysterfThermo Fisher
Scientific, USA. Each cDNA samplewas amplified using GoTag® gPCR Master Mix
(Promega, USAand primers synthesized lhyvitrogen(USA). The reactionsvereperformed in
duplicates, under the following conditions: 95°C during 10 nesd ¢ycles ofdenaturationat
95°Cduring 15 seonds and annealirg{tension 860°C during 1 minuteéWe analyzedof the
Dissociation Curve (Melting Curve) at the end of each PCR reaction, which aéldwihe
evaluation of the specificity of each prinsatby the presence of a single fluorescence p&die
reaction efficienciesverecalculated by the softwateanRegPCRRamakerst al, 2003 Ruijter
et al., 2009, and all obtained adequate values between 1.9 amklative quantification of
expressionwas perfamed by the #®°method (Livak & Schmittgen, 2001)using the
DataAssist" v3.01software(Thermo Fisher Scientific, USAyvhich also allowedhe selection

of the best reference genesingthe geNormalgorithm (Vandesompele et al., 200Rgelative
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expressionwas normalized bythe genesibosomal proteinli13 (rpl13), ribosomal proteinl19
(rpl19) andpeptidylprolyl isomeraseaa (ppiad), whose expressiolevelswereconstantbetween

all samples.

Statistical analysis

Statistical anlgses were performedsing theparametric onavay ANOVA test, followed
by Tukeyo6s mul t i Sdtisticalsignifigarsce was setnas 5%t (px@.05). (GraphPad
Prism 5 SoftwareUSA).

RESULTS AND DISCUSSION
Fish and fastingrefeeding experiment

Body weights (g) ofjuvenile pacus and Nile tilapsawere measured ghe different
sample collection periodsluring fastingrefeeding experiment. The weights showedkearease

during fasting periods3dto 0d) and an increase aft&feeding(6hto 3d) (Figure2).

Figure 2. Body weights of pacus and Nile tilapiasThe body weights of juvenile pacus
(Piaractus mesopotamicusand Nile tilapias @reochromis niloticus were measured
immediatelybeforethe sample collection at thwedicated periodsbeforethe fasting period-4d),
during fasting {3d, -2d, -1d and Od)andduring refeeding (6h, 12hdl2d and 3d)(d: days; h:
hours) Data are presented a@ase mean® SD (n=6). Different lettersindicate significant

differences betweeBd groupcompared to ¢tergroups (p<0.05).
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