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MOURAO. Aos seis dias do més de agosto de 2009 as 10:00 horas, reuniu-se no
Instituto de Ciéncias Biologicas da Universidade Federal de Minas Gerais, a
Comissdao Examinadora da tese de Doutorado, indicada ad referendum do Colegiado
do Curso, para julgar, em exame final, o trabalho intitulado “Silenciamento Génico
por Interferéncia de RNA (RNAi) de Transcritos de Schistosoma mansoni”,
requisito final para a obtencdo do grau de Doutor em Ciéncias: Biologia Molecular.
Abrindo a sessdo a Presidente da Comissdo, Profa. Gloria Regina Franco da
Universidade Federal de Minas Gerais, apos dar a conhecer aos presentes o teor das
Normas Regulamentares do Trabalho Final, passou a palavra a candidata para
apresentacio de seu trabalho. Seguiu-se a argiiicio pelos examinadores, com a
respectiva defesa da candidata. Logo apdés a Comissio se reuniu, sem a presenc¢a da
candidata e do publico, para julgamento e expedi¢do do resultado final. Foram
atribuidas as seguintes indicacdes: Dra. Iscia Lopes Cendes da Universidade de
Campinas, aprovada; Dr. Guilherme Corréa Oliveira do Centro de Pesquisas René
Rachou-Fiocruz, aprovada; Dr. Sérgio Costa Oliveira da Universidade Federal de
Minas Gerais, aprovada; Dr. Marcos Horacio Pereira da Universidade Federal de
Minas Gerais, aprovada; Dra. Gloria Regina Franco, orientadora, da Universidade
Federal de Minas Gerais, aprovada. Pelas indicacdes a candidata foi considerada
APROVADA. O resultado final foi comunicado publicamente a candidata pela
Presidente da Comissdo. Nada mais havendo a tratar, a Presidente da Comissido
encerrou a reuniio e lavrou a presente Ata que sera assinada por todos os membros
participantes da Comissdo Examinadora. Belo Horizonte, 6 de agosto de 2009.
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Resumo

Atualmente, interferéncia por RNA (RNAI) € a Unioatodologia de genética reversa
disponivel emSchistosoma sppois as técnicas de nocaute e super-expresséagiénda
nao sdo possiveis de serem realizadas nesse pargsitsar do silenciamento génico por
RNAI estar sendo mais comumente utilizado, exist@tanque se aprimorar para sua
aplicacdo em larga escala em parasitas helmintospidsente estudo, 33 genes foram
selecionados para silenciamento, incluindo fatdieesranscricdo, moléculas de sinalizacao,
enzimas metabdlicas e anti-oxidantes. Estes abrasifescolhidos, em sua maioria, devido a
sua alta expresséao na fase larval do parasitapelolwseu possivel envolvimento no processo
de desenvolvimento do organismo, como é o cas@mamas anti-oxidantes, que parecem
estar envolvidas na manutencdo do equilibrio redebular em Schistosoma mansoni,
contribuindo para a sobrevivéncia do parasita ngpédeiro intermedidri@iomphalaria

glabrata

Neste estudo miracidios d& mansoniforam transformados vitro e expostos a
dsRNAs dos genes alvos por sete dias, durante ais,gmudancas no fenétipo foram
observadas, dentre estas: (1) falha ou atrascanaftrmacéo, (2) perda de mobilidade, (3)
alteracdo de tamanho e (4) viabilidade. Dentreenstipos avaliados, apenas reducéao de
tamanho dos individuos foi consistentemente deteataobservado em 11 de 34 tratamentos
com dsRNA dos genes SOD, Smadl, RHO2, Smad2, CawAbox, GST26, calcineurina
B, Smad4, lactato desidrogenase e dEFApOs sete dias de incubacdo com dsRNA, apenas 6
tratamentos demonstraram consistente e significdimgnuicdo nos niveis de transcritos
medidos por gRT-PCR. Inesperadamente, a expressaomddos genes cujos parasitas
exibiram um fendtipo tratamento-associado, o ge®®,Sfoi altamente induzida (~1600
vezes). Variacdes no nivel dos transcritos em cpms®ia do tratamento com dsRNA,
também foi evidente em grupos de esporocistos sagtipo aparente. Niveis de transcritos
de 14 dos 23 grupos tratados com dsRNAs (que n@septaram fenotipo aparente) foram
analisados e, destes, 7 genes exibiram consisemiedo no nivel de expressao. Resultados
demonstraram que a eficacia da utilizacdo da taatéc RNAI € altamente dependente do

alvo a ser silenciado, da sequéncia de dsRNA atitiz do momento da analise.

Adicionalmente, na tentativa de avaliar a funcai>-@idativa endégena de esporocistos de

S. mansonifoi feita a caracterizacéo funcional de algunragreas anti-oxidantes do parasita
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(GST26, GST28, GPx, TPx1/2 e SOD). Foi mostradavas deWestern blotque
tratamentos com dsRNA para BEF1GST26 ou TPx1/2 resultaram em significativa
diminuic&o dos niveis proteicos (80%, 90% e 50%peetivamente), dados corroborados por
experimentos de imunolocalizagéo. Experimemiogtro foram conduzidos para determinar
o efeito na sobrevivéncia dos parasitas silencipdos as enzimas anti-oxidantes na presenca
de concentracdes subletais dg€OF Maior susceptibilidade (60-80% de mortalidadesah®

h) ao estresse oxidativo pode ser claramente dcderpara parasitas silenciados para
GST26, GST28, TPx1/2 e GPx, comparado ao contrét® G-15 % mortalidade). Co-
culturas dos parasitos silenciados para as enzantisoxidantes com hemdcitos d&
glabrata susceptivel a infeccdo pel®. mansonipermitiram avaliar a hipotese de que a
reducdo da habilidade anti-oxidante dos esporacigtonentaria a sua vulnerabilidade aos
niveis sub-letais de ROS normalmente produzidosspeémécitos durante o processo de
encapsulacdo. Assim, foi demonstrado que a solénesi@ de esporocistos silenciados para
GST26, GST28 e TPx1/2 foi afetada ap0s 24 horasodeultura, mostrando um papel
significativo de TPxs e GSTs de protecao para sol#ecia do parasita no seu hospedeiro

intermediario.

Apesar de RNAI prometer grandes avan¢cos como femtande gendmica funcional
em estagios larvais de esquistossomas, observamdsatamentos com dsRNA podem gerar
eficiéncias de silenciamento variaveis, indicandoaunecessidade de padronizacdo da
técnica de forma gene-especifica, como parte ds$enio desenho experimental.
Adicionalmente, experimentos funcionais com enziargsoxidantes suportam fortemente a
hipétese de que a regulacéo desta classe de engimasporocistos tem uma funcéo direta
na protecdo contra o estresse oxidativo e conéttague citotoxico das células de defesa do
hospedeiro.
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Abstract

RNA interference (RNAI) represents the only reveganetic method currently
available for manipulating gene-specific expressioSchistosomapp., since knockout and
super-expression induction are not feasible in paisasite. Lately, RNAi has been widely
used for gene silencing, but its application asrectional genomic profiling tool in helmints
has yet to be explored. In the present study 3&gemcluding transcription factors, cell
signaling molecules, metabolic enzymes and antaxi& were selected to determine if gene
knockdown by RNAI was associated with morpholodicdefinable phenotypic changes in
early intramolluscan larval development. Transcrgelection was based on their high
expression inin vitro cultured S. mansoniprimary sporocysts and/or their potential
involvement in developmental processes, such asatiteoxidants enzymes which are
produced by the parasit8chistosoma mansomind are believed to be involved in the
maintenance of cellular redox balance, thus cauming to larval survival in their

intermediate snail hosBiomphalaria glabrata

At the present study, miracidia were allowed tongfarm to sporocysts in the
presence of synthesized double-stranded RNAs (dsiRldAd cultivated for 7 days, during
which time developing larvae were closely obseryed phenotypic changes including
failure/delay in transformation, loss of motiligitered growth and death. Of the phenotypes
evaluated, only one was consistently detected; hhameeduction in sporocyst size based on
length measurements. The size-reducing phenotygeolaerved in 11 of the 34 dsRNA
treatment groups, and of these, 11 phenotype-adedcigenes (SOD, Smadl, RHOZ2,
Smad2, Cav2A, ring box, GST26, calcineurin B, Smdaletate dehydrogenase and EF1
Apés sete dias de incubacdo com dsRNA, apenasabneatos demonstraram consistente e
significante diminuicdo nos niveis de transcritedidos por gRT-PCR. After seven days of
incubation, only 6 treatments demonstrated a saamif and consistent knockdown of
specific transcript expression was detected by §-P@nexpectedly one phenotype-linked
gene, SOD, was highly induced (~1600-fold) uponN&Rexposure. Variation in dsRNA-
mediated silencing effects also was evident in gheup of sporocysts that lacked any
definable phenotype. Out of 23 nonphenotype-exprgsdsRNA treatments, 14 were
assessed for the transcript levels. Of those, @gerhibited consistent reductions in steady-
state transcript levels, while expression level floe rest remained unchanged. Results
demonstrate that the efficacy of dsRNA-treatmenprioducing phenotypic changes and/or
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altered gene expression levelsSnmansonsporocysts is highly dependent on the selected

gene (or the specific dsSRNA sequence used) antintivgg after treatment.

Aditionally, we have focused on the functional @werization of specific anti-
oxidant enzymes, including GST26, GST28, GPx, TPxlld SOD, known to be involved
in cellular redox reactions, in an attempt to eatdutheir endogenous anti-oxidant function
in the early-developing primary sporocyst stageSofmansoni Further, we show that
treatment of sporocysts with dsRNA of EfIXGST26 or TPx1/2, resulted in a significant
decrease (80%, 90% and 50%, respectively) usingtafedlot analysis compared to
dsRNA-GFP control treatment. These results were théur confirmed by
immunocytochemistry. Experiments were then condutdedetermine if anti-oxidant RNAI-
induced protein knockdown had a modulating effecinovitro parasite survival in presence
of a sublethal concentration of,®,. Results clearly demonstrated a significantly bigh
susceptibility of GST26, GST28, TPx1/2 and GPx -MARreated larvae to D, oxidative
stress (60-80% mortalities at 48 hr) compared t& @BERNA controls (~15 % mortality).
Co-culture of hemocytes and sporocyts allowed etadg the hypothesis that reducing the
antioxidant ability of sporocysts during hemocytea&psulation reactions would increase
their vulnerability to sublethal levels of ROS naillg produced by susceptible snalil
hemocytes. Hence, we demonstrate that GST26, GAnA8TPx1/2-modified sporocysts
survival was affected after 24 hours of co-cultsiggwing the significant protective role of
TPxs and GSTs in sporocysts during susceptiblemadiate hosB. glabratainteraction

Although RNAI holds great promise as a functionangmics tool for larval
schistosomes, our finding of variable efficienciasspecific gene knockdown indicate a
critical need for gene-specific testing and optetian as an essential part of experimental
design, execution, and data interpretation. Morgoaati-oxidant functional experiments
strongly support the hypothesis that endogenousesgmn and regulation of larval anti-
oxidant enzymes serve a direct role in protectigairsst external oxidative stress, including

immune-mediated cytotoxic reactions.
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. Introducéo

1.1-Organismo de estudo Schistosoma mansoni

Parasitos trematdédeos do gén&chistosomanfectam cronicamente mais de 200
milhdes de pessoas em paises em desenvolvimenaise600 milhdes de pessoas estdo em

risco de contaminacdo (WH@ww.who.int/tdr/diseases/schisto/direction.htiEntre as sete

doencas tropicais negligenciadas causadas por ritebniseis sdo devidas a infeccbes por

nematddeos e apenas uma, a esquistosomosse, éacpostrematodeos (Hoter al 2006).

A esquistossomose é uma das parasitoses humarmsamains, sendo endémica em
76 paises, principalmente naqueles em desenvoltin{&mgelset al, 2002) (Figura 1). A
doenca € um dos mais sérios problemas de saudeguiéndo considerada a segunda
doenca tropical mais prevalente e com alta morleid&sta persiste, devido as precarias
condicdes de vida, ao fornecimento inadequado da égpela inadequacgéo das instalacdes

sanitarias, nas quais a populacéo esta inserida.

A esquistossomose € causada por organismos delditelminto, classe Trematodea,
ordem Digenea, da familia Schistosomatidae e dergéachistosomaque compreende
espécies com&chistosoma mansofi\frica e América Latina)S. haematobiunfAfrica e
Oriente Médio)S. intercalatun(10 paises do cinturdo de florestas equatoriai&fdea), S.
japonicum (restrito a regido do Pacifico, incluindo a Chieanas Filipinas) &. mekongi
(limitado a areas do Laos e Camboja)
(WHO:http://www.who.int/tdr/diseases/schisto/diseaselrtf). No Brasil, a

esquistossomose é causada pela esécranson{Figura 2) e seu hospedeiro intermediario

€ 0 molusco da espedomphalaria glabrata

A doenca € determinada, principalmente, pela disgdo do hospedeiro
intermediario. O primeiro alvo para erradicacdo edguistossomose deve ser impedir a
infeccéo e segundo reduzir a morbidade. Novos feaogem principalmente em locais onde
foram realizados projetos de direcionamento da dmara industria e agricultura. Este

desenvolvimento ampliou o nimero e a distribuigd@mkas alagadas e, portanto habitats dos
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hospedeiros intermediarios. O posterior aumentaaleentracdo de pessoas nestas areas

favoreceu que a esquistossomose se espalhasse¢ista00l).
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Schistosomiasis-Endemic Areas

= [ Hepatic/intestinal

[ ] Unnary
[ Both Types

Figura 1. Areas endémicas da esquistossomose no rdat O mapa mostra areas

endémicas de esquistossomose no mundo, categaripadareas de ocorréncia da

esquistossomose hepatical/intestinal, urinaria ee camttbas as formas da doenca

ocorrem. Fontehttp://www.cdc.gov/travel/diseases/maps/schisto .hiap
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Em alguns paises, programas nacionais de conteoksquistossomose foram bem
sucedidos. Porém, nos paises africanos abaixo @@ $eompreendendo 80% das pessoas
infectadas do mundo), o controle é praticamentestente.

Apesar de ser uma doenca muito antiga, o estududif@e da esquistossomose
comecou apenas ha 150 anos. O surgimento de drogaia a esquistossomose no inicio dos
anos 80, dentre elas o praziquantel, que é efetiseguro contra todos os esquistossomas,
instaurou a intencdo de erradicagdo da doenca/(Witpv.who.int/tdr/diseases/schisto/). No
entanto, ndo ha prevencao contra reinfeccdes, cmyaegavelmente ocorre, ja que a doenca €
dificilmente controlada. Adicionalmente, ja foraglatados casos de resisténcia do parasito
ao praziquantel (Hagaet al, 2004). Quimiogendmica tem sido utilizada pardemtificacédo
de alvos para o desenvolvimento de novas drogaso agelatado no estudo de Caffrey e
colaboradores (2009), onde se detectou 18 potsngeiteinas alvos com estruturas
tridimensionais conhecidas assim como seus ligardeado este um grande avanco
farmacogendmico para o desenvolvimento de drogagracoeste parasita. A enzima
Tiorredoxina Glutationa Redutase (TGR) foi tambéunentemente identificada como um
importante alvo para o desenvolvimento de drogagjd sido testado como alvo para esta
enzima o promissor composto 4-fenil-1,2,5-oxadiBzobrbonitrila-2-oxido (Sayeét al,
2008).

Varios esforcos tém sido dedicados para contrdl@tamento da esquistossomose.
Contudo, apesar da aplicacdo de medidas sanitanpessao do hospedeiro intermediario e
tratamentos quimioterapicos, a prevaléncia da @oerdp mostrou reducdo significativa
(Engels et al, 2002). Os programas de controle de maior sucésson aqueles que
incluiram algum método de interrupcdo da transroisasiavés do uso de moluscidas,
métodos esses que controlam o crescimento do heispedtermediario, caramujos do
géneroBiomphalaria (Webbe & El Hak, 1990). Pesquisas de desenvolvionde vacinas
contra o parasito também ndo obtiveram ainda exagt favoraveis, embora hajam alguns
antigenos candidatos em testes clinicos. As teatatile desenvolver vacinas utilizando
antigenos do parasito em desafios ao sistema igheimeedores e primatas foram relatadas,
no entanto, a extenséo destes resultados a humioasnao foi demonstrada. (Tayéiral,
1984; James & Colley, 2001; Lebestsal, 2004; Wilsoret al, 2004; Bergquisét al, 2008).
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Figura 2: Vermes adultos de Schistosoma mansoni.Fonte: www.usuhs.mil/mic/

Davies/Research.html
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1.2 O ciclo de vida dd&schistosoma

O ciclo biolégico (Figura 3) foi descrito, na mesépoca, por Lutz no Brasil e Lerper
no Egito. O S. mansoniapresenta ciclo de vida complexo, envolvendo haspesi
intermediarios (moluscos), onde se desenvolve asm dssexuada, e hospedeiros definitivos

(mamiferos), onde desenvolve-se a fase adulta daxd@mparasita (Pessoa & Martins, 1982).

Os ovos sao eliminados na agua através das fezbésspedeiros infectados. Em
condi¢cbBes oOtimas, estes eclodem liberando o mitacjde nada ao encontro do caramujo
especifico, penetrando-o e, assim, passa a semosmpedeiro intermediario. O estagio no
caramujo inclui a transformacdo em duas geracoesplerocistos (primario e secundario) e
posteriormente em cercaria (fase assexuada). Uatidio pode gerar até 300.000 cercérias.
Apos serem liberadas, as cercarias vao para ar@gleando e penetram ativamente em seu
hospedeiro definitivo, comumente o homem. Duranote genetracdo, a cercaria perde sua
cauda bifurcada e glicocélice, transformando-seesquistossomulo. Estes migram através
do sistema sanguineo e linfatico para os pulmdéseainstalarem no sistema porta hepatico,
onde atingem a maturidade sexual. Os vermes adutiégcos, com ventosa oral e oviparos -
vivem acasalados no plexo venoso mesentérico alpgrpara ovoposi¢cao, migram para as
veias mesentéricas inferiores (Lichtenberg, 1983%)fémeas colocam em média 400 ovos
por dia. Estes ovos atravessam para o limem dstimiesendo, entéo, eliminados nas fezes.
Alguns ovos ficam alojados na mucosa intestinah@sicapilares do sistema porta, tornando-
se circundados por células caracteristicas de sspmflamatoria granulomatosa do

hospedeiro (revisado por Pessoa & Martins, 1982).

Neste trabalho foi estudada a fase larval de esmboodeS. mansonitransformados
e cultivadosin vitro apartir de miracidios obtidos de ovos extraidos figedo de

camundongos infectados.
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ﬁ= Estagio infectivo
A= diagndstico

cercaria
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Figura 3: Ciclo de vida do vermeSchistosomaFonte: Adaptado dettp://www.dpd.cdc.gov/dpdx/

HTML/Schistosomiasis.htm.
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1.3 O Genoma ddschistosoma

O estudo do genoma do parasita € uma forma detseinformacdes que podem ser
traduzidas em novas ferramentas de controle dacdpatém disso, genomas de parasitas
oferecem melhores perspectivas para identificagdanallos alvos para drogas, vacinas,
diagnosticos e bases bioldgicas para o entendim#atoteracdo parasita-hospedeiro. O
estudo do genoma d&chistosoma pode também ajudar a elucidar questdes mais
fundamentais sobre este organismo e sobre a ewoldpd animais, ja que este é
representante do nivel mais simples dos animais aguesentam simetria bilateral com
cromossomos heterogaméticos podendo produzir, assapostas as questdes sobre alguns

dos genes mais primitivos para tais funcoes ewasti

Estudos iniciais do genoma @& mansonirevelaram um genoma dipléide com a
presenca de sete pares de cromossomos autossomogag de cromossomos sexuais. Neste
organismo o0 sexo homogamético é o macho (ZZ) enadé heterogamético (ZW) (Short &
Grossman, 1981; Short, 1983).

O genoma hapldide estimado deste organismo, congeee-270 Mb, sendo
composto de aproximadamente 40% de sequénciasealtamepetitivas, incluindo aqui os
genes ribossomais que estdo arranjados seguidamedtndo ter de 500 a 1000 cépias no
genoma e 60% do genoma representa sequéncias @ cihpcas ou pequenas familias
génicas (Simpsost al, 1982). Estima-se que esse organismo possuaknde0 a 25.000
genes (Francet al, 2000, Verjovski-Almeideet al, 2003), e 66% de seu genoma seja

composto de adenina e timina.

Dado o sucesso limitado dos métodos tradicionaikzattos no controle da
esquistossomose, outro enfoque para se obter iafd@®s que pudessem ser traduzidas em
novas ferramentas de controle da doenca, produgd&mvhs drogas e uma vacina eficaz se
faz ainda necessario. As pesquisas em gendmicesctiptbmica e protebmica tém como
objetivo preencher esta lacuna.

O projeto de descoberta génica Schistosomdoi iniciado em 1992 no Brasil, e a
partir de 1995 passou a contar com o suporte danmagdo Mundial de Saude (United
Nations Development Programme e World Bank Spdétiagram for Reserch and Training
in Tropical Diseases- UNDP/World Bank/TDR). O projeto visava descoberta e

caracterizacdo de novos genesSdenansone S.japonicume sequenciamento e analise do

o
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genoma mitocondrial. Franco e colaboradores (198&)guraram a era de descoberta génica
em S. mansoniutilizando a estratégia de ESTs ou Etiquetas dgii&eias Transcritas
(Adamset al, 1993). Apds esta data, houve um enorme crestinttnbanco de dados de
sequéncias deste organismo (Fraatal, 1995, 2000; Oliveirat al, 2008), visto que em
1993 haviam 600 ESTs depositadas e hoje temos ZDB&ositadas em banco de dados
publicos (dbEST release 052209, data 22/05/09).

O sequenciamento completo do genomaSdomansonie de outras espécies do
género, iniciou-se, em 2002, inicialmente adotandmo estratégia 0 sequenciamento de
Bacterial Artificial Chromosome@ACs) e dewhole genome shot gyWGS) e vem sendo
desenvolvido no The Institute for Genomic Resedagjora J. Craig Venter Institute) e pelo
Wellcome Trust Sanger Institute e sendo financipdto Wellcome Trust e o National
Institutes of Health (NIH). Este projeto estd emefdinal de anotacdo e sera publicado em
breve ( LoVerdest al, 2004; Wilsoret al, 2007).

Enquanto isso, projetos de transcriptémica utiliaiESTs e ORESTES (pequenas
sequéncias de cDNAs, em geral representando aqarteal dos transcritos), resultaram na
producdo de um nuamero enorme de seqUéncias de gmsesparasitos do género
Schistosomague véem sendo armazenadas em bancos de dadomiteo publico (Franco
et al, 1997; Santost al, 1999; Francet al, 2000; Oliveira & Johnston, 2001; Verjovski-
Almeidaet al, 2003; Huet al 2003; Oliveiraet al, 2004; LoVerdeet al, 2004; El-Sayeet
al., 2004; Liuet al. 2006). Mais recentemente, tem havido uma gramhribuicdo na
descoberta génica e de padrdes de expressao alepésjetos utilizando Analise Serial de
Expressdo Génica (SAGE) (Williamest al., 2007; Taftet al, 2009), plataformas de
microarranjos (Ojopet al, 2007; Fitzpatricket al, 2005, 2008, Verjovski-Almeidat al,
2007, Waisbergt al.,2007, 2008; Gobest al, 2009) e protedmica (Liet al, 2006; Wuet
al., 2008; Guillouet al, 2007; Gourbatt al, 2008; Rogeet al., 2008).

1.4 Era pos-genémica

Atualmente, seis anos depois da emergéncia desseervolume de informacao
genética, poucas solugbes foram encontradas neeqdi respeito a identificacdo de genes
alvos, desenvolvimento de drogas e diagndstico pareontrole da esquistossomose.

Entramos na era da gendmica funcional, onde entersleque para decifrar o codigo

o
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genético € necessario o desenvolvimento de métmmdgveis de genética reversa e novas
ferramentas de manipulacdo génica (Pearce & Fre2a@8). Neste ponto, o estudo dos
nematdédeos parasitas tem se beneficiado amplandent&plicabilidade das informacdes
geradas no estudo do nematédeo de vida livr&Caenorhabditis elegansPorém, a

inexisténcia de um modelo analogo em esquistossoteas atrasado bastante a

experimentacdo de novas técnicas para o conhedrdariiiologia do organismo.

Estudos funcionais de genes envolvem passos exg@daisin Vvivo, in vitro e in
silico, ndo tao facilmente automatizaveis quanto o sagaeento. A pesquisa em biologia
de esquistossomos ainda sofre com varias dificeklakperimentais. Em primeiro lugar,
esquistossomos sdo parasitos com ciclo de vida leempqgue envolve dois hospedeiros
distintos e muitos estagios diferentes. Segunaalaando foi desenvolvida nenhuma técnica
para multiplicar esquistossoma@s vitro. Assim, parasitos devem ser isolados a partir do
sacrificio de animais de laboratorio infectadogue limita muito o nimero de parasitos que
podem ser usados em estudos experimentais. Teroesguistossomos sao parasitos
eucariéticos multicelulares que apresentam teciistintos, como 6rgdos reprodutores e
glandulas secretoras, cada um contendo um cong@sptecifico de diversas células para as
guais ainda nao existe uma linhagem continua gde per cultivadan vitro (Wilson et al,
2006). Quarto: ainda nao foi possivel a producamm@nismos transgénicos, apesar de
técnicas como: vetores retrovirais (Kingtsal, 2008) e metodologias de transformacgédo da
linhagem germinal d&. manson{Beckmannret al, 2007) estarem sendo desenvolvidas para
esse fim.

Até recentemente, ferramentas moleculares parapoiagéo da expressédo génica em
Schistosomando existiam, nos impedindo de revelar mecanismmateculares nestes
importantes parasitas. No entanto, nos ultimos ,aes&amos alcancando um importante
estagio no estudo da biologia destes trematodeosguistamos a habilidade de utilizar
geneética reversa nestes organismos, atraves daaébm interferéncia por RNA. Atraves
desta ferramenta se faz possivel aprofundar na@stas funcées génicas, enriquecendo o
estudo da relagédo parasita-hospedeiro e revela®swposto(s) papel(is) de cada proteina,
0 que até hoje tem sido feito, principalmente,v&éisade estudos de similaridade com genes
de diferentes organismos, depositados em bancdadites. Muitas vezes, as simples analises
de ortologia génica podem resultar em informagdgsivecadas, uma vez que, cada
organismo é Unico e uma proteina pode assumirddigetarefas. Como exemplo, temos o

caso da Glutationa Redutase (GR) e da Tiorreddxetutase (TR), que e mansonestao
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ausentes e suas funcdes de detoxificacdo sdo deseatas por uma SO enzima
multifuncional, a Tiorredoxina Glutationa Reduté§&R) (Kuntzet al 2007).

1.4.1 Interferéncia por RNA (RNAI)

O termo interferéncia por RNA (RNAI) se refere a pracesso celular no qual RNAs
de fita dupla (dsRNA), inibem especificamente aresgfio de um dado gene. Inicialmente,
este processo foi chamado piest-transcriptional gene silencin® TGS) e foi observado em
petunias por Napoli e colaboradores (1990). O msgande silenciamento foi elucidado no
organismoC. elegans em 1998, por Andrew Fire e Craig Mello e passoseachamar
interferéncia por RNA. O mecanismo de RNAI involmaémeras proteinas celulares e estas
sdo altamente conservadas nos organismos eucafrasimivelmente, RNAI faz parte de
um mecanismo de defesa celular contra infeccaovipos RNA dupla fita e/ou elementos
maoveis, como retrotransposons, conservando a kdsalg genética. Este mecanismo tornou-
se uma poderosa técnica, utilizadavivo e in vitro, para o silenciamento pos-transcricional
de genes de interesse (revisado por Kurreck, 2@&n promessas de sua aplicabilidade
terapéutica e com a grande caréncia de técnicdesbmberta das funcdes génicas em todo
tipo de organismo em pesquisa basica, RNAI se toanferramenta molecular de escolha, e
hoje, juntamente com a protedmica, desponta cooampo mais dinamico da biotecnologia.

Resumidamente, o mecanismo de RNAi envolve um cexopprotéico, chamado
DICER, que possui atividade de ribonuclease llliveams RNAs dupla fita longos (dSRNA)
gue entram nas células, produzindo pequenos fragmee 21 a 23 pb de RNA dupla fita.
Estes pequenos RNAs, conhecidos coshort interfering RNAYSIRNAS), contém dois
nucleotideos de cada um dos lados despareadosREAss se ligam a outro complexo
chamado RISCRNA-induced silencing comp)esendo posteriormente selecionada uma das
fitas do siRNA (de preferéncia a fita antisensappga@ermanecer ligada a esse complexo. O
complexo é guiado ao mMRNA de sequéncia complemeataiRNA ligado a RISC e uma
endonuclease, chamada Argonauta2 (Ago2), preseste nomplexo cliva 0 mRNA em um
ponto interno central as fitas pareadas SiRNA/mR&As fragmentos liberados dessa
clivagem sdo posteriormente degradados devido @lapele elementos essenciais a
estabilidade dos mMRNAs, tais como o cap e cauda,mlprimindo-se, assim a tradugao do
MRNA alvo do silenciamento (Hamilton & Baulcomb®99; Zamoreet al, 2000). Gera-se

como resultado, fenoétipos de perda de funcao (&igur
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Logo apos a descoberta de que os dsRNAs eramtosesfele RNAI, foi descoberta a
existéncia de uma classe de moléculas de RNA endéggie continham o mesmo tamanho
em varios organismos, desde de plantas até humarestes foram chamados microRNAs
(miRNA). Os miRNAs sao processados de precursomesoema de grampo de cabelo,
maiores, usando parte da maquinaria de RNAI e podsgular a expressao génica por
degradacdo dos mRNAs ou supressdo da traducada;eeser assim, regulacdo génica
(Murchisonet al, 2004).

A eficacia da técnica interferécia por RNA é trange e a degradacdo do mRNA alvo
inicia-se imediatamente ap0s a entrada do dsRNAcébala;organismo. No entanto, o
decréscimo na quantidade de proteina dependerastdailielade da proteina-alvo, do
organismo no qual a técnica esta sendo empregadfgrma de distribuicdo do RNA de
dupla fita e da sequéncia utilizada para a sirdes#gsRNA/siRNA. Sabe-se que a eficiéncia
do siRNA dependera de sua estabilidade termodiramiacessibilidade para ligar-se ao
transcrito alvo. Existem varias formas de utilizagh técnica de RNAI: o silenciamento
pode ser disparado através da utilizacdo de lodgRbIAS, de siRNA (modificados ou n&o),
ou de vetores transcrevensloort hairpinRNA (shRNA). Finalmente, a técnica de RNAI é
caracterizada, na maioria das vezes, por apenatearascimo na quantidade de transcritos,

por isso o nome dado ao efeito keockdowre ndoknockout(revisado por Kurreck, 2009).

1.4.2. Interferéncia por RNAiI em parasitas

Apesar da técnica de RNAI estar sendo aplicada saguistossomas desde 2003
(Boyle et at 2003; Skellyet at 2003), muitos mecanismos intrinsecos a estanfiemea
continuam por ser desvendados neste organismofiadeka e impondo barreiras a sua
utilizacdo em helmintos parasitas (Gelledfal, 2007). Acreditamos que por esta razao, até
hoje, apenas um reduzido niamero de genes forantisittbs en. mansonéxplorando esta
nova técnica. Na sua grande maioria, esta ferramfatutilizada no silenciamento das
Catepsinas e genes relacionados a esta familieotinas, ou seja, focando na elucidacao de
proteinas relacionadas a digestdo de hemoglobilea parasitas e abrangendo tipicamente
vermes adultos como alvos (Ske#y al, 2003; Correntet al, 2005; Krautz-Peterson &
Skelly, 2008; Moralest al 2008) e em alguns poucos trabalhos, a técnicRNi&i foi
utilizada em vermes adultos e ovos do parasita destificacdo funcional de genes
individuais (Nabharet al, 2007, Pereirat al, 2008, Rinaldet al, 2009). Apenas trés genes
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foram silenciados na fase larval deste parasiteP@iA transportador de glicose SGTP1 e o
receptor tiposcavengeSR) para ligacdo de LDL modificaddenominado SmSRB (Boyle
et al, 2003; Correntet al, 2005; Dinguirard & Yoshino, 2006).
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Processamento
do dsRNA

Desenovelamento
do siRNA

Recrutamento da RISC
nara 0 mRNA alv

Clivagem do
mRNA alvo

) S

Silenciamento
sequéncia especifica

Figura 4: llustracdo do mecanismo de RNAI por diferentes vias dsRNA,
SiRNA e mMiRNA. Modificado de
http://www.gghjournal.com/volume21/1/ab04.cfm.

L 4

L 4

Marina de Moraes Mouréo 25



Silenciamento génico por interferéncia de RNA (RNAi ) de transcritos de Schi st osoma mansoni

Em C. elegans o silenciamento génico por RNAIi tem revolucionaaldiologia
experimental, sendo aplicado até mesmo em escal@myea para caracterizacdo de seus
genes (Lenz, 2005). Como recentemente discutido,Gehof e colaboradores, 2007, o
mesmo ndo vem acontecendo em parasitos helminfpssaf das publicacdes utilizando
RNAI nestes organismos concluirem que esta tégudaria ser muito util se aplicada em
larga escala, estudos recentes com um numero grd@dgenes mostraram uma nao
reprodutibilidade entre experimentos. Entre onzeegealvos testados, apenas dois foram
silenciados no nematédedlaemonchus contortugGelhof et al., 2006). E altamente
discutivel como a técnica tem sido utilizada eteela pela comunidade cientifica. Muitas das
publicacdes nesta area apenas demonstram um iefiifeeto do silenciamento nos niveis de
proteina ou atividade enzimatica, outras relatamsilemciamento inespecifico também nos
controles e algumas reportam que os métodos dedugio do dsRNA nas células muitas
vezes levam os organismos tratados a morte. Alémals, ha indicacdes de que apenas 0s
genes alvo onde foi obtido um silenciamento efetoram divulgados. No entanto, ndo se

sabe verdadeiramente quantos genes foram analigadbsada organismo em pauta.

Buscando achar respostas para muitas destas qgas8te trabalho 33 genes foram
selecionados para silenciamento utilizando RNAiitbudestes foram escolhidos baseado
em sua super expressao génica diferencial na tasspgbrocistos d8. mansoniutilizando
um banco de dados de SAGE (OrganismDB) (Williaghsal.,, 2007). Dentre os alvos
selecionados estdo moléculas envolvidas em viasimmizacdo intracelular (Smads e
proteinas que se ligam a célcio), possiveis fatdeesranscricdoZinc Finger$, enzimas
metabdlicas classicas, entre outras que apresemtaaievado nivel de transcritos nesta fase
larval do parasito. Outra parte das moléculas meladas sdo enzimas envolvidas em
protecdo do organismo contra danos oxidativos.

1.5 O papel das enzimas anti-oxidantes no parasif&a mansoni

Durante seu complexo ciclo de vidaSchistosomarive em ambientes diversos no
interior de seus hospedeiros, sobrevivem e se daelsem na presenca de ataques pelas
células do sistema de defesa destes hospedeimant®pé vital um efetivo mecanismo para
manutencdo do equilibrio redox celular, tendo estavdo seu papel-chave na inativacdo de

L 2

L 4

Marina de Moraes Mouréo 26



Silenciamento génico por interferéncia de RNA (RNAi ) de transcritos de Schi st osoma mansoni

espécies reativas de oxigénio geradas pela resiposte dos hospedeiros e em seu proprio

organismo aerdébico.

A penetracdo do miracidio no seu hospedeiro intéidne representa um periodo de
transicdo critico entre um estégio larval de vidaele um posterior confronto com um
ambiente hostil no interior do hospedeiro, onda@gita necessita estabelecer uma infeccéo
viavel (Bayneet al, 2001). Durante este periodo de transformacdayess deS. mansonse
encontram especialmente vulneraveis ao estresdatxi gerado no plasma (Bendsral,
2002), ou pelo oxigénio reativo (ROS) e espéciesniidgénio (RNS) resultantes das
respostas mediadas por hemocito8dglabrata(Hahnet al, 2000; 2001a; 2001b; Zelck &
Von Janowsky, 2004). Portanto, é vital que o ptagsdssua a capacidade de manter um

equilibrio redox para o sucesso da infec¢cdo nawga

Na maioria dos eucariotos existem duas principaisnds de detoxificacdo de
espécies reativas de oxigénio, através da tramsfaré&le espécies reativas a glutationa
(GSH), ou utilizando a pequena proteina tioredoxiomo espécie receptora (Kurdk al,
2007). Estudos recentes mostraram que esporod&td mansonipossuem numerosas
enzimas envolvidas no metabolismo de ROS e na ideto de produtos oxidativos
(Guillou et al, 2007; Rogeet al, 2008; Vermeire and Yoshino, 2007; Williartsal,, 2007;
Wu et al, 2008). Interessantemente, estes parasitas 380gya Catalase, a principal enzima
que neutraliza FD, em muitos organismos. Além disso, sua Glutatioes®dase (GPx)
pertence a uma classe que possui baixa reativictattea HO, (Sayed & Williams, 2004).
Atualmente, sabemos que este organismo tem uma dareazimas que provavelmente se

complementam no combate aos superoxidos, denae estio:

% Glutationa-S-Transferases (GST26 e GST28), que ftemgdo de neutralizar
potenciais danos de membrana através da utilizig@putationa reduzida (GSH)
por reacdes de detoxificacdo envolvendo conjugtoéides xenobidticos (Yasat
al., 2008) (Figura 5);

% Tiorredoxina Peroxidases (TPx 1 e TPx 2), estamleidas na manutencdo do
equilibrio redox, através da reducdo do peroxiddideogénio (HO,) usando a
tiorredoxina como doador de elétrons (Kwatiaal,; 2000). Os altos niveis de
atividade das enzimas TPx encontradas em verméssdeS. mansonparecem
indicar que estas sejam as principais contribuingesnanutencdo da atividade
antioxidante neste organismo (Sage@l, 2006) (Figura 6);
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Reacéo:

H-O, + Tiorredoxina reduzida => 2.8 + Tiorredoxina oxidada

Superoxido dismutases (SOD), sdo metaloenzimasnespeis pelo mecanismo
de defesa contra a toxicidade do oxigénio atrawesadalise da dismutacédo do
radical superoxido a oxigénio e peroxido de hidnigé&Sirmuda,et al, 1988)
(Figura 6);

Reacéo:
102 +102 +2H => O +H,0,

Glutationa peroxidase (GPx), enzima que metaboklz®, protegendo as
membranas de danos por peroxidacdo de fosfolipidastia et al, 2000;
Williams et al, 1992) (Figura 5 e 6);

Reacao:
HO,+ 2GSH => 2 kD + GSSG
(glutationa reduzida) (glutath oxidada)

Tiorredoxina Glutationa Redutase, enzima esseresgkcificamente presente em
S. mansone que parece assumir a funcdo das Glutationa &=l(GR) e das
Tiorredoxinas Redutase (Trx) existentes em mangferoomo ja dito
anteriormente, sendo esta responséavel pela redigdtissulfetos de glutationa
(GSSH) e de tiorredoxina. Esta foi identificada ocomais uma promissora
enzima candidata ao desenvolvimento de drogasaqtiistosomaoticas (Kunet
al., 2007) (Figura 6).

Reacéo:
Ex: Glutationa Redutase (GR)
2GSSG + NADPH + H=> NADP + 2GSH

(glutationa oxidada) (glutationa reduzida)

O conhecimento deste sistema redox, potencialntera nos guiar a promissores

candidatos ao desenvolvimento de quimioterapicosmportancia destas proteinas com

func&o anti-oxidante no parasita foi recentemesdealtada por Kuntz e colaboradores, 2007.
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Estudos anteriores demonstraram que esporocistBs mansonsdo muito sensiveis
a toxicidade do peroxido de hidrogénio (Hadtnal, 2001) e que a exposic#o vitro de
esporocistos a #,, dispara a superexpressdo dos genes que codificgrinas envolvidas
no combate a oxidacdo (Zelck & Von Janowsky, 200&kmeire & Yoshino, 2007). Estes
dados corroboram com a hipotese de que esporoc&tosapazes de reagir contra o dano
causado pelas espécies reativas de oxigénio amavatividade de um sistema anti-oxidante
endoégeno (Bayneet al, 2001). No entanto, até hoje, um sistema capazodebater e
proteger esporocistos de ROS produzido externamaiméa ndo foi demonstrado. Devido
ao exposto, selecionamos algumas destas enzimaR{&ST28, TPx1, TPx2, SOD e
GPx) para serem silenciadas e possivelmente demvesdconsequéncias da mudanca na
expressdo destes genes e especialmente as fuxgieslas por estes na relagdo parasito-
hospedeiro intermediério.
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) de transcritos de

Schi st osoma mansoni

0
| o
HooC N L-Glutationa reduzida
2 H (GSH) Xenabiolicos (X)
HS
H, COOH
. = Glutationa-S-Tranferase
NADP* Glutationa Glutationa H202
redutase mse g_x
(GR) (GSH-Px) \/\/Ti L
NADPH + H* NH, N NH_-COOH
- o A COOH 0
0 Glutationa-S-Conjugada
Hoow N Z" | L-Gutationa oxidada
H (GSSG)
~
H2 COOH
- wg

Figura 5: Interconversdo de glutationa nas suas formas reduta (GSH), oxidada (GSSG) e

conjugada (GSX) pela acdo das enzimas glutationadetase, glutationa peroxidase e glutationa-S-

transferase(modificado de Rover Janiet al, 2001).
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¢ O2+HO
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Cu+ 2]
Cu+‘.‘
‘: 'l ” . Trx
~Ho® -

Figura 6: Esquema das reacdes e das respectivasieras (em azul) envolvidas na transformacéo
das espécies reativas de oxigéniBOD- superoxido dismutase, TPx- Tiorredoxina pelase, GPx-
glutationa peroxidase, TGR- Tiorredoxina Glutatioedutase, enzima especifica®lemansoni GSH

e GSSG, glutationa nas formas reduzidas e oxidaelssectivamente. A enzima catalase nao existe em

S. mansonfModificado de Barbosat al, 2006).

L 4

L 2

31

Marina de Moraes Mouréo



L 2

Silenciamento génico por interferéncia de RNA (RNAi ) de transcritos de Schi st osoma mansoni

2- Objetivos

Silenciamento génico utilizando a técnica de ietérficia por RNA para estudo funcional de

33 genes alvos e®chistosoma mansoni.

2.1 - Objetivos especificos

% Padronizacgéao e aperfeicoamento da técnica de RalAipfase de esporocisto.

+ Silenciamento de 33 genes alvos (e 34 tratamen#&bstionados de acordo com seu
nivel de expressdo aumentado nos esporocistoslagdio a outras fases do ciclo de

vida do organismo.

+« Estudo funcional do mecanismo de defes&dmansoncontra o estresse oxidativo
através do silenciamento dos transcritos de enzam@oxidantes do parasita, para a
investigacdo de sua importancia na relacéo parasgpedeiro.
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3-Materiais e Métodos

3.1 Parasitos

Parasitass. mansonda cepa NMRI foram usados em todos os experimeRigados
de camundongos infectados por 7-8 semanas foramidod e homogeneizados em solugéo
salina 1,2% com estreptomicina 50ug/ml e peniciéBgg/ml. Ovos de parasitas eclodiram
em agua salind&®ond watey (66,7uM CaC@ 7,9uM MgCQ 11,4uM NacCl, 1,8uM KCI )
contendo penicilina e estreptomicina preparada aboratorio. Miracidios foram deixados
por 20 minutos em gelo para diminuicdo de mobikdaddecantacdo dos parasitos. Estes
foram lavados em agua salina e centrifugados a f@@@or 2 minutos a 4°C. Este processo

foi repetido duas vezes.

A transformacdo de miracidios em esporocistos euoim vitro cultivando os
miracidios em solucdo salina balanceada ChernirGSCENaCl 47,9 mM, KCI 2 mM,
NaHPQO, 0,5 mM, MgSQ 1,8 mM, CaCl 3,6 mM e NaHC®0,6 mM), suplementado com 1
g/L de glicose e trealose (CBSS+), pH 7,2 (Cherb@§3). Foram adicionados 60 pg/ml de
penicilina e 50ug/ml de streptomicina. CBSS+ migget composicdo salina da hemolinfa
do hospedeiro intermediario d8. mansoni Biomphalaria glabrata no qual 90% dos
miracidios perdem placas ciliares e se tornam esbos primarios desenvolvidos dentro de
48 horas de cultivo (lvanchenksd al, 1999; Yoshino & Laursen, 1995).

Na tentativa de observar longevidade da culturtadea e fenotipos na segunda
geracao, foi adicionado nas culturas de esporacisieio Bge suplementado com 10% de
soro fetal bovino inativado por aquecimento (Sigreapntibidticos como descrito por
Yoshino & Laursen, 1995. Células do hospedeironforanantidas rotineiramente no meio
Bge a 26°C. Sobrenadante com produtos secretados das cétukas adicionados nas

culturas.
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3.2 Genes alvos

Na triagem utilizando a técnica de interferéncia RNA foram escolhidos 33 genes
alvos deS. mansonpara serem silenciados. Estes foram, em sua maéstolhidos baseado
em sua aparente expressdo diferencial nas fasewirdeidios e esporocistos, quando
comparados com vermes adultos. Para isto, foizatib o banco de dados de SAGE
OrganismDB (Williamset al, 2007), procurando por perfis de expresséao gétifeaencial
nas fases larvais, principalmente em esporocisto

(http://gmod.mbl.edu/perl/site/s_mansonje€is genes selecionados foram:

Calcineurina B (GeneBank Acc. No. AJ276885.1),

Lactato Desidrogenase (GeneBank Acc. No. U87629.1.)

Smad4 (GeneBank Acc. No. AY371484.1.),

Smad2 (GeneBank Acc. No. AF232025.1),

Smadl (GeneBank Acc. No. AF215933.1),

Glutationa-S-Transferase 26 (GeneBank Acc. No. N243D),
Glutationa-S-Transferase 28 (GeneBank Acc. No. 84115,

14.3.3 (GeneBank Acc. No. U24281.1),

Scmeg (receptor de fator de crescimento epiderf@aheBank Acc. No. M86399.1),
Fosfoenolpiruvato Carboxiquinase (PepcK) (GeneB¥rik No. AF120929.1),
Calpaina (GeneBank Acc. No. M74233.1),

Putativa Proteina Ligadora de Hexamero (HEXBP)

Putativa Fibrilarina

Fator de Elongacaaml(GeneBank Acc. No. Y08487.1),

RHO 1 GTPase (GeneBank Acc. No. AY158212.1),

RHO 2 GTPase (GeneBank Acc. No. AY158214.1),

Calcio ATPase 2 (SMA2) (GeneBank Acc. No. AF0744(0.

SPO1 (GeneBank Acc. No. AF109181),
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PKC B (GeneBank Acc. No. AY337620.1),

PKC receptor (GeneBank Acc. No. AF422164.1),

Putativo Dominio Zinc Finger DHHC,

Miosina-cadeia leve (GeneBank Acc. No. AF071011.1),

Calreticulina (GeneBank Acc. No. L24159.1),

Canal de calcio ativado por alta voltagem (CavZzgrieBank Acc. No. AF361883.),

Canal de calcio ativado por alta voltagem suburgédasta 2 (Calcium Channel) (GeneBank
Acc. No. AY277532.1),

Glicoproteina K 5 (GeneBank Acc. No. AY903301.1)

Zinc Finger 1 (SmZF1) (GeneBank Acc. No. AF316827.1

Ring Box (SmRbx) (GeneBank Acc. No. DQ466078.1.),
Glutationa Peroxidase (GeneBank Acc. No. M86510.1)
Tiorredoxina Peroxidase 1 (TPx-1) (GeneBank Acc. Ale121199.1)
Tiorredoxina Peroxidase 2 (TPx-2) (GeneBank Acc. Ale157561.1)
Superoxido Dismutase (SOD) (GeneBank Acc. No. M®7bp
Calmodulinal

As descricOes destes genes se encontram a seguir:

+ Calcineurina B (GeneBank Acc. No. AJ276885.1) é ymrwdeina fosfatase também
conhecida como proteina fosfatase 2B, estimuladaQad’ e pela Calmodulina,
sendo responsavel por ativar a transcricdo delent@na 2, que estimula o

crescimento e diferenciacao de células T. @tial,1999).

% Lactato Desidrogenase (LD) (GeneBank Acc. No. U87B2. Sabe-se que estagios
do parasita dependem largamente de energia do olistab anaerdbico. Além disso,
enzimas glicoliticas sdo essenciais e sado vistaw qmtenciais alvos para ataques
guimioterapicos. Lactato Desidrogenase €naima que catalisa a interconversao de
piruvato a lactato com concomitante interconved@®NADH e NAD. Esta enzima é
reportada como sendo o possivel alvo de drogasesgtiistossomaoticas, como
Pranziquantel (Let al, 2006)
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Smad 4 (GeneBank Acc. No. AY371484.1.). Liga-s&/BABs reguladas por receptor
(SMAD1 e SMAD?2), facilitando a translocacao do céemp heterodimérico para o
nacleo, onde este se liga a promotores e interageativadores transcricionais. Esta
envolvida em muitas fungdes celulares como, difgegdo, apoptose, gastrulacéo,
desenvolvimento embrionario e ciclo celular. E u@aSmad (Whitman, 1998;
Attisano & Wrana, 2000).

Smad 2 (GeneBank Acc. No. AF232025.1). Esta pratparticipa da transmissao de
sinais extracelulares para o nucleo celular adwnda ligagcdo de fatores de
crescimento aos seus receptores, neste casof.T@mkando o0s receptores
extracelulares séo ativados, Smad 2 é fosforiladaseu motivo Serina-Serina-
Metionina-Serina, formando um complexo com Smadegte complexo, entédo, €
deslocado para o nucleo participando na regulagdexgressao génica (Whitman,
1998; Attisano & Wrana, 2000).

Smad 1 (GeneBank Acc. No. AF215933.1) Pertencefamdia SMAD de proteinas,
mas é ativada por receptores BMBoite Morphogenic Protejn O ligante induz
multidimerizagéo, autofosforilagdo e ativacdo deseptores, e estes, por sua vez,
fosforilam Smad 1, Smad 5 e Smad 8. As Smads fiteslas se ligam a co-Smad 4 e
translocam-se para o nucleo, estimulando transcri€dmo outros moduladores
desta familia, Smadl estd envolvida em sinalizacélular relacionada com

proliferagcéo, diferenciagao e apopt@®é¢hitman, 1998; Attisano & Wrana, 2000).

Glutationa-S-Transferase 26, Sm26 (GeneBank AccMI@624.1) e Glutationa-S-
Transferase 28, Sm28 (GeneBank Acc. No. S7158&stas pertencem a um grupo
de isoenzimas que catalisam a detoxificacdo pordigugacdo com moléculas
lipofilicas utilizando glutationa reduzida (GSH)MES. mansoniuma funcéo direta
encontrada para GSTs foi a de protecdo contradexiis GSTs parecem proteger a
superficie do parasita neutralizando danos em smhbmana decorrentes da resposta
imune do hospedeiro. Varios estudos demonstrarampartancia deste grupo de
proteinas como alvo para vacinas. Imunizacdo comZ&Srecombinante resulta em

diminuicdo de vermes e ovos 8ejaponicun{Bergquist, 1995; Gobeet al, 1998)
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14-3-3 (GeneBank Acc. No. U24281.1). S&o proteigas interagem com uma
infinidade de moléculas de sinalizacdo como qus)a$esfatases e receptores
transmembrana. No entanto, pouco € sabido sobass gderacfes. Sabe-se apenas
gue estas parecem estar envolvidas no controle iclo celular, crescimento,
diferenciacéo, sobrevivéncia, apoptose e migraefidar. Pertencem a uma familia
de proteinas altamente conservadas (Mhawech, 2B@&mbém mais um importante
alvo indicado para o desenvolvimento de vacinagra@squistossomose (Siles-Lucas
et al, 2007).

Scmeg- Homodloga ao Receptor do Fator de Crescimé&mtiolérmico - SER
(GeneBank Acc. No. M86399.1). Scmeg € capaz de fzfosforilacdo e parece
participar na transducao de sinais em esquistossorafvez esteja relacionada com o
desenvolvimento muscular. Foi mostrado que esteptec € ativado por fator de
crescimento epidérmico e é um importante fator if@rehciacdo de esporocistos
(Vicogneet al, 2004).

Fosfoenolpiruvato Carboxiquinase (PepcK) (GeneBa#idc. No. AF120929.1).

Enzima que catalisa a conversdo do oxaloacetatdRe aAfosfoenolpiruvato, CO2 e
ADP. E encontrada na forma citosolica e mitocondiénayath e colaboradores
(2006) descreveram em esquistossomas um proceasmdh gliceroneogénese, no
qual glicerol é produzido a partir de precursoresn@ glutamina. PEPCK é
massivamente expressa nos estagios larvais eibi@reduz o efeito da glutamina
no crescimento dos parasitos, sugerindo uma impoéaado glicerol formado,

mediado por PECK, na adaptacéo destes helmintamba@nte osmotico e energético

do hospedeiro.

Calpaina (GeneBank Acc. NdM74233.1). Pertencente a familia de proteinas @alci
dependente. E uma cisteina protease, expressa auggie na maioria dos
organismos. Ativa proteina quinase C (PKC) e esidleida em degradacdo do
citoesqueleto. Calpaina, em esquistossomas, ptaleegsolvida na sinalizacao para
o turnover da membrana e tem sido intensamente estudada alwm@ara vacinas

anti-esquistossomoticas (Hota-Mitchetdlal, 1997).
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+ Proteina Putativa Ligante de Hexamero (HEXBP) (GisjaDB: Tag 623). Proteina
dedo de zinco com motivo CCHC, que se liga a herdsraie DNA.

« Putativa Fibrilarina (SchistoDB: Smp_044280.1). eEgtroduto génico € um
componente de uma pequena ribonucleoproteina rnacl¢genRNP) que parece
participar no processamento de RNA pre-ribossofal.demonstrado por Amim e
colaboradores (2007) que seu silenciamento em asélhleLa interferia com a
proliferacdo e crescimento celular, podendo estavoleida com biossintese

ribossomal.

< Fator Elongacio dl (EFln) (GeneBank Acc. No. Y08487.1). E um componente
essencial do aparato de traducéo eucaridtico epuot@ina ligante a GTP que catalisa

a ligacao dos aminoacil-tRNAs no ribossomo (Tatstkal, 1992).

<+ RHO 1 GTPase (GeneBank Acc. No. AY158212.1). Peeete a familia das RHO
GTPases pequenas envolvidas em transducdo de, sjnaisegulam o citoesqueleto
de actina. Estdo envolvidas em uma ampla variededéuncdes celulares como
polarizacéo celular, reorganizacdo de citoesquedetnigracdo celular. Estas estéo
inativas quando ligadas a GDP (Spereteal.,2001; Hoffmanret al, 2001). Apesar
de RHO deS. mansonapresentar alto grau de similaridade com seusgogd® em
diferentes espécies, pequenas diferencas na su#Ens#y podem determinar

interacOes e regulacdes diferenciais no parasgaiéhet al, 2006).

% RHO 2 GTPase (GeneBank Acc. No. AY158214.1). Apreséuncdes similares as
funcdes descritas previamente para RHO 1.

+ Calcio ATPase 2 (SMA2) (GeneBank Acc. No. AF074400lsoforma da bomba de
célcio ATPase 2+ que preenche o reticulo sarcogiassoncom calcio, utilizando a
energia proveniente da quebra de ATP. O calcio éssario para manter a
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homeostase e mobilidade celulares e para a sigatizaté hoje foram caracterizadas
trés SMAs enSchistosomaDa'dareet al, 2001; Talleet al, 1998).

SPOl1 (GeneBank Acc. No. AF109181). Gene também atamSml6,
preferencialmente expresso em estagios larvaisadasio. Parece fazer parte do
mecanismo de imunorregulacdo na interacdo paftasspedeiro (Rao &

Ramaswamy, 2000).

PKCB (GeneBank Acc. No. AY337620.1). Bahia e colaboragdd2006) mostraram

gue miracidios e esporocistos apresentam os maidress de mRNA e de proteina
de PK@, respectivamente. Essa proteina, dependente e, @&htivada pela quebra
de fosfatidil-inositol 4,5-bisfosfato pela fosfalipe C, gerando DAG e IP3. DAG se
liga em um dos dominios da proteina aumentandoaBnmade por fosfolipidios,

liberando seu dominio catalitico e possibilitandtaede fosforilar seus substratos,
desencadeando uma série de sinais que controlamnais diversos processos

celulares.

Receptor de PKC (GeneBank Acc. No. AF422164.1). $a&wmeros que s&o
estimulados por uma grande gama de ligantes, fazasgim, trans-autofosforilacéo e
sendo responsaveis por ativacdo de diversas casimtaansducdo de sinais. (Bahia
et al, 2006)

Putativo Zinc Finger com Dominio DHHC (DHHC) (SchistoDB: Smp_179300.3).
S&o proteinas altamente conservadas, que possudms de zinco com dominios
ricos em cisteina. Parecem transferir o lipideonpgato para diferentes proteinas,

estando envolvidas com espermatogénes€ eslegangGleasoret al, 2006).

Miosina-cadeia leve (GeneBank Acc. No. AF071011Pgrte da proteina miosina
responsavel pela mobilidade baseada em actinasptvetie vesicular e contracao

vacuolar.
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Calreticulina (GeneBank Acc. No. L24159.1). Muifamcdes tém sido designadas
para esta proteina. Esta € uma conhecida protgaretd de calcio, participando na
manutencdo da homeostase celular. Além disso, @ge chaperona, se ligando a
proteinas erroneamente enoveladas e prevenindoel@ise sejam exportadas do
reticulo endoplasmatico para o complexo de golgi.tabém uma lectina
extracelular, entre muitas outras fung¢des. Difieifite uma Unica proteina

desempenha tamanha complexidade de fun¢des (Cop@gobedhar, 1998).

Canal de calcio ativado por alta voltagem, subutedalfa (Cav2A) (GeneBank Acc.
No. AF361883.). Canais de calcio contribuem pacpagacao de impulso em células
excitaveis e regulam os niveis de calcio intraeeluSao proteinas de membrana

heterodiméricas e esta subunidade é a unidade dorado poro (Kohn, 2001).

Canal de calcio ativado por alta voltagem, subutgdaeta 2 (GeneBank Acc. No.
AY277532.1). A subunidade beta do canal de calcimaduladora da unidade

formadora do poro, a subunidade alfa (Kohn, 2001).

Outros genes foram inseridos na triagem de acoodo mteresses especificos dos

laboratérios envolvidos. Os produtos protéicos demes descritos a seguir estdo sendo

caracterizados por n0Sso grupo:

% Glicoproteina K5 (GeneBank Acc. N&\Y903301.1). E uma glicoproteina secretada

do ovo deS. mansoniAcredita-se ser um alvo potencial para imunodiatoo
(Hamiltonet al,, 1999).

% Zinc Finger 1 (SmZF1) (GeneBank Acc. No. AF316827.Em 2004, Calzavara-

Silva e colaboradores demonstraram que SmZF1 (uotaipa contendo trés dedos
de zinco) liga-se ao DNA de maneira especificaa Bsiteina também foi capaz de se

ligar ao RNA, mas com uma afinidade aproximadamebfe vezes menor.
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Posteriormente, SmZF1 foi visualizada e detectagiacipalmente no nudcleo de
células do parasita. Em ensaios de ativacdo de&sdw génica foi demonstrado que
SmZF1 é capaz de duplicar a expressao do gene aglitica para luciferase em
células COS-7 (Calzavara-Silv al, manuscrito em preparagdo). Tais resultados
sugerem fortemente que SmZF1 possa atuar como tomn da transcricdo ers.

mansoni.

% SmRing Box (SmRbx) (GeneBank Acc. No. DQ466078.3gntos e colaboradores
(2007) demonstraram que esta protein§.dmansoninterage com a proteina culina 1
de levedura e complementa a funcdo deste gene\adulas nocauteadas para o
ortdlogo de SmRbx. Esta é, provavelmente, parteirdecomplexo que catalisa a
ubiquitinacdo de proteinas e as direciona paraadegéo pelo proteassomo 26S.

+ Glutationa Peroxidase (GPx) (GeneBank Acc. No. M®&65). GPx € uma enzima
gue protege estruturas celulares contra danos towada Esta proteina catalisa a
reducdo do nivel de peréxido de hidrogénio, mamtenchembrana celular e o0 DNA
integros. Funciona em tetrameros, onde cada uregsamm atomo de selénio. A
atividade de GPx em S. mansoniaumenta significantemente nas fases intra-
hospedeiros e é positivamente correlacionada atéasia a antioxidantes (Williams
et al, 1991). Esta enzima é outro possivel alvo padesenvolvimento de vacinas

anti-esquistossomaoticas.

% Tiorredoxina Peroxidase 1 (TPx-1) (GeneBank Acc. Al6121199.1) e Tiorredoxina
Peroxidase 2 (TPx-2) (GeneBank Acc. No. AF157561Ehzimas envolvidas no
balanceamento e sinalizacdo redox, afetando fteféo protéica, regulacéo
transcricional e apoptose. Esta enzima tem a mu@de de utilizar tiorredoxina
como doador de elétrons (Kwat& al, 2000). EmS. mansonia tiorredoxina &
mantida no seu estado reduzido através da enzipendente NADPH, Trx-GSH
redutase (TGR) (Sayed & Williams, 2004).
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% Superoxido Dismutase (SOD) (GeneBank Acc. No. M®7B2 E uma
metaloprotease que catalisa a conversao de daisaduperoxidos a peroxido de
hidrogénio e oxigénio molecular, como defesa cordratoxicidade do anion
superoéxido. SOD pode ocorrer em trés formas: @twss mitocondrial e extracelular
(Sirmudaet al, 1988). Foi testada como alvo para vacinacaooen@veu uma
reducao de 54% no numero de vermes (CGaak, 2004).

< Calmodulina 1 é conhecida por ativar uma série decgssos essenciais em
eucariotos, incluindo formacdo de microtibulos, resgio e metabolismo de

nucleotideos ciclicos (Thompsenhal., 1986).

Como controle inespecifico foi sintetizado dsRNANc600 pares de base para a
proteina fluorescente verde (GFP). Este foi angaltfo a partir do vetor pAcGFP (Clontech).
Moléculas de RNA dupla fita foram sintetizadas wgariniciadores gene-especificos
desenhados para conter a inser¢cdo do promotor da@hNmerase T7 em cada ponta 5,
como descrito por Clemens e colaboradores 200@sEstram, entdo, utilizados para
amplificar cada um dos genes por PCR (como desahtixo), utilizando como molde
bibliotecas de cDNA de esporocistos ou apenas, MAcBeste organismo (ja disponivel no
laborat6rio). Os iniciadores foram desenhados pamaplificar fragmentos de
aproximadamente 500 pares de bases, com excet¢é@mseritos menores.

As sequéncias dos iniciadores utilizados estaaittesabaixo (Tabela 1) e as reacdes
de amplificacdo foram feitas da seguinte forma:chufiou-se [l de cada iniciador por
reacdo de PCR (concentracdo estoque 10pmol/uj)] 86 cDNA ou 3ul de biblioteca de
cDNA de esporocistos, 15ul de PCR Master Mix 2xi¥ga), num volume total de 30ul de
reacdo. Os moldes foram desnaturados a 96°C panlBas e posteriormente realizados 40
ciclos de amplificacdo, da seguinte forma: - Das@gfo a 96°C por 30 segundos,
anelamento dos iniciadores a 52°C por 45 seguedadgensao a 72°C por 45 segundos. Para
a otimizacdo e amplificacdo de alguns transcritosagdo foi modificada com a adicéo de
0,4ul de GoTaq DNA polimerase (Promega) e modiieaghas temperaturas de anelamento.
Ao final dos ciclos, os produtos foram estendidaisominutos a 72°C.
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Tabela 1: Sequéncia dos iniciadores com cauda dogmotor T7, utilizados para a amplificacdo de transgtos e sintese de dsRNAs

Gene

Forward 5’-3’

Reverse 5'-3'

GFP-control

taatacgactcactatagggGTGCCCATCCTGGTCGAG

taatacgaetegggCCGTTCTTCTGCTTGTCGG

Smadl (gh: AF215933.1)

taatacgactcactatagggTTGGTTGGAAACAAGGAGACG

taatatopatatagggTTGCTGAGTCTGTCATCGGG

Smad2 (gh: AF232025.1)

taatacgactcactatagggTGACTTCAGTAGCTTATCAAGAACCTG

teactcactatagggTTTGTCGGCGATAATCAGCA

PKC Receptor (gb:
AF422164.1)

taatacgactcactatagggATGCTACCCAGCCGGATCTT

taatacgatatagggGTCCGTAATGTGTTGTGCGC

Calcineurina B (gb:
AJ276885.1)

taatacgactcactatagggAATTTGCGTTTAAAATATACGACATGG

taagactcactatagggCCGGGAGAGGAGAGACCTTG

RHO1(gh: AY158212)

taatacgactcactatagggTTGGAGATGGTGCATGCG

taatacgeitayggCGGCTCGAGTAGCTGCTACG

RHO2 (gb: AY158214.1)

taatacgactcactatagggTTATTCGTCGTGTACTTCATGCATTT

tagiactcactatagggCGAGAATATAACATTTAGCCGAACAA
A

Proteina Kinase C Beta
(PKCpB) (gb: AY337620.1)

taatacgactcactatagggT TGGATAAGTATATTGGTGTTAATTATT]
CACA

MaatacgactcactatagggT TGATGATCAAGTTAACGAGCAGATA

Smad4 —forward (gb:
AY371484.1)

taatacgactcactatagggTTGGATCAACAGGTCGGTGA

taataagatatagggTGTGCCAGGTAAAGATCCTGG

Canal de Célcio (gb:

taatacgactcactatagggATCAACTTCCAGATGCTTGTGAAC

tagericactatagggCCAACAGATGTAGGATTTATGCGA

2
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AY277532)

SCMEG (gh: M86399.1)

taatacgactcactatagggAAAGCCTGTCGTGTTTGGGA

taatacgatatagggAATATCACAACCGGCGTGAGA

14-3-3 (gb: U24281.1)

taatacgactcactatagggGGAAGCGAAATGAAAGCGG

taatacgaatttagggGTCACTGGCCCATAACGTCA

Calpaina (gb: M74233.1)

taatacgactcactatagggCACTGCAGATGGAGAATTTTGG

taatatgEctatagggTCGAATGTACTCGGAATAACAACATAT

Calreticulina (gh: L24159.1)

taatacgactcactatagggAATTTCACGGCGAATCACCTTA

taatatgactatagggGGACGTTCCCACTCACCATC

Smaz2 (gb: AF074400.1)

taatacgactcactatagggCACTTTATGCCATGGAGACTTATGTTA

teactcactatagggCCTTATATTCGAACACTCTTTCATGAA

Cav2a (gh: AF361883.1)

taatacgactcactatagggCAGATAAAAGCAGAAGAGGAATGGA

taatmctcactatagggAAACCGTTGGACTATCTCGTTGAT

Pepck (gb: AF120929.1)

taatacgactcactatagggCATGTGAATTGGTTCCGTTTAAATAA

taedactcactatagggATTAATGTCTACGAACAACAATGAAA
GAA

Fator de
(EF1a0) (gb: Y08487.1)

Elongacédo ol

taatacgactcactatagggGTTATTGATGCACCTGGGCA

taatacgatatagggT TGCAAGGGAATTCTGAGTGG

Cadeia leve de Miosina (g
AF071011.1)

G

aatacgactcactatagggCGAGCTTTCTTACTTAAATAACATCATG

AaatacgactcactatagggTCTTTTACTTGGAAGGACCAGCC

HEXBPzinc

taatacgactcactatagggACGTCCCGGTCATTATGCTC

taatacgatatagggCATAACCATGGCACTTATAGCACTG

DHHCzinc

taatacgactcactatagggGGAAAAGATTCAATGCCCAATTC

taat@acigactatagggGGAACAGCCAATGCTTGATGT

Lactato Desidrogenase

taatacgactcactatagggCCAACAGATATCGAGCCTCGTT

taatatgectatagggAGGTAAGGGCGACACCCAA
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(gh:U87629.1)

SmRing Box (gb:
DQ466078.1)

taatacgactcactatagggAAAGGTCTTCAGCGCGC

taatacgaicttagyg TTATCTGAACAGGTACAACCGTAAC

Fibrilarina

taatacgactcactatagggGCCAAAGGCAAAGAAGACTG

taatacgactatagggATGGATATAACGGCGTGACC

Glutationa-S-transferase 26
(SMGST26) (gb: M73624.1)

taatacgactcactatagggGTGTGGCGAAACGAAAAGTT

taatacgactiatagggCCAACCTTGTAGAGGCCATT

Glutationa peroxidase (GPx
(gb: M86510.1)

taatacgactcactatagggCCGTGGTCACGTTTGTCTAA

taatacgatatagggCAAATGGCAACCAATGAACA

Glutationa-S-transferase 28
(SMGST 28) (gb: S71584.1

taatacgactcactatagggATTGGCCAAAAATCAAACCA

taatacgactatagggTTTCCTGTCGACCCTTTCAG

Tiorredoxina Peroxidase 2
(TPx-2) (gb: AF157561.1)

taatacgactcactatagggCCTGCTCCTGATTTTGAAGG

taatacgatatagggCCAGTTCGCTGGACAAACTT

Tiorredoxina peroxidase
(TPx-1) (gb: AF121199.1)

taatacgactcactatagggCCTGCACCAGAATTCAAAGG

taataogaatitagggCTTCACCATGCTTCTCCACA

Superoxido Dismutase (SOL
(gb: M27529.1)

DipatacgactcactatagggTTTGATCCGGCTATTGCTTC

taatacgatatagggTGGTACGTCCAACAAAAATCA

SPO1 (gb: AF109180.1)

taatacgactcactatagggTCTTCCAGTAAAATGAAAGTGACG

tagjactcactatagggTTTTCATCAATCTTTATTATTTGCTCA
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Calmodulina 1

taatacgactcactatagggATGGCTGATCAGTTGACCGA

taatacgatatagggAGGGTTGGGAAGGAGCACCCCC

K5 (gb:AY903301.1)

taatacgactcactatagggCCTTCTAATAAACGGAGTCACTTTACTC

btaatacgactcactatagggAACCATCGAATTGTCATCAAATCTAA
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Apos amplificacdo, os produtos da reacdo de PCa&hrfaplicados em gel de
agarose 1% e purificados utilizando QIAquick Gelrgsation kit (Qiagen), segundo
instrugdes do fabricante. Visando confirmar a didielade dos produtos de PCR
obtidos, estes foram sequenciados no centro dediokogia (University of Wisconsin-
Madison) no aparelho Applied Biosystems 3730XL m#ted DNA analyzer (Applied
Biosystems), utilizando os mesmos iniciadores descanteriormente, na quantidade
final de 1pmol. Para a reacao de sequenciamentd G¢bproduto de PCR purificado
foi adicionado a 6ul de agua, 1pl de Bigdye (Applgiosystems) e 1,5ul de Bigdye
Buffer (Applied Biosystems). Os moldes foram degrados a 96°C por 3 minutos e
posteriormente realizados 35 ciclos de amplificad@oseguinte forma: - Desnaturacao
a 96°C por 10 segundos, anelamento dos inicia@db@8C por 15 segundos, e extensao
a 60°C por 2 minutos. Ao final dos ciclos, os ptoddoram estendidos por 7 minutos a
72°C. Para a precipitacdo foram adicionados aoduprs: 10ul de CleanSeq beads
(Agencourt Bioscience) e 80ul de etanol 80%. O®gutoram colocados em placa
magnética por 2-3 minutos e o liquido retirado. \@ste procedimento, 200ul de
etanol 80% foi adicionado e da mesma maneira detir@s tubos foram removidos da
placa magnética e adicionado 50l de agua. As se@$obtidas foram submetidas a
pesquisa de similaridade em bancos de dados usanflramentaBasic Local
Alignment Search Toofhttp://blast.ncbi.nlm.nih.gov/Blast.cgi), parantionacdo de

gue os produtos do sequenciamento se tratavameei@rdos genes escolhidos.

Os dsRNAs foram entdo sintetizados utilizando oTkit RiboMAX Express
RNAi (Promega) seguindo protocolo do fornecedor. gksostras foram deixadas
durante 16 horas a 37°C com o intuito de aumenteonaentracdo de dsRNA. Os
dsRNAs foram tratados com DNAse por 30 minutos & 3purificados com fenol-
cloroférmio e precipitados com isopropanol. Os ptod da reacdo foram dissolvidos
em agua tratada com dietilpirocarbonato (DEPC)tdPiesmente a sintese, os dsRNAs
foram aquecidos a 70°C e resfriados em temperaanmaiente para se anelar
corretamente em fita dupla. A densidade optica nm foi medida utilizando
Nanodrop Spectometer ND-1000 (Nanodrop) para e8tiemala concentracdo e a
integridade verificada em gel de agarose 1% naoatiesante. Os dsRNAs foram

armazenados a -20°C.
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3.3 - Exposicéo dos parasitos aos dsRNAs

Para o tratamento dos parasitos com dsRNA, solugéetendo 100 nM de
dsRNA foram preparadas em CBSS+ e adicionadas arag(Costar) de 96 (100ul) ou
24 (250ul) pocos. Os parasitas foram lavados cama dg lagoa estéril e, apos a ultima
lavagem, os miracidios decantados foram ressuspmddm CBSS+ contendo os
antibioticos penicilina 60ug/ml e estreptomicingug0nl e quantificados por contagem
em microscopio invertido. Foram adicionados apradamente 500 miracidios em
200u! de CBSS+ (volume final) por poco nas placas9€é pocos (primeira etapa-
observacdo de fenodtipos) e 7000 parasitos em SE@BSS+ nas placas de 24 pocos
(segunda etapa - quantificacdo dos transcritosP@R quantitativo). A concentragcao
final de dsRNA foi de 50 nM ap6s a adi¢do dos pamsCada amostra foi ensaiada em
duplicata. Ao quarto dia de incubacéo, mais 10nMisRNA foi adicionado em cada

pOGo.

Em geral, os parasitos foram cultivados por sets, diomo descrito por Boyé
al., 2003, pois este seria 0 tempo em que o silenomestaria maximizado nos
esporocistos. Apds sete dias de exposicdo aosngatas com dsRNAs, os parasitos
foram observados em microscopio invertido Nikonigsgd TE 300. Camera Nikon
(Nikon Corporation) e o software Metamorph versa® {Meta Imaging series,
Molecular Devices) foram utilizados para obtenc&ofatos e medidas de tamanho.
Estes também foram cultivados por um periodo m@iérdias) para a observacdo da
possibilidade de modificagbes nos esporocistosgrios, efeitos na sua transformacéo,

ou na progénie originaria de parasitos tratados.

3.4 - Captacéo de dsRNA pelos parasitas

Para observar e certificar que os RNAs dupla 8tavam sendo captados pelos
esporocistos, dsRNA para os genes Smad 4, GFPtath d2esidrogenase (LD) foram
marcados com rodamina, utilizando o kit Label ITX-Rhodamine labeling Kit
(Mirrus), de acordo com as especificacoes do fabtec ApoOs sete dias de exposicao

aos dsRNAs marcados, os parasitos foram obsenedagricroscopio invertido Nikon
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Eclipse TE 300 excitados com laser no comprimemtamnda 572nm. Camera Nikon
(Nikon Corporation) e o software Metamorph versa® {Meta Imaging series,
Molecular Devices) foram utilizados para obtencédatos e medidas de tamanho. O
namero de parasitas fluorescentes foi contado gada tratamento. Apos as medidas,
foram feitas as seguintes comparacgdes: (1) comptosalos esporocistos tratados com
dsRNAs (GFP, Smad4 e LD) marcados e ndo marca(@emprimento dos parasitos
tratados com dsRNA (Smad4 e LD) marcados comparadegarasitas tratados com
dsRNA-GFP marcado e Branco. A analise de signifieaestatistica foi feita utilizando
o teste de Mann-Whitney (Wilcoxon-Sum of Ranks, ,p5].

Testamos a absor¢cdo de dsRNA pelos esporocisicando o reagente de
transfeccdo GeneSilencer (Genlantis). Para istanfdeitas duas preparacoes: (A) 1pul
de reagente adicionado a 25ul de CBSS+; (B) 2,Bidildiente adicionado a 15ul de
CBSS+ e dsRNA 2 vezes concentrado. A preparacdm Bidubada por 5 minutos e,
entdo, misturada a preparacdo A e deixada incubpad®0 minutos. O reagente de
transfecgcéo contendo o dsRNA foi dividido em daiggs e o volume completado para

100ul. Este experimento foi repetido 3 vezes.

3.5 - Triagem de fendtipos

Na triagem dos fenotipos, procuramos observar ngagano tamanho e forma,
lise do tegumento e sobrevivéncia, perda ou aum@atmovimento, falha/atraso na
transformacéo dos parasitas e possivelmente, acdase individuos se transformando

em esporocisto primario ou progénie (esporocistarsg#ario).

A triagem foi conduzida em duas etapas: para unmaepa observacdo dos
possiveis fenétipos apds silenciamento, os pasafitam transformados e cultivados
em placas de 96 pocos. Todos os tratamentos fa#os £m duplicatas e os parasitos
observados e fotografados com camera Nikon (Nikorp@ation) todos os dias até o
sétimo dia, ou até o décimo quarto dia (especifezadm para a observacdo de
esporocistos primario ou progénie). As imagensdabtino sétimo dia foram medidas
utilizando o software Metamorph versao 7.0 (Metading series, Molecular Devices).
Os tamanhos dos esporocistos tratados foram codgsam parasitos tratados com

os controles GFP e Branco. Analises estatisticemmfdfeitas utilizando o teste de
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Mann-Whitney (Wilcoxon-Sum of Ranks, p<0,05:3), pois as amostras ndo exibiam
uma distribuicdo normal. Posteriormente, 0s paragitassaram a ser cultivados em

ndameros maiores e em placas de 24 pocos paraag@&xile RNA e proteinas.

3.6 - Estudo do silenciamento em nivel de transcég

Os niveis dos transcritos dos genes silenciadogsmsocistos foram avaliados
por Real Time PCR (g-PCR). Para o experimento dBR gQGantitativo os RNAs de
aproximadamente 7000 parasitos (por amostra) faratraidos com Trizol Reagent
(Invitrogen), segundo protocolo do fabricante. Atraxs foram ressuspendidas em 6l
de agua DEPC e tratadas com DNAse por 30 minuda@8@, utilizando o kit DNA Free
(Ambion), segundo manual do fabricante. Posteriatme a densidade Optica
0OD260/280 do RNA tratado foi medida utilizando Nadrop Spectometer ND-1000.

Para a sintese de cDNA, foram utilizadas as mesjnastidades de RNA total
de cada amostra dentro de um mesmo experiment@nhmto, haviam variacbes de
quantidade entre diferentes experimentos (~0,5p@e), Os cDNAs foram sintetizados
em um volume total de 20ul por reacdo usando oSKiperscript Il First-strand
Synthesis System RT-PCR (Invitrogen). Os produtwarh tratados com RNAse H e
incubados a 37° C por 20 minutos, apods a sintesdrdles das reacdes, com RNA das
amostras sem adicdo de transcriptase reversa fde#tos para observacdo de

contaminacgao das amostras com DNA gendmico.

Os iniciadores para amplificacdo dos transcriteanfodesenhados, sempre que
possivel, para as regides externas aquelas utibzad desenho dos iniciadores para
producdo dos dsRNAs, seja na por¢cao 5 ou 3’ dustmdto. Os amplicons possuiam,
em média, 100 pb. Os genes Gliceraldeido 3-foddasidrogenase (GAPDH) e alfa-
Tubulina foram utilizados como controle endégenomadizador. Para se estabelecer a
concentracdo em que os iniciadores seriam maiemigs na amplificacdo, 0s mesmos
foram testados em diferentes combinac¢fes de caacérs como mostrado na tabela 2

a seguir:
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Tabela 2: Concentracdes de iniciadores testadas para otimizag da reacao de g-

) de transcritos de

Schi st osoma nmansoni

PCR.

Iniciadores Iniciadores reverse concentracao (nM)

forward

concentracao

(M) 50 300 600 900
50 50/50 nM 50/300 NM | -m-memmemeee- 50/900 nM
300 300/50 nM 300/300 NM | —---m-memmmee- 300/90Mn
600 | e | e 600/600 NM | ----------m-----
900 900/50 nM 900/300 NM | —-m-m-memmme-- 900/90Mn

As concentracfes ideais encontradas foram de 6@An®DONM para todos os
pares de primers forward e reverse. As reacoesedeTRme PCR foram realizadas no
aparelho Applied Biosystems 7500 Real Time PCR edys(Applied Biosystems),
utilizando 12,5ul de SYBR GREEN PCR Master Mix (Apg Biosystems), 2,5ul de
cDNA (~0,5pg-1,5ug) e 10ul de iniciadores forwardegerso (240 nM e 360nM
concentracao final por reacéo), em um volume filea25u1 por reacdo, em placas de 96
pocos (96-Well Optical Reaction Plate, ABI PRISMpped Biosystems). Para a
analise dos niveis do transcrito de um determimgiee em estudo foram utilizadas as
seguintes amostras: cDNA de vermes tratados colNAs® gene em questdo, cDNA
de vermes tratados com dsRNA-GFP (controle 1) eAdbdl vermes tratados com um
dsRNA néo relacionado, correspondendo a um gengugrado parasita (controle 2).
Cada amplificagao foi feita em triplicata. Na mesteca de reacéo, triplicatas de todas
as amostras acima relacionadas foram amplificadas ioiciadores para os genes
GAPDH e alfa-Tubulina (controle para normalizac&o cada placa havia um controle
negativo (contendo todos os reagentes para aeideesDNA e para a amplificacao,
exceto 0 RNA) e controle de DNA gendmico das amss(onde todos os reagentes

foram adicionados, com excec¢ao da transcriptasFsa)

4
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Os resultados foram normalizados e os niveis deesgfio de cada gene em
parasitos silenciados foi comparado com o nivedxdgessao de transcritos do mesmo
gene em parasitas tratados com dsGFP (controlepx@arimentos de g-PCR foram
repetidos pelo menos trés vezeg3Npara cada tratamento de dsRNA. A significancia
dos resultados foi analisada pelo teste estatistidooxon-Sum of Ranks (Mann-
Whitney, significancia p<0,05) utilizando @sACTs obtidos, ou seja, a diferenca no
nivel de transcritos ap6s a normalizagéo dos dddsk & Schmittgen, 2001).

As sequéncias dos iniciadores utilizados para €Rg-Be encontram listados a

seguir (Tabela 3):
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Tabela 3: Seqiiéncia e posicao dos iniciadores wgidos nas reagdes de g-PCR

Genes Forward 5'-3' Posicaa Reverse 5'-3' Posicao
Alpha-tubulina CAAATGGGAAATGCTTGTTG 43 TGAACGAGTCATCACCACCT 148
GAPDH TCGTTGAGTCTACTGGAGTCTTTACG| 605 AATATGAGCCTGAGCTTTATCAATGG 670
Calcineurina B TTGCAAGGGTTATCGAGATTT 187 TTGGCTTCTTTCTCACCCTT 295
PKC B CTTGGATGTGGTTCAGATGG 327 TCACGTGGTGATAAAGTAACTGG 454
SmZF1 ACTTCTCTCAGAAATCCAGCCT 2 TGGAGAGGATTATACAATCTGGTT 98
SmRing Box GGCATCCCTCAGTGAGAATAA 55 TCCGGCAGATAGCACAATTA 158
Cadeia leve de Miosina CCGTGTCCTTCTTTCTATGTTG 2 AGGATTCATGGAATTGTGAAAA 100
SPO1 CCGAGTGAAAAAGACATGGA 50 TGACCGTTTTATTTCGTTGC 142
Glutationa-S-Transferase
(GST26) TCAAAGGCCTTGTACAACCA 52 CGTCATTGCGATCATACAAA 135
Smadl CCGGAAACAGTGGAACTTCT 54 CTTGATTGGGTTGAGTTTGG 155
Smad2 TTTAGCTGCCCTCCTAGCTC 726 TATACGCGTCAAGTGCATCA 832

2
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RHO2 CTTCTGTCCAAATGTTCCGA 316 ATTCCTGACGAACTTTGGCT 413
Fator de Elongacéo 1 A ATGGCGATGCAGCTAACATA 432 TCATATCTCGAACGGCAAAG 533
Lactato Desidrogenase CCACTTGAACTTGGTGACGAT 901 CATCAGCAACCATGAGTCGT 994
Tiorredoxina Peroxidase

(TPx-1) GTGAAGTGTGTCCGGTGAAC 19 CGGTGATCAATGAAGAACGA 108
Tiorredoxina Peroxidase

(TPx-2) TCTTTGAGAAACATGGCGAA 38 GAGAGAAGCAACAGGATCAGG 120
Glutationa-S-Transferase

(GST-28) CTGGCAAGTATCCTGAGATCC 90 TCGTTACACCGAGCTTTCTG 219
Glutationa Peroxidase (GPX)TCTCGCTATATGACGATGGC 35 GCAATCAGGTGCACACAAA 113
Superoxido Dismutase

(SOD) GATCCGGCTATTGCTTCATT 106 CTGCCACGCTTCCATTAAC 202
PEPCK AAGTTGGTCGAATTGGGTTC 250 GGCACATTTGGCACAGTATC 376
Fibrilarina AGAGAGGCGGGTTTAGAGGT 131 CTCGTGGTGTTCCTCTGTTG 241
Calpaina TCACTGGGTGGAAGTGCTTA 784 TCCAACAGAGCTGACCAGAA 894
14-3-3 TTCATATCGCCAAACTTGCT 56 CGTTCTTCGTTTCCTAAATTCC 158

2
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K5 TTGCGAAGCTCAGTCTCCTA 66 | TATTCGGACTCAACGCCATA 187
Cav2A AACATCACAGGGCAGGTTTA 346 | AAGGCACTAGCGCTTGGAT 436
Calmodulina 1b GCGATGGGACCATCACCACC | -eomememe AAGGAGCTGGGCACTGTGPA | -----------
Calmodulina 99 ATAGGAGATCATCGAGGCCTTC | --eeemem- CGAGGCTGACATCGACGTG | ------=-—--

2
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3.7 -Western Blot

Para verificar o decréscimo do nivel protéico emagtos silenciados com
dsRNA de GST26, EFd; TPx-1 e TPx-2 utilizamos anticorpos comerciaisipativeis
com as proteinas do organismo (GST(91G1) #2625MQ0D; e eEF1A #2551, 1:500;
Cell Signaling Technology), ou anticorpos monoclsergentilmente cedidos pelo Dr.
David Williams (TPx 1 e 2, 1:30) e fizem¥¥estern bloutilizando protocolo descrito
em Sambroolet at 1989, com modificagBes. As proteinas totais dagias tratados
com dsRNA foram extraidas utilizando Trizol Reag@mtitrogen), segundo protocolo
do fabricante. O precipitado de proteinas foi disdo em 20ul de solugdo tampéao
Protein Soluble Buffer (3M Ureia, 2% CHAPS, 40mMis)r As quantidades de
proteinas obtidas apdés cada extracdo foram dogsd3ot blot sendo que 1ul de
diluicbes seriadas (1:2) em PBS da proteina forgicamlas em membrana de
nitrocelulose 0,2um Trans-Blot Transfer Medium (Biad). Como padrdo, BSA
comercial (Pierce) foi aplicada na membrana nasatnacdes de 2ug/pl, 1ug/ul,
0,5ug/ul, 0,25pg/pl e 0,125ug/ul. A membrana foada com MemCod¥& Reversible
Protein Stain Kit for nitrocelulose membranes (TherScientific) e, posteriormente,

lavada com agua destilada.

Estabelecidas as concentracbes de proteina total calga amostra,
aproximadamente 8ug destas foram colocadas em ¢tadg&orrida 4x (Bio-Rad) e
fervidas por 10 minutos. A seguir, as amostrasnficsaparadas por SDS/PAGE 12,5%,
usando equipamento Mini-Protean Il (Bio-Rad). Copanlrdo de peso molecular foi
aplicado 7ul de Precision Plus Dual Color (Bio-Ra#ipos separacdo, as amostras
foram transferidas para membrana de nitrocelulossiptema semi-seco, Hoefer TE 70
semi-dry transfer unit (Amersham Biosciences). Reaasferéncia, papel Whatmann,
membrana e gel foram imersos em tampéao de transfar5mM Tris Base, 0,2M
Glicina, 20% Metanol, pH:8,5) e submetidos a etedwrtsferéncia a 100 mA por 1 hora
e 15 minutos. Posteriormente, a membrana foi cocaa MemCod&" Reversible
Protein Stain Kit for nitrocelulose membranes (Ther Scientific), para que
pudéssemos detectar se a transferéncia havia dz@atisfatoriamente e se tinhamos

guantidades similares de amostras em todos asetasiaA membrana foi descorada
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utilizando o mesmo kit que contém solugdes de desczEio e em seguida blogueada
com albumina 5% em TBS (2,429 Tris base, 8g Na&l7®) por 16 horas a 4°C.

A membrana, apos blogueio, foi incubada com ogamtos primarios e como
controle de concentragcdo das amostras e normalizag@m utilizados anticorpos anti-
alfa-Tubulina (05-829, Millipore) ou anti-GST26. Camnticorpos primarios foram
diluidos 1:1000 em tampéo de bloqueio e deixadosfdoras a 4°C. Apds extensiva
lavagem com TBS-T (2,429 Tris base, 8g NaCl, pH:@,6% Tween), as membranas
foram incubadas com anticorpos secundarios IgG ataewo anti-coelho ou anti-
camundongo, dependendo do anticorpo primario atibz conjugados com fosfatase
alcalina (diluido 1:10.000). A deteccdo colorimgrida imunoreatividade foi feita
usando 5-bromo-4-cloro-3-indolil fosfato (BCIP) irarazul tetrazolio (NBT), diluidos
em tampéo AP (0.1M Tris, 0.1M NaCl, 0.05M MgddH:9.5, filtrado).

3.8 — Imunolocalizacao

Utilizamos imunolocalizagdo para compararmos ogigide proteinas GST26,
TPx 1 e 2 e Fator de Elongacéaoif situem esporocistos silenciados para estes genes e
em parasitas controle. Para o experimento de inuworescéncia utilizamos o seguinte
protocolo, estabelecido laboratério do Dr. Yoshi@s. parasitas foram lavados 5 vezes
em CBSS+ (suplementado com penicilina e estreptoa)imas placas onde foram
cultivados, para retirada das placas ciliaresplae cells perdidas pelos miracidios
durante a transformacdo em esporocistos. Pardaitados foram transferidos para
tubos siliconizados e centrifugados por 2 minuto$680 rpm. O sobrenadante foi
retirado e 600ul de tampédo PT (Tampao T: 2% TrX&00 diluido em sPBS, Tampéo
P: 4% de paraformaldeido (PFA) estoque, combinddbgara uma concentracao final
de 2% PFA, 1% Triton-X100/sPBS) foi adicionado alacaamostra. Estas foram
incubadas por 5 minutos, sob agitacdo, em temparatmbiente. Os tubos foram
centrifugados a 1800 rpm por 2 minutos. O sobramadai entdo removido e 700ul de
tampé&o PT adicionado. As amostras foram incubaolathoras a 4°C, sob agitagao.

No segundo dia, os parasitas foram centrifugadd60®rpm por 2 minutos e
lavados por 5 vezes com PBS com intervalos de hOtos por lavagem; apds as quais,

foram centrifugados a 2000rpm por 2 minutos. Pmsteente a lavagem final, o

4

o
A 4

Marina de Moraes Mouréo 57



Silenciamento génico por interferéncia de RNA (RNAI ) de transcritos de Schi st osoma mansoni

sobrenadante foi retirado e 700ul de tampéo deublogadicionado (5% de soro de
carneiro, 0,02% de azida diluidos em PBS). Apoahkac por 20 minutos, as amostras
foram centrifugadas por 2 minutos a 1800 rpm, oewaante retirado e 1,2ml de
tampé&o de bloqueio adicionado. Os tubos foram, mewse, deixados por 16 horas a
4°C, sob agitacdo. Os parasitas foram centrifugadd$00 rpm por 2 minutos, 0
sobrenadante removido e 200ul de tampéo de blogueitendo anticorpos primarios
de GST26 (1:200), TPx 1 e 2 (1:30), BH1L:25) foi adicionado e incubado por 16
horas a 4°C, sob agitacao.

Novamente os parasitas foram centrifugados pom2itms a 1800 rpm. Lavados
com PBS por 5 vezes, com intervalos de 10 mingt@pos cada lavagem, estes foram
centrifugados por 2 minutos a 1800 rpm. Posteridttisna lavagem, os esporocistos
foram ressuspendidos em 600u! de Solucdo de Det€tg®dul de anticorpo conjugado
com Alexa Fluor 488, 3ul de faloidina e 3ul de DA 600ul de tamp&o de bloqueio).
As amostras foram incubadas em agitador a 4°C1@dnoras. No dia seguinte, os
esporocistos foram lavados por 5 vezes com PB&tefagados por 2 minutos a 3000
rom. ApOs a Uultima lavagem o liquido foi reduzidod@ul e 10ul da preparacéo
colocada em lamina de microscopio contendo um detanti-fade A laminula foi
colocada e a amostra vedada com esmalte e guaedadmbiente escuro. As amostras
foram analisadas em aumento de 60x e fotografamlasiaroscépio de sistema confocal
com base Nikon Eclipse TE2000 (Nikon) e sistematifotdn Bio-Rad Radiance 2100
MP Rainbow Confocal/Multiphoton System (Bio-Rad) laboratério W.M. Keck for

Biological Imaging da Universidade de Wisconsin-idad

3.9 - Avaliacdo do efeito do estresse oxidativo grarasitos silenciados

Para observarmos o efeito funcional do silenciamdetenzimas anti-oxidantes
nos parasitos silenciados para estes genes, expsiSes esporocistos a estresse

oxidativo adicionando peréxido de hidrogénio aoards cultura.

3.9.1 - Curva de sobrevivéncia na presenca de®h
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Primeiramente, fizemos uma curva de sobrevivénpaa estipularmos a
concentracao limite na qual esporocistos contn@meapazes de sobreviver. Para isso,
parasitas expostos a dsRNA-GFP (controle) foramcealos em placas de 96 pogos em
duplicatas para cada concentracdo de 4gua oxigéestdaa por 24h. Testamos 5mM,
100uM, 50uM, 25uM, 10uM e 5uM de peroxido de hiémg (Sigma) em cada poco,
em um volume final de 100ul de CBSS+. Foi estipnlgde a concentracdo de®i
limite para sobrevivéncia seria 50uM. Para quamtifnos os parasitas mortos antes de
serem expostos aB,, foi adicionado 5ug/ml de iodeto de propidio aoggs, que
cora apenas 0S esporocistos mortos. Ao microscogiqarasitas totais de todos os
pocos foram contados e, posteriormente, com o lagsecomprimento de onda de
572nm, os organismos mortos foram identificados antabilizados. Apenas

esporocistos totalmente corados eram contados oogaoismos mortos.

3.9.2 - Experimento de estresse oxidativo

Parasitas cultivados por oito dias em placas dedips foram lavados trés
vezes com CBSS+, para remocédo das placas cillaspsrocistos tratados com dsRNA
para GPx, GST26, GST28, TPx1/2, SOD e GFP (contfotam transferidos para placa
de 96 pocos em triplicatas. Para quantificarmoparssitas mortos antes de serem
expostos a bD,, foi adicionado 5ug/ml de iodeto de propidio aasgs. Ao
microscopio, 0s parasitas totais de todos os pfwyasn contados e, posteriormente,
com o laser no comprimento de onda de 572nm, oan@mos mortos foram
identificados e contabilizados. Esta contagem adica percentagem de parasitos
mortos por outra forma que ndo pela adicdo de pyoge hidrogénio. Apds a
contagem, peréxido de hidrogénio na concentrac&sOpd/ foi adicionado a dois dos
trés pocos contendo parasitos de cada tratameogopecos restantes foram mantidos
com CBSS+ (branco). A placa foi incubada a 26°C 4igr24h e 48h e os parasitas
mortos contados a cada um destes intervalos deotehmenas esporocistos totalmente

corados eram contabilizados como organismos mortos.

Para que fosse possivel estabelecer uma corredaé® estresse oxidativo e a
morte dos parasitas, subtraimos o numero de orgasisortos antes da exposi¢cao ao

peroxido de hidrogénio do numero total de espot@gipor po¢o, sendo o resultado, o
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numero total de organismos vivos antes da exposac&bO,. O numero inicial de
esporocistos mortos foi subtraido do nimero desggagamortos observados apds cada
contagem e a porcentagem de mortos calculada esmgdcelao numero total de
organismos Vvivos presentes inicialmente. Os regndtdoram analisados por Two-way
ANOVA e quando os resultados se mostraram sigtifics, aplicou-se a correcado de
Bonferroni, comparando-se cada tempo de analiseatlbimento com seus respectivos

tempos em esporocistos tratados com GFP (con{sag)ificancia p<0,05, N=6).

3.9.3 - Neutralizac&o do estresse oxidativo

Para nos certificarmos que era o peroxido de hé@mogo Unico fator oxidante
no meio, esporocistos tratados com dsRNA foram ®ga 100uM e 50uM de@; e
a mesma concentracdo dedd contendo 0,1%, 0,05%, 0,025%, 0,0125% de enzima
Catalase bovina (Sigma). As mesmas concentracfesnzima sem a presenca de
peroxido de hidrogénio foram utilizadas como cdetr&stabelecemos que 0,025% da
enzima catalase era a concentracdo ideal paradpat dos efeitos do peroxido de
hidrogénio. Os parasitas foram incubados a 26°@jcsa sua integridade observada
através da adicdo de 5ug/ml de iodeto de propidas erganismos fluorescentes
contados ap0s cada intervalo de tempo (0Oh, 4hg248h). A contagem foi feita como
explicado no item 3.9.2. A sobrevivéncia dos péaadioi comparada ap0s a exposi¢ao
a HO, nos tempos indicados. Os resultados foram anakspdoTwo-way ANOVA e
guando os resultados se mostraram significatiyag;oal-se a correcdo de Bonferroni,
comparando-se cada tempo de andlise do tratamentseus respectivos tempos em

esporocistos tratados com GFP (controle) (sigm@icip<0,05, N=6).

3.10 - Experimento utilizando hemadcitos deBiomphalaria glabrata -

Killing Assay

Com o objetivo de observarmos o efeito que os hi#asddeB. glabrata(cepa
susceptivel NMRI) teriam sobre esporocistos defiei® em enzimas anti-oxidantes,
expusemos parasitos silenciados para GPx, TPx18426& GST28, SOD e GFP
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(controle) a estas células. Nosso interesse feseneaso, avaliar o papel das enzimas

anti-oxidantes para protecdo do parasita ao atggestema de defesa do hospedeiro.

Para o experimento, esporocistos silenciados, dis apos transformacdao,
foram lavados com CBSS+ trés vezes para a remogfoplkdcas ciliares e 100ul,
contendo em média 150 parasitos, foram transfegdoguadruplicatas para laminas de
microscoépio contendo 16 pocos Culture\W&IChambered Covereglass for cell culture
(Molecular Probes/Grace Bio-Labs). Simultaneameaézoito caramujo8. glabrata
da cepa NMRI (susceptivel a infec¢do) foram detidfes com alcool 70%, e imersos
por trinta minutos em solucdo de agua de lagoaendot 25ug/ml anfotericina B,
60 g/ml penicilina e 50ug/ml estreptomicina, seguihthhn e colaboradores (2001).
Estes caramujos foram entdo secos e a hemolinigachtravés da massa cefalopodal,
segundo Sminia & Barendsen, (1978). A hemolinfadfhiida 1:1 em CBSS e colocada
em gelo por 15 minutos. Para a separacédo do plasmparte superior do liquido foi
transferida para microtubos siliconizados contebdjpl de agarose 0,1% previamente
solidificada ao fundo e 100ul de ficoll 5% diluidam iBge (24% Schneider's
Drosophila medium — Invitrogen, 0,5% hidrolisado enzimatice lkctoalbumina -
Sigma Aldrich, 7,2mM galactose). Os tubos forantrieigados a 20g por 17 minutos a
4°C. As células foram recuperadas, homogeneizagiasine Unico tubo e 0 mesmo
volume adicionado nos pogos da lamina contendospasa Os hemocitos foram
adicionados em dois pog¢os contendo parasitos gldwe para cada tratamento com um
volume final de 200ul. Como controle, nos outross dqw¢os de parasitas restantes,
apenas CBSS+ foi adicionado. Para que as célulaassentassem, estas foram
incubadas por uma hora a 26°C. 5ug de iodeto gddioofoi adicionado ao meio e os
parasitas inicialmente mortos foram contados enmas@®pio invertido com o laser no
comprimento de onda de 572nm. Contagens foransfaib&amente depois de 4 e 24
horas. Os resultados foram analisados por Studétd&t (Ttest, unicaudal “one tail”,
significancia p<0,05, N=4). Cada um dos tratamefdcsm comparados com parasitas
tratados com dsGFP (controle).
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4- Resultados e Discussao

A poderosa técnica de RNA interferéncia vem semdplamente utilizada para
gerar fenétipos de perda de fungcdo em uma variedadeganismos. Combinada com
informagdes de anotacdes funcionais de sequénoiggenoma, quase publicado, do
Schistosoma mansgmiNAI tem aberto novas portas para a caracterzdaduncao de
cada gene anotado no genoma. Um importante desgdia € a integracao de predicdes
génicas a informacéo funcional advinda de cada tgstado por RNAI, ou por outros
métodos de caracterizagdo (Fuchs & Boutros, 2006).

A triagem por RNAi em abrangéncia gendmica estpoditvel paraC. elegans
(Fraseret al, 2000; Sonnichest al, 2005) eD. melanogaste(Clemenset al, 2000),
onde muitas bibliotecas de RNAIi foram construidasap estudo fenotipico de quase
todos os genes. No entanto, muito ainda tem quengendido para o melhoramento da
técnica de RNAI em esquistossomas, ja que estalgica ferramenta de genética
reversa viavel neste parasita, sendo utilizada ceimopara o entendimento sobre
funcbes especificas de cada gene. No entanto, cdesorito por Geldhof e
colaboradores (2007), os artigos produzidos emsgudtiliza essa técnica em parasitas
helmintos carecem de evidéncias, tanto do efeitetalinos niveis dos transcritos,
guanto da demonstracdo da diminuicdo da quantidadaroteinas relativas aos alvos
silenciados. Também héa falta de controles que dstran a especificidade do
silenciamento, ou a sensibilidade da transfecc@onémero de parasitas silenciados.
Adicionalmente, os autores comentam sobre a falteeldtos sobre os insucessos com
essa técnica, ou quantos genes foram triados padabter um minimo de um gene

silenciado com sucesso.

Esse estudo foi desenvolvido visando: (1) um me#mendimento das funcoes
de alguns dos genes que tém expressdo aumentadaseaslarvais d&. mansoni,
iniciando um estudo em larga escala neste pard&itentender as peculiaridades da
técnica de interferéncia por RNA no parasito e aempder os motivos que torna a
técnica de RNAiI menos operacional neste parasi@ndp comparada a outros
organismos em que esta vem sendo amplamente ddi)izd) uma melhor compreenséao

do mecanismo de defesa & mansonicontra 0 estresse oxidativo através do

4

4

Marina de Moraes Mouréo 62



Silenciamento génico por interferéncia de RNA (RNAI ) de transcritos de Schi st osoma mansoni

silenciamento dos transcritos de enzimas anti-ox@fado parasita para a investigacao

de sua importancia na relacao parasito-hospedeiro.

4.1 Escolha dos genes alvos

Na triagem utilizando a técnica de interferéncia RbA foram escolhidos 33
genes alvos d8. mansonpara serem silenciados. Além dos tratamentos RINA
para Tiorredoxina peroxidase 1 e 2 terem sido geimalividualmente, esses dsRNAs
foram combinados em um dos tratamentos, origin&ddtvatamentos. Na sua maioria,
os genes do parasito foram escolhidos baseado arapsuwente expressao diferencial
nas fases de miracidios e esporocistos, quandoaradgp com outras fases do verme,
ao analisarmos resultados de SAGE (Williaghsl., 2007). Um exemplo de perfil de
expressdo génica diferencial encontrado no bandades de SAGE OrganismDB esta

demonstrado abaixo (Figura 7).

Genes analisados neste trabalho, de acordo com missesse especifico em
sua caracterizacdo, foram: Glicoproteina K5, Zinogér 1 (SmZF1), Ring Box
(SmRbx), Calmodulina 1, e as enzimas anti-oxida&&gationa Peroxidase (GPx),
Tiorredoxina Peroxidase 1 (TPx-1) e TiorredoxinaoRelase 2 (TPx-2), Superdxido
Dismutase (SOD), além de Glutationa S transferse 28 que também estao inseridas
no grupo de proteinas que exibem expressdo difatenas fases de miracidio e
esporocistos.
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Home | GBrowse | GBlast | Assembly | ORFs | Domains | SAGE | Download | What's New | Getting Started | Login | bly Data: s,
SAGE Tag 32826 (CATGAAAATGTTAGATGTTGC)

Primary Sense Tag for ORF a737: No annotation

Library Raw Count Percentage
lAdult male - single sax infaction [0 of 67135 [0.00000%
ldult female - single sex infection [0 of 68135 [0.00000%

Adult male - bisex infection D of 68430 [0.00000% - Expression Graph

Adult female - bisex infection 1 of 67891 [0.00147%

Sub-adult liver stage 3 of 71326 [0.00421% g

Mirscidia 17 of 68477 0.02483% B

6d sporogysts (un-cond.) 85 of 68057 0.12430% o

6d sporogysts (cond.) 83 of 60182(0.13791% z

20d sporacysts (un-cond.) 58 of 30688 (0.18900% w

20d sporacysts (cand.) 53 of 52678(0.17654% N

Cercarias 1 of 10321 [0.00963% w9 4 8 & g 3 £ 3 £ g &R & & & g
#4 hr schistosomula 0 of 69 0.00000% EOE E H q = :\ 5{ :\ q = a a a a
24 hr schistosomula 0 of 0.00000% & - B r o @ o
5 day schistosomula 0of 3731 [0.00000% Library “ h "
10 day schistesomula 0 of 17843 [0.00000%

Fag E of 12176 J0.0503% AF109181Schistosoma mansoni SPO-1 protein (SPO-1)
gene, complete cds

Figura 7: Exemplo de SAGE Tag com perfil de expressdo géniciferencial nos estagios
larvais e intra-molusco encontrado no banco de daddOrganismDB. A tabela acima mostra

0 numero de vezes e em quais bibliotecas a Tagii3hcontrada. O gréafico representa o
perfil de expresséo e, abaixo, a anotacéo da seiqida etiqueta, indicando ser o transcrito do
gene SPO-1 (gh:AF09181).
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4.2 Sintese dos dsRNAs e analise fenotipica apéstamentos

Para iniciarmos este trabalho, cada dsRNA foi sratdo, purificado e analisado
em gel de agarose 1% nao desnaturante. A Figu@s8arexemplos de alguns dsRNAs
sintetizados. Notamos que a eficiéncia da sintesgs&NA variou entre os diferentes
transcritos alvo e isso pode ser devido a difeseefieiéncias nas reacdes de PCR e na
recuperacéo dos produtos da PCR dos genes alwiampente a producdo do dsRNA.
No entanto, para adicdo do dsRNA as culturas deresigtos estes eram dosados e
sempre adicionava-se uma quantidade em cada peoaooptencédo da concentracdo
final de 50 nM.
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1 2 3 4 5 6 W 9 10 11 12 13 14

Figura 8: Representacdo de dsRNAs sintetizados e vilgamente anelados em gel de
agarose 1% nédo desnaturanteCanaletas: 1- Padrdo de peso molecular 0,1-12(Rplfect
DNA markers, Novagen); 2- dsSRNA SmZF1; 3- dsRNA S@D dsRNA RHO1; 5- dsRNA
RHO2; 6- dsRNA Lactato Desidrogenase; 7- dSRNA Sn8dPadréo de peso molecular 0,1-
12Kpb; 9- dsRNA Smad4; 10- dsRNA Miosina Cadeiad;eM- dsRNA SmRbx; 12- dsRNA
Fator de Elongacdal 13- dsRNA Fibrilarina; 14- Padréo de peso molacQ|1-12Kpb.
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Parasitas tratados com os dsRNAs para os genesosal@os foram observados
todos os dias por 14 dias, onde procuramos obspogsiveis fenotipos que pudessem
estar associados aos tratamentos com dsRNA. Ngernigoor fendtipos, procuramos
observar mudancas na forma, lise do tegumento demperda ou aumento de
movimento, falha/atraso na transformacdo dos pasasipossivelmente, a auséncia de
individuos se transformando em esporocistos-maeeoprogénie (esporocistos-filho).
Medidas do comprimento dos esporocistos foramdaias sete dias de cultura para
obtengéo de dados referentes ao tamanho dos inds/iEsse dia foi escolhido devido
aos resultados obtidos por Dinguirard e Yoshind0§20na anélise do fendtipo de

esporocistos tratados com dsRNA para o gaavenger Receptor Bindigg§RB).

Apos a exposicao dos esporocistos aos dsRNAs des gelecionados, o Unico
fenotipo associado que pudemos distinguir entralifessentes tratamentos foi o de
alteracdo no comprimento dos parasitos. Exemplasgerocistos apds os tratamentos

com dsRNA estdo mostrados na Figura 9.

Ao sétimo dia, esporocistos foram amostrados erogfafias e cada
parasita das imagens foram medidos, com excecdorgdismos mortos. As
medidas obtidas foram submetidas a tratamentoisggtatusando o teste Mann-
Whitney (ou Wilcoxon Sum of Ranks, significanciaOpsb). Estes experimentos

foram repetidos por, no minimo, trés vezes para tatamento.
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Figura 9: Imagens de esporocistos tratados com dsRN\por sete dias e exibindo
fen6tipo de reducdo de comprimento Como controle negativo, parasitos foram
incubados com dsRNA GFP (lado esquerdo). Na djre#tiio representados parasitos
tratados com dsRNA para GST26 e Smad4, A e B régpeente. As placas ciliares
liberadas pelos parasitas durante a transforma@@ansstradas com setas (imagens

com aumento de 100x).
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A mediana do tamanho dos esporocistos variou nassitis grupos analisadas
como pode ser visto nas Figuras 10 e 11. Portaatta experimento foi considerado
separadamente e a mediana de cada amostra comparada mediana dos controles
(esporocistos tratados com dsGFP e branco). Naeehditerenca significativa entre os
grupos de parasitas controles (dlsSRNA-GFP e bra@soparasitos tratados com dsRNA
para Smad4, Lactato Desidrogenase, Smad2, Cavaéy;, &a Elongacdod Smadl,
SmRing Box, RHOZ2, Calcineurina B, SOD e GST26 arsam significante
diminuicdo do tamanho em todos os experimentozaelas (Figuras 10 e 11).

No entanto, algumas amostras testadas como: ScHEXBP, SmZF1,
Calpaina, Miosina cadeia leve, PKQCalmodulina, SPO1, TPx1/2 e Canal de célcio
foram inconsistentes, apresentando comprimentosifis@fivamente menores que
esporocistos nao tratados (branco) em trés expat@seassim como comprimentos
significativamente menores que parasitos tratadom® dsGFP em dois de trés
experimentos. Nestes casos, estas amostras forasideradas inconsistentes e
negativas para a presenca de fendtipo, assim cosmm@utros tratamentos que,
apresentaram inconsisténcia, ou ndo apresentaralgueu alteracdo de tamanho. Vale
a pena ressaltar que o tratamento para silenciandenTiorredoxina peroxidase 1 e 2

apresentou-se letal para os esporocistos apodiagae exposicao.

Inesperadamente, observamos que 34% dos genedotedtaam capazes de
produzir um dnico fendtipo de reducdo de tamanhesp@rocistos, a mesma alteracéo
observada anteriormente no silenciamento do recejgaegumento de esporocistos
CD36-like scavenger (Dinguirard & Yoshino, 2006 E. elegandoi observado que
apenas cerca de 10% dos genes apresentam algutipdeqdando silenciados em
escala gendmica, sendo 2% dos fenétipos viavegsderis relacionados com tamanho
alterado, ou crescimento (Kamagét al, 2003). Recentes aplicacbes de RNAi em
esquistossémulos, miracidios ou vermes adultos éamproduziram fendtipos de
parasitas menores (Revisado por Kalinna & Brind®Q7). Mais ainda, a eficiéncia de
silenciamento e quais 0s genes eram silenciado€.eslegandoram, de certa forma,
dependente dos métodos de RNAi empregados (O’Ro&rkBowerman, 2005),
evidenciando assim, que a auséncia de fendtiposeoasisténcia entre métodos de
silenciamento € algo comum, até mesmo €melegans,organismo em que esta
ferramenta foi desenvolvida e é largamente utibzaficreditamos que o fendtipo
observado nos esporocistos possa ser resultansdgde desequilibrio metabdlico
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desencadeado pela auséncia da proteina codifioeldagpne silenciado, durante a
transformacdo e desenvolvimento dos parasitas. Al&so, como na maioria das
triagens de RNAI, apenas a observacao dos fenatiais discrepantes se faz possivel,
devido a limitagdo do monitoramento dos sistemas l@ma escala através dos
equipamentos de imagem e da necessidade de el@abatagerguntas e experimentos
altamente especificos capazes de permitir a pdioepge diferencas e de
comportamentos sutis. Este obstaculo nos mostliendes de experimentos em larga
escala e nos direciona, mais uma vez, para a ngagse dedicacdo da técnica para
caracterizacdo gene-a-gene, até que a tecnologiapravenha de métodos mais

sensiveis e que possam ser utilizados em largéadscehs & Boutros, 2006).

Com relacdo a auséncia na observagdo de fenotgsoEiados a muitos dos
tratamentos com dsRNA, é provavel que uma exprassdiona de uma determinada
proteina seja suficiente para a execucdo de sy@dumo organismo. E necessario ter
em mente que a técnica de RNAI ndo reproduz o tiigmthulo” que € obtido por
mutacdes classicalsnockout sendo uma possivel explicacdo para tais obsersacd
(Kurreck, 2009). Mais ainda, ndo sabemos se asaséhugdos especificos, em que 0s
transcritos alvo estariam sendo expressos e extrera funcdo estdo sendo atingidos
pelo mecanismo de RNAI. Além do mais, € possivelgutras isoformas das proteinas,
ou mesmo, outras proteinas estejam desempenhamdsmo papel daquela codificada
pelo gene silenciado (redundancia funcional).
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Figura 10: Comparagdo do comprimento (ur(rjf) de espooistos apds tratamento com dsRNAs em
relacdo aos controles dsGFP e branc®epresentacéo de trés experimentos. Coloridas eastariscos (*)
estdo as amostras que apresentaram significativiawcdo do comprimento dos esporocistos em todos o
experimentos, quando comparados com seus respectaroles internos (separados pela barra preta
pontilhada). As barras pretas e vermelhas horimrggresentam a mediana dos comprimentos da @éuula
amostrada. Em preto e com asterisco (*) estdo aasosjue apresentaram diminuicdo de tamanho

significativa em algum dos experimentos.
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Figura 11: Comparagédo do comprimento gm) de esporocistos apos silenciamento de transcitale enzimas anti-oxidantes em relacéo aos contrele

dsGFP e brancoRepresentadas em roxo e vermelho com asteris@s{@p as amostras que apresentaram significatniauicdo em comprimento em todos

0s experimentos, quando comparados com seus figsgecbntroles internos (separados pela linha vdsaneontinua). As barras pretas horizontais

representam a mediana dos comprimentos dos indwidmostrados. Em preto e com asterisco (*) est@steas que apresentaram diminui¢cdo de tamanho
significativa em algum dos experimentos.
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4.3 Absorcao de dsRNA pelos esporocistos 8emansoni

Para testarmos se 0os dsRNAs estavam sendo absopatlis parasitos, dsRNAs de
GFP (controle), Smad4 e Lactato Desidrogenase,mforaarcados com Rodamina e
adicionados a cultura dos parasitos. ApoOs sete el#ss foram fotografados e posteriormente
medidos; como mostrado na Figura 12. Quando obd@svam microscépio invertido, os
esporocistos ndo exibiram autofluorescéncia no comgnto de onda utilizado, sendo a
fluorescéncia observada advinda da absorcdo dodlAlsRnarcados. A rodamina nao
interferiu na viabilidade dos parasitas e apenagsp®rocistos viaveis foram analizados.
Pudemos observar que todos os dsRNAs testadosepareser absorvidos pelos parasitos
(Figura 12).

No entanto, dentro de um mesmo grupo de esporedigtove uma grande variacao
de absor¢do, mostrando que alguns individuos posmrefratarios ao tratamento. Em
alguns parasitas os dsRNAs parecem estar em ggaiatdidade na superficie (Figura 12C e
D), ja em outros a molécula parece estar em “6fga@desrnos (muitas vezes nas ceélulas
flama, como mostrado por setas na Figura 12), eniqugue alguns parasitas parecem nao
absorver o tratamento. Em resposta a todos osmeatas com dsRNA marcados, 0s
esporocistos exibiram ~70% de fluorescéncia, nastiedo, portanto, diferenca de absorgao

entre os diversos tratamentos testados.

Tentando melhorar a absorcdo do dsRNA pelos esptosc 0 reagente de
transfeccdo Gene Silencer foi utilizado. Verifikri-que esse reagente de transfecgéao (e
outros testados no laboratério) é téxico para gsoresistos (dados ndo mostrados),
fendbmeno também observado em vermes adultds. deansoniRecentemente foi descrito
por Krautz-Peterson e colaboradores (2007) queetmopbracdo reduz a viabilidade dos
parasitas, demonstrando ser este um fator de &stmesprocesso, apos o qual, ndo é possivel
afirmar a origem/causa e especificidade dos feastipbservados. Ha uma grande
necessidade de melhoramento das técnicas de eletcdp e diminuicdo de toxicidade dos

reagentes de transfeccao.
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Figura 12: Imagens de esporocistos mostrando absé@q de dsRNAs marcados com rodamina
apos 7 dias de tratamentolmagem de campo claro de um grupo de parasit@itra com dsRNA-
GFP marcado (A) e sua imagem fluorescente correigma (B) mostrando os diferentes niveis de
absorcdo de dsRNA pelos parasitas submetidos a esmmtratamento. As setas mostram uma
absorcdo média e alta dos dsRNA. Em maior auméitg € possivel observar diferentes niveis de
absorcdo de dsRNA (C). Esporocistos expostos adBBINA-Lactato Desidrogenase (D), Rod-
dsRNA-Smad4 40x (E) e 20x (F), campo claro e imagemespondente em fluorescéncia. As setas
mostram possiveis células-flama, 6rgédo excretgpatdasita. A escala esta representada como barras

pretas (~50um) no lado esquerdo das figuras.
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Para avaliarmos se a marcacao com rodamina infar@nca absor¢cdo dos dsRNAs
pelos parasitas, tratamos esporocistos com os nsedaRINA marcados e ndo marcados e
medimos o0 seu comprimento como descrito anterioiendds resultados sdo mostrados na
Figura 13.

Quando comparados com controles dsGFP e brancos &l esporocistos tratados
com dsRNAs para Lactato Desidrogenase e Smad4eapaesm tamanho significativamente
reduzido, independentemente de estarem marcadosiweom rodamina (Figura 13). No
entanto, quando comparamos amostras tratadas deMAdpara Lactato Desidrogenase e
Smad4 marcadas e ndo marcadas, observamos queagiigsilde parasitos expostos a
dsRNAs marcados foram significativamente maiores grganismos incubados com seus
respectivos dsRNAs n&do marcados. Nao houve difarsigpificativa entre tratamentos com
dsRNA GFP marcado e ndo marcado. Rodamina é ampiaraglizada para marcacao de
dsRNAs. E possivel que este fluoroforo tenha aditédpelo tegumento dos esporocistos e
gue dsRNA marcados com rodamina ndo penetrem gagiemos na mesma concentracao
gue dsRNA nao marcados, atenuando o fenétipo aeseldestes silenciamentos e também
interferindo no experimento de absorcéo. Portanpmssivel que a absor¢cado de dsRNA pelos
parasitas seja maior do que a observada previagua@do se utilizou dsRNA marcado

com rodamina.
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Figura 13: Comparagao do comprimento de esporocissaratados com dsRNA marcados e
ndao marcados com rodamina.As barras pretas horizontais representam as naglidn
comprimento do grupo de parasitas (um). Mostrados om asterisco (*), esporocistos que
apoés tratamento apresentaram um decréscimo astatishte significativo em comprimento,
guando comparados com tratamentos branco, dsGFBdald&GFP. Representada com dois
asteriscos, o tratamento que se mostrou signifeaente diferente quando comparado com
controles ndo marcados, mas ndo quando comparatasGFP marcado (Wilcoxon-Sum of

Ranks ou Mann-Whitney, significancia p<0,05).
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4.4 Estudo do nivel de transcritos em parasitos ttados com dsRNA

Utilizamos PCR quantitativo (q-PCR) para avaliarmmsnivel dos transcritos
expressos pelos parasitos tratados com os dsRNéparando-os com o nivel dos mesmos
transcritos em esporocistos tratados com dsGFEpmuparasitas tratados com dsRNA para
outro gene, como um segundo controle para silergitominespecificooff-targed (Figura
14). Primeiramente, avaliamos o nivel de transsrilos parasitos que, apés tratamento,
exibiram diminuicdo de tamanho significativo (Figut4A). Posteriormente, selecionamos
randomicamente parasitos que nao exibiram fenddiparente, para a quantificacdo dos

transcritos do gene alvo (Figura 14B).

Surpreendentemente, detectamos que em apenasoset@izk tratamentos (Smad4,
Lactato Desidrogenase, Cav 2A, Fator de ElongagadcalcineurinaB, GST26, SOD) que
exibiram reducéo de comprimento do parasita hoave mudanca significativa e consistente
no nivel de transcritos, quando comparados comresgtos tratados com dsRNA GFP
(Figura 14A). Podemos observar uma diminuicdo reais, porém constante, nos niveis de
transcritos de parasitas tratados com dsRNA-Smalbdctato Desidrogenase (15%), apos
sete dias de exposicdo, enquanto que tratamentasopaFb e GST26 exibiram maiores
niveis de silenciamento, 70% e 85%, respectivam@dratamentos com Calcineurina B e
Cav2A exibiram aproximadamente 65% e 42% de redag@seus niveis. Seis entre 0s treze
tratamentos que nao exibiram fenotipo aparenteist@mée nos vermes tratados,
apresentaram niveis reduzidos de transcritos, el@stes tratamentos estdo SmZF1 (30%),
Calmodulina (55%) e Fibrilarina, GPx, GST28 e TRxtbm uma reducéo de ~75% .

Estes resultados sugerem que talvez ndo existalagio direta entre a reducdo de
comprimento e o silenciamento do transcrito, ou, ga€a transcrito apresente tmnover
diferente, sendo possivel que no inicio da transigéo dos miracidios em esporocistos o
silenciamento promova uma redugdo do transcrits, acasétimo dia, no momento em que
acessamos 0 nivel destes transcritos, a expres8amagja tenha se normalizado.
Inconsisténcia entre experimentos de RNA interfi@geérem helmintos foi recentemente
abordada por Geldholf, 2007, e tem sido frequent¢gnebservada até mesmo em parasitos

nematodeos.
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Figura 14: Niveis de transcritos dos genes alvo gparasitas tratados com dsRNA apéds sete dias.
A: Tratamentos que apresentaram o “fenétipo” deigéd de tamanho dos vermes. B: Tratamentos
escolhidos randomicamente que nao apresentarammuig@o significativa de comprimento dos
esporocistos. As amostras coloridas exibiram umandicdo de transcritos significativa em relagéo
ao controle (dsRNA-Smad4/GFP, P=0.0056; -Lactasiddegenase/GFP, P= 0.0358; -Cav2a/GFP,
P= 0.0136; -ER4/GFP, P= 0.0358; -Calcineurina B/GFP, P= 0.018%BTF&/GFP, P= 0.0136; -
SmZF1/GFP, P= 0.0189; -Fibrilarina/GFP, P= 0.0483ST28/GFP, P= 0.0284; -GPx/GFP, P=
0.0269 e -TPx1/GFP, P= 0.0358/-TPx2/GFP, P= 0.03&8)umento do transcrito alvo quando
qguando comparadas a esporocistos tratados com qeGRRA-SOD/GFP, P= 0.0294). As barras em
bege representam os tratamentos com dsRNA quepnéseataram alteracdes significativas no nivel
de transcritos (-Smad2/GFP, P= 0.0755; -Smad1/BGER).8969; -RHO2/GFP, P= 0.0765; -SmRing
box/GFP, P= 0.7642; -Miosina/GFP, P= 0.3725; -PK&E?, P= 0.6579; -PEPCK/GFP, P=0.3017; -
Calpaina/GFP, P= 0.1642; -14.3.3/GFP, P= 0.6578/GKP, P= 0.3725 e -SPO1/GFP, P= 0.8969)
(Wilcoxon Sum of RanksAACT, significancia p<0,05, A8). A linha pontilhada representa o nivel
normalizado de transcritos na populacdo controleGFP). As amostras unidas por chaves
representam um Unico tratamento com dsRNA com siugss de silenciamento quantificados por

pares de iniciadores desenhados para dois trasssdiferentes. As barras representam o erro padrao.
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Interessantemente, ao invés de reducdo da exprgéséma, parasitos tratados com
dsRNA para Superoxido Dismutase (SOD) apresentaraansuperexpressao génica de 1690
vezes, comparado com esporocistos tratados com AISENP. Para nos certificarmos que
nao era artificio da técnica, amplificamos SOD ppPCR em amostras com outro

tratamento, estas apresentaram um nivel normahdsctitos (resultados ndo mostrados).

Com relagéo ao gene Calmodulina, este foi escolh@opor estar diferencialmente
expresso nas formas larvais e intra-molusco, magjupo estd sendo caracterizado
funcionalmente no laboratoério do Dr. Yoshino. Dadesanalise do rascunho do genoma do
S. mansonsugerem que existam duas coOpias desse gene, fquendiigeiramente entre si,
produzindo duas isoformas proteicas com variac@saminoacidos na regido carboxi-
terminal. Por este motivo, foram desenhados ddaniores para avaliar os niveis dos
transcritos de Calmodulina, que foram silenciaddezando um Unico dsRNA para a regiao
conservada entre as duas isoformas. Na Figura 4¢®, gene esta representado com o0s
nomes de Calmodulina99 e Calmodulinalb. Observajuesos dois possiveis transcritos de
Calmodulina parecem ser silenciados de maneiraasimpelo mesmo dsRNA, com uma
diminuicdo de aproximadamente 55%.

Com relacdo aos transcritos da Figura 14B, cujaganrentos dos parasitas com
dsRNA ndo geraram um fendtipo claro observado, mes apresentaram alteracdo da
expressdo génica medido por g-PCR, podemos sugmdr série de hipdteses para esta
observacdo. Dentre varias, destacamos: (1) a digdimuwdos niveis do transcrito ndo seria
suficientemente eficaz para levar a uma diminug@® niveis protéicos no tempo observado
(7dias), (a “traducibilidade” do transcrito € alté2) o fenétipo de silenciamento génico
produzido seria muito sutil, ndo sendo percebidospaossos métodos de avaliagéo, (3) a
diminuicdo dos niveis do transcrito levaria a unoi@da na sintese da proteina, mas a o
produto protéico apresentaria uma meia-vida longaque reduziria os efeitos do
silenciamento, (4) mesmo havendo queda, por vaassichs, dos niveis dos transcritos e das
proteinas por eles codificadas, a presenca de pasuguantidades de proteinas seriam
suficientes para manter sua fungdo quase normdina@mente, (5) a funcdo do gene

silenciado poderia ser substituido por um outraedancionalmente analogo.

Para testarmos a hipotese de que, nas amostrapisentaram reducao do tamanho
dos esporocistos, os transcritos dos genes queaestaendo silenciados apresentavam
turnoversdiferentes e que era verificado um nivel de trndtoscnormal apos sete dias de
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incubacdo com os dsRNAs, avaliamos a quantidadeRI¥A apds dois, quatro e sete dias
de incubagao para asnostras Lactato Desidrogenase, d&F@mad4, Calcineurina B, SOD,
RHO2, Smad2, SmRing box e Miosina (Figura 15), é#tiena € pertencente ao grupo de

tratamentos que nao exibiu decréscimo de transctampouco um fenotipo consistente.

4
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Transcript levels (fold differences

Figura 15: Niveis de transcritos dos genes alvo,lagivos ao controle, em parasitas tratados com
dsRNA apos 2, 4 e 7 diagksporocistos foram tratados com os dsRNA espesifior 2 dias (barras
pontilhadas), 4 dias (barra cinza) e 7 dias (bameta). Os niveis de transcritos foram comparados ¢
aqueles de parasitos tratados com dsRNA-GFP (denti©s resultados foram analisados usando o
metodo deAACT seguido do teste de Mann-Whitney (Wilcoxon suimramks); P< 0.05; N=4,
decréscimo significativos nos niveis de transcrigd® mostrados com asteriscos (*). A linha

pontilhada representa o nivel normalizado de tritnsma populagéo controle (dsGFP).
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Os resultados da Figura 15 mostraram varios peefisilenciamento dos transcritos
apos diferentes tempos de exposi¢cdo aos dsRNAsn@bse que os niveis dos transcritos de
EFla e Calcineurina B reduziram significativamente €% no dia 7, consistente com 0s
dados previamente observados. No entanto, apos diass de exposicdo ao dsRNA,
Calcineurina B apresentou um maior silenciamentemahdo a ~90% de reduc¢do dos niveis
do transcrito. Os niveis de mMRNAs de Smad4 e Ladaisidrogenase, 0s quais mostraram
um pequeno, mas significativo decréscimo ao sétdim também exibiram o maior
silenciamento observado (~40%) apés dois dias des#géo, indicando um efeito répido do
tratamento com dsRNA nos niveis destes transcr@bservou-se que SOD estava super-
expressa em todos os tempos testados, com um mégirexpressao ao quarto dia (aumento
de ~17.000 vezes), retornando no sétimo dia aosnowesiveis de transcritos observados
apos dois dias de exposicao (~1.200x). TratamenmtodsRNA para RHO2, que previamente
ndo havia mostrado qualquer efeito nos niveis geessdo deste transcrito no sétimo dia
apos tratamento, levou uma reducdo de 70% do titmsm® segundo e quarto dias apos
exposicado. Tratamentos com dsRNA Smad2, SmRing éodiosina ndo apresentaram

diferenca significante em nenhum tempo analisado.

Pudemos observar que ha diferentes padrdes destagmtratamento com dsRNAs,
parecendo este depender especificamente do geoe mos que, enquanto alguns
tratamentos pareciam nao ter exibido efeito dec#enento no nivel dos transcritos (Smad2,
Rho2, SmRing box), ou terem surtido apenas umééio (Smad4, Lactato Desidrogenase)
apos sete dias de tratamento, trés deles (Rho2j4enkactato Desidrogenase) apresentaram
uma significante diminuicdo com dois dias de tramaim, confirmando que o fenotipo
observado pode ser devido a um silenciamento gémicanicio da transformacdo dos
esporocistos. Respostas rapidas ao tratamento sBNAI sdo frequentemente observadas
em diferentes organismos e tecidos, sendo que matesn ter inicio e fim em poucas horas
(Layzeret al, 2004, Bartlett & Davis, 2006).

Observamos que ndao houve diminuicdo dos transcegpscificos nos tratamentos
com dsRNA de Smad2 e SmRing Box, apesar dessesngatos terem levado a uma
diminuicdo no tamanho dos parasitas, mas nédo sabemazao deste comportamento. Existe
a possibilidade de ter haviduff-target ou seja, genes inespecificos serem silenciados e,
portanto, ter havido a ocorréncia do fenétiPdf-targeté um efeito indesejavel comum e é
uma grande preocupacdo em experimentos de RNAL.dv@armos a ocorréncia deste efeito

podemos tomar varias precauces, tais como: (ljric@m por pesquisa de similaridade

o
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utilizando a ferramenta BLAST que os iniciadoresaidados para amplificar as sequéncias
de cDNA sejam Unicos e originem somente um ampli@nsequenciar o amplicon obtido
para a geragcdo do dsRNA, (3) amplificar genes rélacionados como controles de
silenciamento inespecifico por PCR quantitativo. Bosso estudo, utilizamos longos
dsRNAs de ~500pb, que apds processamento pelo ee@ICER pode resultar em
pequenos siRNAs com sequéncias diversificadas qderiam ser uma potencial fonte de
off-target Tem sido mostrado que a eficiéncia do silenciamem células de mamiferos é
altamente dependente das sequéncias utilizadasxpesimentos (Reynoldst al, 2004) e
gue, em alguns casos, um pequeno grau de simdarieiatre sequéncias do organismo e 0
siRNA utilizado podem causar este indesejavel @msme(Jacksoret al., 2003). Para
complicar mais ainda, Fedorov e colaboradores (RO@@®straram que alguns sSiRNAs
exibem efeitos téxicos, ndo especificos, que afgieonessos transcricionais, sem afetar os

niveis dos transcritos alvo do silenciamento.

O resultado observado em relacédo aos niveis iadtisrde transcritos de Miosina em
parasitos tratados com dsRNA em todos os tempanieados, corroboram com a auséncia
de um fendtipo visualizavel. Esta observacdo nwa ke sugerir que talvez a sequéncia
utilizada para a sintese do dsRNA ndo seria a se@uédeal para o silenciamento.
Adicionalmente, é possivel que a maquinaria degasamento do dsRNA (DICER) esteja
clivando regides do transcrito que produzam siRietivos para o silenciamento génico.
J& foi demonstrado que a efetividade do silenciaméraltamente dependente da sequéncia

utilizada para a sintese dos RNAs de fita duplyriBlelset al.,2004).

Talvez, o resultado mais intrigante deste estuda seconsistente alto nivel de
expressdo dos transcritos de SOD ap6és o tratancemtodsRNA de SOD. Uma possivel
explicacdo, mas altamente especulativa, é que@péscessamento da sequéncia de dsRNA
pelos esporocistos, alguma parte esteja de algomeafestimulando um mecanismo similar
ao processo de ativacdo por RNA (RNAa) €tLial, 2006, Pushparajt al., 2008). Se isto se
confirmar, esta sera uma nova faceta do mecanigmoterferéncia por RNA. Pretendemos
avaliar com atencao especial este interessantdadsuSabe-se que a enzima SOD possui
funcdo de anti-oxidante neste parasita (Guidbal, 2007; Kuntzet al, 2007; Bendeet al,

2007). No entanto, sua essencial funcdo no pawsida ndo foi demonstrada.
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4.5 Avaliacao dos niveis protéicos de GST26, Eirg Tiorredoxina 1 e 2 em

esporocistos tratados com dsRNA para estes genes

Usamos a técnica dé/estern blotpara detectar se os niveis protéicos de GST26,
EFla e Tiorredoxina 1 e 2 nos parasitos tratados cdRiNdsapresentavam uma correlacao
com o decréscimo dos transcritos observados pdCR)-fFiguras 16, 17 e 18). Utilizando
extrato protéico total de parasitos tratados coRN#s para GST26, EFd Tiorredoxina
Peroxidase 1/2 e dsRNA-GFP (controle), juntamenta anticorpos primarios especificos
para Glutationa-S-Transferase 26, EelTiorredoxina Peroxidase 1 e 2 pudemos confirmar,

também no nivel protéico, o silenciamento destagsge

Os esporocistos silenciados para GST26,0eTiorredoxina Peroxidase 1/2 apés 7
dias de tratamento, apresentam uma reducdo especifos transcritos alvos e,
consequentemente, do nivel de proteina correspndg¢n90%, 80% e 50%,
respectivamente) quantificados por densitometrigug 16,17 e 18), sendo esta mais uma

importante confirmacgao do silenciamento dos referigenes.

Fatores de elongacéo sdo essenciais para o pratessaducdo e tem como papel
carrear aminoacil tRNAs aos ribossomos durantergeldo da sintese proteica (Negrutskii
& El'skaya, 1998). Dada esta funcédo do &Hiensariamos que seu silenciamento no nivel
dos transcritos e proteico (80% de reducédo da ipeotapds o tratamento com o dsRNA
especifico) levaria a uma diminuicdo da taxa dduggdo como um todo na célula e no
organismo silenciado. As razfes por nao termo® wistidancas nos niveis da proteina
GST26 (controle normalizador de proteinas) no ewpmrto de Western blot de
silenciamento de Eflpoderia ser devido, talvez, ao lettwnoverde GST26 ou que esta
proteina esteja sendo sintetizada em células dotecido afetados pelo silenciamento de
EFlo.
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Figura 16: Western blotmostrando o nivel da proteina Glutationa-S-Transfease 26 em

extratos proteicos de parasitos tratados por 7 diasom dsRNA-GFP e dsRNA-GST26 apods

7 dias A) Western blotmostrando nivel de proteina GST26 (26KDa)-Eubulina (55KDa)
(controle interno). Foram aplicados no gel ~8ugpd®eina total de parasitos tratados com
dsGFP e de esporocistos tratados com dsGST26¢tespeente. B) Nivel normalizado (obtido

por densitometria 6tica) da proteina GST26, médidréls experimentos d&estern blgtem

parasitos silenciados para GST26 (preto) comparaminsamostras tratadas com dsGFP (cinza)

(*)P<0,01.
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Figura 17: Western blotmostrando o nivel da proteina Fator de Elongacéo d em extratos
proteicos de parasitos tratados por 7 dias com dsENGFP e dsRNA-EF k. A) Western blot
mostrando nivel de proteina do Fator de Elongaga(bQKDa) e GST26 (26KDa) (controle
interno). Foram aplicados no gel ~10ug de protaite de parasitos tratados com dsRNA-GFP
e dsRNA-Fator de Elongacdo d, respectivamente. B) Nivel normalizado (obtido por
densitometria Gtica) da proteina Fator de Elongdgoédonédia de trés experimentos \Western
blot, em parasitos silenciados para Fator de Elongagé@reto) comparados com amostras

tratadas com dsRNA-GFP (cinza). (*)P<0,01.
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dsRNA treatments
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Figura 18: Western blotmostrando os niveis das proteinas Tiorredoxina Pexadase 1 e 2 em
extratos proteicos de parasitos tratados por 7 diasom dsRNA-GFP e dsRNA-TPx1/2A)
Western blotmostrando nivel das proteinas Tiorredoxina Peesddl e 2 (25KDa) e alfa-
Tubulina (55KDa) (controle interno). Foram aplicadmw gel ~10ug proteina total de parasitos
tratados com dsRNA-GFP e dsRNA-TPx1/2, respectivaeneB) Nivel normalizado (obtido por
densitometria Otica) das proteinas Tiorredoxina®dase 1 e 2, média de trés experimentos de
Western blgtem parasitos silenciados para Tiorredoxina Pdemd 1/2 (preto) comparados com

amostras tratadas com dsRNA-GFP (cinza). (***)P@Q0.0
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4.6 Deteccéaon situ de GST26, EFt e TPx1 e 2 em parasitos silenciados

Detectamos o nivel protéico por imunofluorescénigaGST26, EFd e TPx 1/2in
situ em esporocistos controle e silenciados. Verificaouee ha uma diminuicdo das proteinas
GST26 e EFd em parasitas silenciados para estes genes. Rarnatados mostraram muito
pouca imunoreatividade (fluorescéncia), quando @agns com esporocistos controle que
mostraram uma alta reatividade com os anticorptisG8iT26 e anti-EFd evidentes nas
células e tecidos, refletindo os baixos niveis gioats apds o silenciamento destes genes.
Estes resultados sdo consistentes com as reatgiqadviamente observadas por Western
Blot, ficando assim, evidenciada a correlacdo edinginuicdo dos transcritos e proteica
(Figuras 19 e 20). No entanto, a imunolocalizagdamti-TPx1 e 2 apresentou uma pequena
diminuicdo na intensidade da imunoreatividade eagrggrupos de parasitas tratados com
dsRNA para GFP e TPx 1 e 2 (Figura 21), excetoymormaior decrécimo de coloragédo
(imunoreatividade) observado na superficie dosresstos silenciados. Estes resultados sao
consistentes com a menor diminuicdo na expressdieiga (~50% reducdo), observada
anteriormente por Western blot, em relacdo ao dewscéobservado para os tratamentos com
GST26 e EFd.

Infelizmente a falta de anticorpos compativeis @srproteinas d&. mansonique
fizeram parte deste estudo, nos impossibilitou @aménar o nivel proteico de outros

tratamentos com dsRNA.
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Figura 19: Imunofluorescéncia dos esporocistos apdsilenciamento do transcrito de GST26.
Imagens mostrando (A) Proteina GST26 (alexa488rdhcéncia verde) em esporocistos tratados com
dsRNA-GFP por 7 dias (controle); (B) imagem fluoesge correspondente, mostrando a proteina
GST26 (fluorescéncia verde), DNA (Hoechst, azufjianentos de actina (Faloidina, vermelho). (C)
Imagens de esporocistos tratrados com dsRNA-GS{26Diminuicdo de proteina GST26 (verde),

DNA (Hoechst, azul) e flamentos de actina (Falwédivermelho) nos mesmos parasitos.
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Figura 20: Imunofluorescéncia dos esporocistos apdslenciamento do transcrito para EF.
Imagens mostrando (A) Proteina ER&lexa488, fluorescéncia verde) em esporocistédados com
dsRNA-GFP apos 7 dias de tratamento (controle); ilBagem fluorescente correspondente,
mostrando a proteina Ed&1(fluorescéncia verde), DNA (Hoechst, azul) e fiamos de actina
(Faloidina, vermelho). (C) Imagens de esporocidtesados com dsRNA-El]l mostrando a
diminuicdo de (fluorescéncia verde), (D) imagenoifiscente correspondente, mostrando a proteina
EFlo (fluorescéncia verde), DNA (Hoechst, azul) e filamos de actina (Faloidina, vermelho) nos

mesmos parasitos.
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Figura 21: Imunofluorescéncia dos esporocistos apdsilenciamento dos transcritos das
Tiorredoxinas peroxidases 1 e 2lmagens mostrando (A) Proteinas TPx 1 e 2 (alekafliorescéncia
verde) em esporocistos tratados com dsRNA-GFP @pdis de tratamento (controle); (B) imagem

fluorescente de esporocistos tratados com dsRNALTEPR, mostrando uma pequena diminuicdo das

proteinas TPx 1 e 2 (fluorescéncia verde).
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4.7 Mortalidade dos esporocistos ap0s tratamento com BHNA

Apoés observarmos que alguns silenciamentos forartorbem sucedidos em nossa
triagem, resolvemos aprofundar no estudo funciodas enzimas anti-oxidantes,
supostamente envolvidas na funcdo de protecdo spmsaEistos contra a acao de espécies
reativas de oxigénio. Discutiremos adiante o papekral dessas enzimas na interacdo do

parasiteS. mansoné seu hospedeiro intermediario.

Apés oito dias de incubacdo com dsRNA, para o ciéemento de transcritos de
enzimas com capacidade oxi-redutora, notamos queslgrupos apresentavam um maior
numero de parasitas mortos nas placas de cultortari®o, para analisarmos a existéncia de
um fenotipo letal nestas amostras, adicionamodaode propidio e contamos o niumero de

organismos mortos apos o tratamento, em cinco iemeetos (Figura 22).

Foi verificado que apenas parasitos silenciadoa parredoxina peroxidase 1 e 2
apresentaram um porcentagem maior (17%) de orgasismrtos (P<0.004), indicando que
o silenciamento das duas Tiorredoxina peroxidasesm o organismo mais vulneravel e
sensivel a fatores externos presentes no meiojvplmssente radicais livres (Figura 22).
Portanto, a viabilidade dos esporocistos, em lgrgao, parece depender de niveis normais
das enzimas Tiorredoxina peroxidase 1 e 2, indcajue estas enzimas sdo importantes para
sobrevivéncia do parasita em qualquer de seus tielsps, pois, foi previamente observado a
letalidade do silenciamento de TPx1 em esquistosk®mSayedet al, 2006). Portanto,
estas observacOes indicam que estas enzimas pagfeimportantes candidatas para o
desenvolvimento de drogas anti-esquistossomoticegeressantemente, a mesma
sensibilidade nao foi observada quando TPx1 e drfailenciadas em esquistossémulos de

S. japonicun{Kumagaiet al, 2009).
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Figura 22: Mortalidade de esporocistos silenciadosom dsRNA para enzimas relacionadas
ao estresse oxidativo, apés 8 dias de tratamentoom asterisco (*) esta representada a amostra

estatisticamente significante. Significancia ama&por Student’s T test (p<0.004, n=5).
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4.8 Experimento de estresse oxidativo

No intuito de avaliarmos funcionalmente o efeito sitenciamento génico nas
enzimas relacionadas ao estresse oxidativo, exmssesporocistos tratados por oito dias
com dsRNA de GFP (controle), SOD, GST26, GST28,1TPx GPx ao meio contendo
peréxido de hidrogénio. A concentracdo de uso gevbde HO, foi determinada apos a
realizacdo de uma curva de mortalidade utilizandergas concentracées de peroxido de
hidrogénio em esporocistos controle. O experimelat@stresse oxidativo foi repetido seis
vezes e todos 0s tratamentos possuiam seu regpeotitrole negativo, ou seja, parasitas
tratados com os dsRNAs sem a adicéo g@,HA viabilidade dos esporocistos foi avaliada
apos 4h, 24h e 48h de tratamento copOit a percentagem de mortalidade calculada.

Resultados obtidos estao exibidos na Figura 23:
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Figura 23: Mortalidade de esporocistos silenciados para enzireaantioxidantes, apos
exposicao a estresse oxidativ®arasitos apos 8 dias de tratamento com dsRNAGRxaGST26,
GST28, TPx1/2, SOD e GFP, foram expostos aMd@le peroxido de hidrogénio e sua viabilidade
avaliada ap0Os 4h, 24h e 48h. A direita, parasitagrale sem adicdo de H202 (GFP Controle
negativo). Significancia analisada por Two-way AND\ os resultados significativos foram
tratados pelo teste de Bonferroni, comparando-da tampo do tratamento com seus respectivos
tempos em esporocistos tratados com GFP (conttsignificancia (**) p<0,01 (***) p<0,001,

N=6). As barras representam o erro padrao entreriexentos.
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Parasitos tratados com dsRNA para silenciamentenzasnas anti-oxidantes (SOD,
GST26, GST28, TPx1/2 e GPx) se mostraram signifi@atente (p<0,01) mais suscetiveis
ao estresse oxidativo, apos 24h e 48h de expoai¢#®, quando comparados a parasitos
controle (GFP e GFP controle negativo), com excec¢@ SOD que apresentou
comportamento semelhante aos esporocistos comuoénte todos os intervalos de tempo
observados. Parasitos silenciados para GST26, GSII28L/2 e GPx apresentaram uma
média de aumento de mortalidade de ~35% ap0sP2440.0001) e, 60 a 80% apos 48h de
exposicdo ao estresse oxidativo (P < 0.0001, Ns6mparado com 8% e 18% de
mortalidade dos controles, respectivamente. A téagita ao estresse oxidativo de
esporocistos tratados com dsRNA para Superoxidoidese corrobora com os achados de
gue esta enzima poderia estar sendo super-expapssatratamento com dsRNA, como
observado por g-PCR.

Um fato muito importante, tanto na validacao dogeeixnentos com RNAi como no
estudo das enzimas anti-oxidantes, foi a possiweklacdo entre o decrécimo no nivel de
transcritos e diminuicdo proteica de GST26 e TP»/8 aumento da mortalidade dos
parasitas silenciados apds 24 e 48 h de exposicd®yQa. Além disso, apesar da
impossibilidade de averiguacéo dos niveis protail&ST28 e GPX, estas enzimas também
demonstraram uma correlacéo funcional comparavel @® niveis de transcritos observados
e comparavel com os resultados observados paramzasias GST26 e TPx1/2. Esses
resultados indicam uma funcdo direta destas enzélogsarasita na agao contra o estresse

oxidativo.

Nossas descobertas estdo de acordo com o inteabalhs que vem sendo
desenvolvido sobre os mecanismos redox em vermé®adloS. mansone, possivelmente,
sobre a existéncia de uma Unica enzima que conalirividades das enzimas tiorredoxina
redutase e glutationa redutase (TGR) presentes amifaros (Alger & Williams, 2002,
Kuntz et al, 2007). Esta enzima d& mansongé responsavel por manter a tiorredoxina e a
glutationa nos seus estados ativos reduzidos, pedmi assim, a ativacao de trés
tiorredoxinas peroxidases (TPx1-3) e da glutatipeeoxidase (GPx), as quais serdo entao
capazes de reduzir,8, e outras espécies reativas de oxigénio (Sayed l@awis, 2004).
Portanto, ha indicacbes de que esporocistos, assimo vermes adultos, dependem de um
sistema de anti-oxidantes enddgeno robusto pagatabelecer em seu hospedeiro através da
superacao dos ataques de espécies reativas deioxigé
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Para certificarmos de que perdxido de hidrogéraooefator oxidante no meio e que
este seria 0 causador da morte dos parasitos, empsgsesporocistos silenciados a mesma
concentracdo subletal de peroxido de hidrogénipi§Ona presenca e auséncia de catalase
bovina 0,025% e como controle, apenas catalasadioionada ao meio de cultura (Figura
24).

De forma geral, a porcentagem de mortalidade da@sjpas tratados com dsRNA para
GPx, GST26, GST28 e TPx1/2 quando expostogittatalase, ou a apenas catalase foram
bastante similares (P>0,05; ndo sendo estatistid@ms&ignificantes) (Figura 24). Estes
resultados estdo em contraste com os efeitos @kEnapos exposicao a®ds pura, no qual
a mortalidade dos esporocistos silenciados para, @&XT26, GST28 e TPx foram
significativamente maiores, com uma média de mdedé de 48%, comparado a ~15% de
mortalidade no grupo controle. A taxa de mortaledakibida por esporocistos tratados
apenas com a enzima catalase, ndo foi significatwe diferente daquela de parasitos
expostos a kD, adicionado de catalase. No entanto, a percentageespbrocistos mortos
guando expostos a peroxido de hidrogénio é sigifiamente elevada para organismos
silenciados para GPx, GST26, GST28 e TPx 1 e AmAsscatalase foi capaz de neutralizar
os efeitos do peroxido de hidrogénio, mostrando ldu@, € o fator oxidante no meio e a
causa da morte dos esporocistos silenciados pa&mzasas envolvidas em detoxificacdo dos

parasitos.

Foi demonstrado por Vermeire e Yoshino (2007) querazimas Tiorredoxinas sao
secretadas durante a transformacéo de miracidi@sparnocistos e estas devem funcionar no
mecanismo de defesa do parasita, protegendo-e@gptoduzida exdgenamente. Mais uma
vez, pudemos observar que esporocistos silencig@lasTPx 1 e 2 apresentaram uma maior
vulnerabilidade as agressbes do meio e, consequente, 76% de mortalidade (p<0.01),
confirmando a importancia destas enzimas na protegaparasita frente a exposicdo ao

peréxido de hidrogénio.

Como observado, o tratamento de esporocistos cBNAlpara SOD, mais uma vez,
nao apresentou nenhuma diferenca na taxa de rdadelientre os diferentes tratamentos
(H.O.t+catalase, apenas catalase ©41 e nem quando comparado as taxas de mortalidade
observadas em parasitas controle, pois esse genencmtrava super-expresso apos

tratamento com dsRNA.
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Figura 24: Mortalidade de esporocistos silenciadopara enzimas antioxidantes, expostos a

peréxido de hidrogénio e a peréxido de hidrogéniocaescido de catalaseParasitos apos 8 dias de
tratamento com dsRNA para GPx, GST26, GST28, TPX1R0D e GFP, foram expostos a B0

de peroxido de hidrogénio, na presenca ou auséecizatalase bovina (0,025%) e sua viabilidade

avaliada apos 48h de exposicdo. Significancia saddi por Two-way Anova e 0s resultados

significativos foram tratados pelo teste de Bomigrrcomparando-se cada tempo do tratamento com

Sseus respectivos tempos em esporocistos tratado$E® (controle) (significancia (*) p<0,05, (**)

p<0,01, (***) p<0,001, N=6). As barras representauro padrdo entre experimentos.
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4.9 Acdo dos hemdcitos do hospedeiro na morte dorpsita

E sabido que na interacéo parasita-hospedeirdensisie defesa do hospedeiro tenta
combater a infeccdo de diversas maneiras, uma sietespor producdo de superoxida JO
pelo complexo NADPH oxidase. A liberacdo de espedeoxigénio reativo (ROS) por este
complexo enzimatico gera,8,, radical hidroxil (OH), acido hipoclérico (HOCI) e oxigénio
singlete {0, ) na maioria das células fagociticas (Bayteat 2001). No entanto, foi
mostrado por Hahn e colaboradores (2001) que, apestes compostos serem produzidos
por B. glabrata, sdo as espécies oxidantes peroxido de hidrogénixido nitrico o0s
compostos diretamente envolvidos na morte de espgtos deS. mansonimediada por

hemacitos (células reativas de defesalBenphalariaresistente a infeccéo.

Finalmente, para melhor entendermos o papel dasmaszresponsaveis pela
neutralizacdo de espécies reativas de oxigénioanasipa, frente ao sistema de defesa do
hospedeiro, expusemos hemacitos isoladoBBdglabrata da cepa NMRI (susceptivel a
infeccdo) a esporocistos silenciados para as eszBRx, GST26, GST28, TPx1 e 2 e SOD
(co-cultura). Analisamos a mortalidade dos paraditente as células do hospedeiro apds 24h
de co-cultivo (teste de toxicidade mediada porlagitcomo descrito por Halet al, 2001).

Os resultados obtidos sdo mostrados na Figura 25.
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Figura 25: Mortalidade de esporocistos silenciados para enzirsaantioxidantes apoés
interacdo com hemdcitos do hospedeir8. glabrata (NMRI). As barras com asterisco (*)
correspondem as amostras que apresentaram um ausigmificativo de mortalidade quando
comparadas com controle (GFP), apos 24h de exposiignificancia analisada por Student’s
Ttest (p<0.01, n=4).
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ApoOs 24 horas de incubac#ovitro, parasitos silenciados para GST26 (p<0.01, N=4),
GST28 e TPx1 e 2 (p<0.04; N=4) mostraram um aumggtaficativo de vulnerabilidade a
hemdécitos deB. glabratada cepa suscetivel NMRI (~20%), quando comparadasontrole
(8%) (Figura 25). Esporocistos silenciados para tdiilna Peroxidase mostraram
mortalidade aumentada quando expostos as célulasosieedeiro, mas, no entanto, os
valores ndo foram estatisticamente significativps0(05). Mais uma vez, esporocistos
tratados com Superoxido Dismutase ndo mostraraenamele alteracdo quando comparados
ao grupo controle, possivelmente, devido a supeesgpo desta enzima nos parasitos

tratados.

Hemdécitos de caramujos da cepa susceptivel NMRI cs@azes de encapsular o0s
esporocistos, mas sdo incapazes de maté-los, glovemte devido a menor producdo de
peréxido de hidrogénio pelas células (Baghel, 1980; Hahret al, 2001a, Bendeet al,
2005). Neste experimento, pretendiamos testar éidsip de que esporocistos silenciados
possuiriam uma capacidade antioxidante reduzidagatando sua vulnerabilidade aos niveis
subletais de espécies reativas de oxigénio nornmaémeproduzidas por hemocitos de
caramujos da cepa suceptivel. Assim, demonstrammas significante funcao protetora das
enzimas TPxs e GSTs na interacdo dos esporocistnsas células de defesa reativas do
hospedeiro intermediario, reforcando a importamigatas enzimas na protecdo do parasita
contra o sistema de defesa do hospedeiro. Atravébskervado aumento de mortalidade dos
esporocistos silenciados pode ser inferido quartrahtos com dsRNA para GST28 e GPx

também induziram uma diminuicdo especifica dosytaslproteicos destes alvos.

Foi proposto por Bayne e colaboradores (2001) aquenmeas envolvidas em vias de
reducdo e oxidacdo celular sdao componetes essencairegulacdo das interacoes
moleculares entr&. mansone hospedeiro intermediari®. glabrata (Bayneet al, 2001;
Bayne. 2009). Hoje se tem conhecimento de quea=ldé defesa (hemdcitos) de certas
cepas do caramupd. glabrataproduzem uma quantidade substancial de espécredginio
reativo e nitrogénio (Hahet al, 2001). Isso acontece como consequéncia da datawudos
hemacitos por ativadores de espécies reativas idérog ou nitrogénio (ROS/RNS) quando
de encontro com esporocistos Slemanson{Hertel et al, 2005; Hahret al, 2001), e que,
estes Ultimos sdo altamente sensiveis a estes styap@specialmente,8,. A enzima
Cu/Zn-superoxido dismutase (SOD) parece ter umgafurcentral nestes hemaocitos de
caramujos resistentes, agindo na atividade de alefgavés da conversao de superoxido a

H,O, citotoxica. Estudos demostraram expressao auneewtas transcritos de SOD e uma

4

o
4

Marina de Moraes Mouréo 102



Silenciamento génico por interferéncia de RNA (RNAI ) de transcritos de Schi st osoma mansoni

maior atividade desta enzima em hemdcitos de algwapas d@. glabrataresistentes a
infeccdo, quando comparadas a cepas suceptiveisdéboet al, 2004) e isto foi
correlacionado com maior producao dg€bli(Benderet al, 2005). Dentro deste contexto foi
sugerido que diferencas na expressdo de SOD pmediés cepas de caramujo possa estar

correlacionado aos fendtipos de resisténcia e ptistielade (Bayne, 2009).

Enquanto os hemdécitos d&. glabrata produzem perdoxido de hidrogénio como
molécula efetora anti-parasitica, foi mostrado laneas deS. mansonpossuem atividades
anti-oxidantes, basicamente através de enzimasiésps (Williamset al., 2007; Taftet al.,
2009). Devido a aparente falta da enzima catalpgacipal enzima responséavel pelo
metabolismo de KD, na maioria dos organismos (Mkai al, 1988a, 1988b), este parasita
necessita de diferentes formas de neutralizagcdg,@2 Como claramente demonstrado na
fase adulta deé5. mansonia neutralizacdo deste composto acontece pomsistdiol-
dependentes que envolvem a enzima tiorredoxinatglat redutase como pivé das reacdes
anti-oxidantes (Alger & Williams, 2002). Similarmen os estagios de miracidios e
esporocistos primarios também possuem elementasstiama redox, incluindo SOD, GPX,
GST, TPx1 e TPx2 e estas apresentam uma expreéeaa gxtremamente aumentada em
resposta a exposicao as espécies reativas do mdiospedeiro (Zelck & Janowsky, 2004;
Vermeire & Yoshino, 2007). Em adicao, algumas desteimas (Cu/Zn SOD, GSTs e TPxs)
foram identificadas entre proteinas secretadamnthieamtransformacaa vitro de miracidios
em esporocistos, indicando que enzimas anti-oxedalitteradas durante o desenvolvimento
larval podem ter uma funcéo protetora do parasdéiaté ao seu hospedeiro (Guilletial,
2007; Wuet al, 2009).

Nossos resultados sugerem que a producdo de espéecitvas de oxigénio por
hemocitos deB. glabrata da cepa suceptivel sdo capazes de se impor féeptrasitas
deficientes em enzimas antioxidantes. Anteriormeftte proposto por Zelck e Janowsky
(2003), que moluscos susceptiveis a infeccdo geraa pequena quantidade de ROS, na
qual por sua vez, induzem a producdo de anti-ofeda@m esquistossomas que neutralizam
este ataque efetivamente. Neste estudo, demonstrgn@com a existéncia de deficiéncia
em niveis normais de uma ou mais enzimas antiotbedgdleST26, GST28, TPxs ou GPXx), a
sobrevivéncia de esporocistos é significantemestezida quando confrontados paiGd ou
desafiados por hemdcitos, suportando a idéia darimcia de um sistema anti-oxidante

eficiente no estabelecimento de infecgdes viaveis.
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A enzima superoxido dismutase foi uma grande excagague foi até agora discutido
sobre 0 aumento da susceptibilidade dos parasiéasiados ao estresse oxidativo. Durante
as exposicdes a agua oxigenada ou a encapsulacierpdécitos os parasitas submetidos ao
tratamento mediado a dsRNA para SOD ndo demonstrgualquer alteracdo de resposta.
Este efeito diferencial corrobora com o fato que egene esteja superexpresso apos o0
tratamento com RNAI, 0 que por sua vez, induziripradugdo da enzima SOD. Até o
momento, os mecanismos de sinalizacdo envolvidetanesposta ndo sdo conhecidos. E
possivel que tenha havido um rebote compensatépids um rapido silenciamento desta
enzima, mas isto € extremamente especulativo eztalouco provavel, ja que com dois dias
0os niveis de transcrito da enzima ja estavam awdest Outra especulacdo seria a
estabilizacao do transcrito através de ligagdoodsipeis produtos da degradacédo do dsRNA,
ou dos proéprios siRNAs, a algumas regides instddeisnRNA de SOD, tornando-o mais

estavel.
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5. Conclusao

Os resultados apresentados neste trabalho mostrididanente a enorme
variabilidade de intensidades de silenciamento jgopdem ser obtidas, considerando os
tempos medidos e as concentracfes de dsRNA u#bzaguando se utiliza RNAi como
ferramenta para manipulacdo génica &m mansoni.Existe uma caréncia de técnicas
refinadas e sensiveis para a deteccdo de variaghiesde fenétipos e hd necessidade de
perguntas especificas para cada gene silenciadm Misso, ha muito que se melhorar nos
meétodos atuais de absorcdo de dsRNA para o usa f@esimenta neste organismo. Todas
estas restricdes ilustram a dificuldade do usoétaita de RNAiI em larga escala em

esquistossomas.

Este estudo é o primeiro a utilizar multiplos gempesa acessar a eficacia de
tratamentos com dsRNAs na caracterizacdo das masldegotipicas e transcricionais em
esporocistos d&. mansontcultivadosin vitro. Foi mostrado que genes diferentes exibem
diferentes cinéticas de silenciamento e, porta@dtoecessario averiguar a efetividade do
silenciamento em diferentes tempos apds o tratamétemais, como mostrado, genes
individuais diferem significantemente em suas SpHcéidades ao tratamento e nem sempre

existe uma correlacéo clara entre o fenétipo éweshdo transcrito silenciado.

Neste estudo associamos claramente funcbes esseasi@nzimas anti-oxidantes
GST26, GST28, GPx, TPx1/2 para a sobrevivénciaatasgaS. mansonna presenca de
estresse oxidativo exdgeno e frente a células fliesaledo hospedeiro intermediar
glabrata A caracterizacdo funcional destas enzimas foisipes apds bem-sucedidos
silenciamentos no nivel de transcrito e proteicetate Neste cenario, as Tiorredoxinas
peroxidases parecem ser uma das mais importan@mamn no combate ao estresse

oxidativo.

Este trabalho ilustra também o nosso pouco enteamdorsobre os mecanismos de
regulacdo génica em eucariotos e, especialmergée nemplexo parasita. Inusitadamente,
utilizando a técnica de silenciamento génico, olaaps um exacerbado e consistente
aumento especifico do transcrito para a enzima S&Se resultado demonstra 0 nosso
desconhecimento a respeito do universo dos pequBiNss e de como eles estédo

envolvidos no controle da degradacéo de transardadsgicadores de proteinas.
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6- Perspectivas

“ Estudos futuros envolvendo otimizacdo da utilizagl® reagentes de
transfeccdo e eletroporacdo, ajudardo a melhoratorssisténcia dos

resultados de experimentos utilizando RNA..

+ Caracterizar funcionalmente outros genes que exibgilenciamento apés o

tratamento com dsRNA.

+« Aprofundar no estudo dos mecanismos que parecean gesuperexpressao

do gene da superoxido dismutase.
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Abstract

BRNA interference (RNAI) represents the only method currently available for manipulating gene-specific expression in
Schistosoma spp., although application of this technology as a functional genomic profiling tool has yet to be explored. In
the present study 32 genes, including antioxidants, transcription factors, cell signaling molecules and metabolic enzymes,
were selected to determine if gene knockdown by RNAi was associated with morphologically definable phenotypic changes
in early intramolluscan larval development. Transcript selection was based on their high expression in in vitro cultured S.
mansoni primary sporocysts and/or their potential involvement in developmental processes. Miracidia were allowed to
transform to sporocysts in the presence of synthesized double-stranded RNAs (dsRNAs) and cultivated for 7 days, during
which time developing larvae were closely observed for phenotypic changes including failure/delay in transformation, loss
of motility, altered growth and death. Of the phenotypes evaluated, only one was consistently detected; namely a reduction
in sporocyst size based on length measurements. The size-reducing phenotype was observed in 11 of the 33 (33%) dsRNA
treatment groups, and of these 11 phenotype-associated genes (superoxide dismutase, Smad1, RHO2, Smad2, Cav2A, ring
box, GST26, calcineurin B, Smad4, lactate dehydrogenase and EF1a), only 6 demonstrated a significant and consistent
knockdown of specific transcript expression. Unexpectedly one phenotype-linked gene, superoxide dismutase (SOD), was
highly induced (—~1600-fold) upon dsRNA exposure. Variation in dsRNA-mediated silencing effects also was evident in the
group of sporocysts that lacked any definable phenotype. Out of 22 nonphenotype-expressing dsRNA treatments (myosin,
PKCB, HEXBP, calcium channel, Sma2, RHO1, PKC receptor, DHHC, PepcK, calreticulin, calpain, Smeg, 14.3.3, K5, SPO1,
SmZF1, fibrillarin, GST28, GPx, TPx1, TPx2 and TPx2/TPx1), 12 were assessed for the transcript levels. Of those, 6 genes
exhibited consistent reductions in steady-state transcript levels, while expression level for the rest remained unchanged.
Results demonstrate that the efficacy of dsRNA-treatment in producing consistent phenotypic changes and/or altered gene
expression levels in S. mansoni sporocysts is highly dependent on the selected gene (or the specific dsRNA sequence used)
and the timing of evaluation after treatment. Although RNAi holds great promise as a functional genomics tool for larval
schistosomes, our finding of potential off-target or nonspecific effects of some dsRNA treatments and variable efficiencies in
specific gene knockdown indicate a critical need for gene-specific testing and optimization as an essential part of
experimental design, execution and data interpretation.
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Introduction

Digenetic  trematodes (parasitic  flatworms) of the genus
Schistosoma infect more than 200 million people in over 70
developing countries [1], with an additional 770 million people

worldwide at risk of becoming infected [2]. As causative agents of

chronic, often severe morbidity and responsibility for an estimated
280,000 death per year in Africa alone [3], schistosomiasis ranks as
one of the most important of neglected tropical diseases [4].
Although signilicant research elfort and [unding have been
dedicated to the treatment and control of schistosomiasis,
including sanitary measures, suppression ol the snail intermediate
host, and chemotherapeutic interventions, there has been litde

@ www.plosntds.org

change in the overall disease prevalence [5]. Progress in vaccine
development has been very slow, and although several antigens,
some ol which are currently under clinical trial, have shown
limited promise in rodent and primate challenge experiments,
prospects are not good for an effective, highly protective vaccine in
the foresccable future [6,7]. Clearly there continues to be a
pressing need for new strategies to break the cycle of schistosome
transmission to the human population [8-10].

In view of the limited options available for controlling
schistosomiasis in both the human host and snail vector, it is
important that research focus on obtaining information that can
be translated into new tools for parasite control. To that aim,
genomic, transcriptomic and proteomic approaches offer strong
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Author Summary

RNA interference (RNAi) represents the only method
currently available for manipulating gene-specific expres-
sion in human blood flukes, Schistosoma spp., although its
application as a functional genomics tool in early
intramolluscan larval stages has been limited to single
gene analyses. Accelerating gene discovery efforts over
the past 10 years have resulted in extensive, ever-
increasing databases of genomic, transcriptomic and EST
sequences. Unfortunately, our understanding of the
function of the vast majority of these genes has not kept
pace with their discovery, and this represents a significant
barrier and the next real challenge for investigators of
schistosomes, and other parasitic helminths. In the present
study, we selected an array of 32 genes expressed in S.
mansoni sporocysts to evaluate their susceptibility to
double-stranded (ds)RNA treatment and to begin charac-
terizing morphological phenotypes associated with a
potential RNAi effect. Results demonstrate that gene
knockdown and/or resulting phenotypes are highly
transcript-dependent (specific dsRNA sequence used) and
vary with time post-dsRNA exposure. Because of this
potential variability in both transcript and phenotype
expression in response to dsRNA treatment, our findings
illustrate that, although a RNAi-type approach holds great
promise as a functional reverse-genetics tool for larval
schistosomes, its application requires caution in the design
and execution of experiments and interpretation of results.

possibilities to discover new potental targets [or vaccines, develop
new drug candidates, and provide a better understanding of basic
molecular mechanisms underlying host-parasite interactions. The
8. mansoni Genome Project and data generated by various gene
discovery efforts using expressed sequence tags (ESTs) and serial
analysis of gene expression (SAGE), have resulted in a massive
amount ol gene sequence and expression information [11-19].
However, without reliable reverse or forward genetics methods,
this vast amount of data cannot be placed into any functional
context that can then be used to determine the value or
importance of specific genes as targets for disease control.

Unlike the parasitic nematodes, which have benefited from
reverse genetic methods developed i the model free-living worm
Caenorhabditis elegans  [20,21], no analogous model system is
available for schistosomes. This has further delayed the application
of new genomie technologies to problems related to discase control
and drugs development [22]. However, despite this lack of a C.
elegans-type model for parasitic Jatworms, important advances
have been made in trematode transgenesis with the inroduction
and transient expression of various reporter constructs in
schistosomes [22,23] and fasciolids [24], although these approach-
es did not permit the [unctonal assessment of specifically
mtroduced genes. With the first demonstrations of gene expression
knockdown by RNA mterference (RINA1) in the mammalian [25]
and snail [26] stages of S. mansont, this reverse-genetics approach
has now been applied to a limited number of genes expressed in
primary (=mother) sporocysts [27], schistosomula [28,29] and
adults [30]. In a recent review of RNA1 in parasitic helminths,
however, Geldhof and collaborators [31] admonish researchers
for, at imes, providing insufficient data that more firmly connects
RINAi-mediated gene expression changes with specific phenotypes,
and/or reporting only on genes that are susceptible to double-
stranded (ds)RNA-mediated knockdown. Therefore, in order to
gain a broader profile of RNAI efficacy in schistosomes, in the
current study we performed an i zifo phenotypic screening of 32

?@‘. www.plosntds.org
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genes known to be expressed in primary sporocysts of S. mansoni.
These genes covered a variety of functional categories including
antioxidants, transcription factors, cell signaling molecules and
metabolic enzymes. Out of the 32 genes (comprising 33 dsRINA
treatments) targeted for silencing, one-third (11 genes) exhibited a
dsRNA treatment-associated phenotype that consisted of a
reduction in sporocyst size (Le., larval length). Interestngly of
the 11 phenotype-yielding genes, only 7 demonstrated a significant
and consistent alteration in transcript expression after the 7-day
treatment period, although time-course experiments suggest that
transient gene knockdown during earlier times ol exposure may, in
part, account for the observed phenotype.

Materials and Methods

Schistosoma mansoni in vitro culture and dsRNA
treatments

All experiments were performed using the NMRI strain of 8.
mansoni. Eggs were obtained from 7-8 weeks mlected mouse hivers.
After hatching in an artificial “pond water” [32] containing
antibiotics (50 Hg/mL streptomycin and 60 pg/mL penicillin),
miracidia were immobilized on ice for 15 min, washed twice in
cold pond water by centrifugaton (1 min, 700xg) and genty
resuspended in Chermn’s balanced saline solution (CBSS) [33],
supplemented with glucose and trehalose (1 g/L each), strepto-
mycin (50 pg/mL) and penicillin (60 pg/mL) [34]. Larvac were
then counted and distributed into either 48- or 96-well polystyrene
ussue culture plates (Costar, Corning Incorporated, NY) at
concentrations of ~6000 and 500 miracidia/well, respectively,
depending on the experiments being performed. The general
procedure used in all RNAi experiments involve treatment of
miracidia starting at day 0 in culture with specific dsRNAs or
control media containing irrelevant dsR NAs or medium alone for
7 days followed by assessment of an RNAi-type eflect [26]. Details
of dsRNA preparation and experimental designs are presented
below. All research protocols involving mice used in the course of
this study were reviewed and approved by the Insttutional Animal
Care and Use Committee (IACUC) at the University of
Wisconsin-Madison under assurance no. A3368-01.

Targeted genes

In the present study, a total of 32 genes were selected for
quantitative and qualitative assessment. Twenty-three of these
genes were chosen based on their abundant expression m in vitro
cultured S, mansoni miracidia and/or primary sporocysts, using the
SAGE database OrganismDB [18] http://gmod.mbl.edu/perl/
site/s_mansoniest]: calcineurin B (AJ276885.1), lactate dehydro-
genase (LDH; U87629.1.), Smad4 (AY371484.1.), Smad2
(AF232025.1), Smadl (AF215933.1), 14.3.3 (U24281.1), epider-
mal growth [actor receptor (Scmeg; M86399.1), phosphoenolpyr-
uvate carboxykinase (PepCK; AF120929.1), calpain (M74233.1),
hexamer-binding protein (HEXBP; putative, organismDB:-
Tagh23), fibrllarin (putative, OrganismDB: Tag 428), elongation
factor 1o (EF1a; Y08487.1), Rho 1 GTPase (Rhol; AY158212.1),
Rho 2 GTPase (Rho2; AY158214.1), calcium A'TPase 2, (Sma?2;
AF074400.1), SPO1 (AF109181), protein kinase CB (PKCB:
AY337620.1), protein kinase € receptor (PKC  receptor;
AF422164.1), zinc finger DHHC domain (DHHC: putative,
OrganismDB: Tag 1180), myosin-light chain (AF071011.1),
calreticulin  (L24159.1), high veltage-activated calcium channel
subunit o (Cav2A; AF361883.1) and high voltage-activated
caleium channel B-subunit 2 (calcium channel; AY277532.1).

The remaining 9 genes were chosen for their predicted putative
functions in the parasite (antoxidants, transcription [actors) and
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ongoing characterization by our group: glycoprotein K5
(AY903301.1), zinc finger 1 (SmZI1; AF316827.1.), ring box
(SmRbx; DOQ466078.1.), glutathione peroxidase (GPx; M86510.1),
thioredoxin  peroxidase 1 (TPx-1; AFI121199.1), thioredoxin
peroxidase 2 (TPx-2; AF157561.1), superoxide dismutase (SOD;
M27529.1), 26 kDa glutathione-S-transferase (GST26; M73624.1),
and 28 kDa glutathione-S-translerase (GST28; S71584.1). TPx-1
and TPx-2 were used in combination to simultaneously silence both
thioredoxin peroxidases. All of the above sequences are available
from GenBank (http:/ /wwwncbinlm.nih.gov/Genbank) or Orga-

nismDB as indicated above.

Double-stranded (ds) RNA synthesis

T7 promoter-tagged specific PCR primers were designed to
amplify ~500 base pair (bp) products for each of the targeted
genes (Dataset S1; Table 1). A 500-bp green fluorescent protein
(GI'P) gene segment also was synthesized from the vector pAcGIP
(Clontech, Mountain View, CA) to serve as a nonspecific dsRINA
treatment-control. Following amplification, PCR products were
separated on 1% agarose gels and purified using QIAquick gel
extraction kit (Qiagen, Valencia, CA), [ollowing the manufactur-
er's protocol. Each PCR product was sequenced and their
sequences verified using the Basic Local Alignment Search Tool
(BLASTn, National Center for Biotechnology Information,
NCBI). Double-stranded RNAs were synthesized from isolated
sporocyst ¢DNA using T7 RiboMAX Express RNAi Kit
(Promega, Madison, WI), according to procedures outlined by
the manufacturer, Briefly, dsRNAs synthesis reactions were
allowed to incubate for 16 hr at 37°C prior to DNAse treatment.
DsRNA products were then phenol/chloroform-extracted and
purified by precipitatdon with isopropanol. The purified products
were resuspended in diethylpyrocarbonate (DEPC)-treated water,
quantified by measurement at OD g5, and their integrity verified
by 1% agarose gel electrophoresis. Samples were stored at —20°C
undl further use.

Phenotypic screening and dsRNA uptake experiments
Effects of dsRNA weatment on dn zifro cultured S. mansoni larvae
were performed in 96-well culture plates (Costar) in which
approximately 500 miracidia were added to wells containing
50 nM of specific or control green fluorescent protein (GIFP)
dsRNA diluted in 200 pL. CBSS or medium lacking any dsRNA
(no dsRNA control). Cultures were maintained at 26°C for 4 days,
after which time an additional 10 nM of dsRNA was added to
each well due to possible RNA degradation in culture [35],
followed by incubation for 3 more days. Over the 7 days culture
period, sporocysts were monitored for the following phenotypes:
failure/delay in transformation, loss of motility, tegumental lysis
and granulation (lethality) and changes in larval growth. Parasite
viability and morphological changes were monitored daily using a
Nikon Eclipse TE 300 inverted epifluorescent microscope (Nikon
Instrument Inc., Melville, NY). In addition digital images of live
treated and control parasites were captured using a CoolPix EZ
digital camera (Nikon Instruments Inec.) throughout the 7-day
incubation period, allowing more detailed observations of larval
morphology and to quantify sporocyst growth (length measure-
ments) in treated vs. control larvae at day 7. Length measurements
from captured images were obtained and analyzed by Metamorph
software version 7.0 (Meta Imaging series, Molecular Devices,
Sunnyvale, CA). Sporocysts exhibiting tegumental lysis or loss of
surface/somatic integrity were excluded [rom measurements.
Larval growth datasets for each experimental replicate were
statistically analyzed using the Mann-Whitney U-test (Wilcoxon-
Sum of Ranks test) with significance set at P=0.05. All treatments
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were performed in duplicate wells, and the experiment was
mdependently replicated a minimum of 3 times on miracidia
isolated from different batches of inlected mouse livers. In
additon, to verify dsRNA uptake by sporocysts we labeled
Smad4, lactate dehydrogenase and GIP (specificity control)
dsRNAs with rhodamine using the Label I'T kit (CX-Rhodamine
Labeling Kit; Mirus, Madison, WI), according to manufacturer’s
recommendatdons. Miracidia were i wiro-transformed to sporo-
cysts in CBSS containing 50 nM labeled dsRNAs and subjected to
epifluorescence photomicrography after 7 days ol incubation.

Effect of dsRNA treatment on larval gene expression

In order to demonstrate an association between phenotype and
transcript expression real-time quantitative PCR (g-PCR)) was used
to determine steady-state transcript levels in specific dsRNA-weated
sporocysts. In these experiments ~6000 miracidia were distributed
mnto a 48-well plate (Costar) and treated with 50 nM dsRNA diluted
m CBSS (500 pL/well). Cultures were mamtained at 26°C lor 2, 4
or 7 days prior RNA extraction and isolaton. Cultures maintained
for 7 days were supplemented with 10 nM dsRNA at day 4.
Sporocysts were extensively washed with CBSS in order to eliminate
unabsorbed dsRINAs and shed ciliary epidermal plates, [ollowed by
extraction in Trizol reagent (Invitrogen, Carlsbad, CA) to isolate
both total RNA and protein fractions from cultured larvae. The
protein pellet was dissolved in the protein solubilization bufler (3 M
Urea, 2% CHAPS, 40 mM Tris) for use in Western blot analyses
(see below), while the isolated RNA fraction was resuspended in
DEPC-wreated water and subjected to DNAse treatment using the
DNA-Free kit (Ambion, Austin, TX) to eliminate any contaminat-
ing genomic DNA, RNA samples were quantified and their purity
assessed on a Nanodrop Spectometer ND-1000 (NanoDrop
Technologies, Inc., Wilmington, DE).

Real-time quantitative PCR (g-PCR) analysis

Quantitagve PCR analysis was used to compare steady-state
transcript levels between specific dsRNA-treated sporocysts and
control treatments (GFP-dsRNA). To accomplish this 0.5 to 1 pg
total RNA, derived from at least three dilferent extractions, was
used to synthesize ¢cDNA using Superscript 111 eDNA Synthesis kit
(Invitrogen, Carlsbad, CA) following the manufacturer’s protocol.
The q-PCR reaction mixtures consisting of 2.5 pL of cDNA,
12,5 pL. of Sybr Green PCR Master Mix (Applied Biosystems,
Foster City, CA), 10 uLL of 600 or 900 nM primers (determined
afier primer concentration optimization), were added to 96-Well
Optical Reaction Plates (ABI PRISM, Applied Biosystems) for
amplificaton and quantilicatdon in a AB7500 Real Time PCR
System (Applied Biosystems). In order to avoid the possibility of
false amplification of the originally applied dsRNA, specific pairs
of primers were designed outside of the region used to synthesize
the original interfering dsRNA products (Dataset S1; Table 2). In
addition to the targeted gene-specific primers used to assess
potential knockdown, primers for S. mansoni glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and a-tubulin were used as
endogenous normalization controls in all samples tested. Other
controls for verifying the specificity of RNA treatment eflects
included (1) larval treatment with irrelevant GFP dsRNA and (2)
treatment with a nontarget 8. mansoni dsSRNA. Finally, each g-PCR
run was performed with 2 internal controls assessing both potential
genomic DNA contaminations (no reverse transcriptase added)
and purity of the reagents used (no ¢cDNA added). For each
specific set ol primers, all individual treatments (including
specificity controls) were run in three technical replicates. Each
experiment was repeated 3-5 times (N=3-5) as mdependent

biological replicates and the AACt method [36], using GAPDH
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and o-tubulin as endogenous loading controls to normalize the
quantification of all ¢cDNA targets was used to quantitatively
compare treatment and control steady-state transcript levels. Due
to the nonparametric distribution ol data, statistical analysis of
AACt values was performed using the Mann-Whitney {-test with
significance set at P=0.05.

Effect of specific dsRNA treatment at the protein level
Using a sporocyst-reactive rabbit anti-elongation factor lo (anti-
EFle) antibody (Cell Signaling Technology, Danvers, MA),
Western blot analysis and immunocytochemical localization
experiments were performed to monitor EFla protein levels in
EFlo dsRNA-weated sporocysts. For Western blots miracidia,
transformed in the presence of 50 nM EFla or control GFP
dsRNA and cultivated in vifro for 7 days, were extracted in Trizol
reagent (Invitrogen) as previously described, separated by standard
12.5% SDS-PAGE methods [37], and electroblotted to nitrocel-
lulose membranes (Biorad Lab, Richmond, CA) using a semi-dry
protein transfer apparatus (Hoefer TE 70, Amersham Biosciences).
After transfer, membranes were blocked overnight in TBS (2.42 ¢
Tris base and 8 ¢ NaCl/L, pH 7.6) containing 5% bovine serum
albumin (BSA), followed by incubation in a mixture of anti-EFla
(1: 1000) and rabbit ant-SmGST26 (loading control, 1:1000
dilution; Cell Signaling Technology), for 16 hr at 4°C. Mem-
branes were washed 3 tmes in TBS-Tween (0.1%) and incubated
for 1 hr in TBS 5% BSA containing either goat anti-rabbit IaG-
alkaline phosphatase-tagged (AP) or AP-labeled goat anti-rabbit
IgG (1:10" and 1:5000, respectively). Colorimetric immunoreac-
tivity was detected with the chromogen substrate 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) and nitro-blue tetrazolium
(NBT), diluted in AP buffer (0.1 M Tris, 0.1 M NaClL 0.05 M
MgCl,, pH 9.5). To quantly the relative levels of ant-EF1a in
specilic dsRNA- and control GFP dsRNA-treated sporocyst
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extracts, target and control immunoreactiviies were measured
using an Ultraviolet Trans-illuminator Biolmaging Systermns (UVP,
Inc., Upland, CA) with the co-processed anti-GST26 band serving
as a normalizing signal (loading control). Quantitative compari-
sons ol protein expression for EFle in control and target dsRNA-
treated sporocysts were analyzed by LabWorks Image Acquisition
and Analysis Software version 4.6.

For immunocytochemical studies, 7-day old dsRNA-EFla or -
GFP-treated sporocysts were washed in CBSS (allowing removal of
ciliated epidermal plates), transferred to siliconized-microcentrifuge
tubes in 500 pl. PT buffer (2% paratormaldehyde, 1% Triton-
X100/sPBS), and incubated overnight at 4°C with constant rotation.
Fixed-parasites were washed 5 times in sPBS by cenwrifugation at
1600 rpm (2 min), resuspended in 500 pL. of blocking bulfer (5%
normal goat serum/0.02% azide/sPBS) for 16 hr, under constant
agitation before addition of rabbit-anti-EFlet primary antibodies
(1:200 diluton in blocking buffer) and incubation overnight at 4°C.
Parasites were washed for 10 min in sPBS, resuspended in 500 pL of
AlexalFluor 488-conjugated goat anti-rabbit IgG (4 pg/ mL blocking
buffer) and incubated for 16 hr at 4°C with agitaton. Following
antibody treatments, sporocysts were washed 5 dmes in sPBS by
centrifugation (1600 rpm, 2 min), resuspended in 40 pL of sPBS and
mounted on coverslips. Specimens were examined and photographed
using a Nikon Eeipse TE2000 (Nikon Instrument Inc.) inverted
microscope equipped with a Bio-Rad Radiance 2100 MP Rainbow
Confocal/Multiphoton Imaging System (W.M. Keck for Biological
Imaging, Instrumentation, UW-Medical School).

Results

In our imitgal phenotype analysis of 24 different dsRNA
treatments, no dillerences between specific dsRNA-treated larvae
and controls (GIP dsRNA-treated and untreated sporocysts) were

Figure 1. /n vitro cultured S. mansonilarvae 7 days post-dsRNA treatments. Brightfield photomicrographs of in vitro cultured Schistosoma
mansoni sporocysts after 7 days of treatments with a specific GST26-dsRNA (A) compared to the control GFP-dsRNA (B), illustrating the effects of
exposure to phenotype-inducing G5T26-dsRNA on sporocyst lengths. Arrows indicate examples of shortened (white arrows) and normal elongate
(black arrows) sporocysts measured in both treatments. Asterisks indicate rounded ciliated epidermal plates that were shed from the miracidial

surface after transformation.
doi:10.1371/journal.pntd.0000502.g001
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Figure 2. 5. mansoni sporocyst length measurements post-dsRNA treatments. Graphic representation of sporocyst length measurements
(um) after 7 days of dsRNA treatments, from 3 independent experiments (A-C). Sporocyst length measurements are represented by scatter plots with
the calculated median values indicated by the horizontal bars within each dsRNA treatment. The median values for specific dsRNA treatments were
compared to both GFP-dsRNA (green plots) and blank (no dsRNA; blue plots) treatment controls. For each of the 3 experiments, the pair of controls is
shown in between solid and dashed vertical black lines, immediately followed by the gene-specific dsRNAs groups. The dsRNA treatments exhibiting
significant differences from GFP and blank controls in all 3 replicate experiments are represented as colored plots, marked with an asterisk (Smad4,
lactate dehydrogenase, Smad2, Cav2A, EF1x Smad1, RHO2, calcineurin B, and ring box), while those yielding inconsistent phenotypic differences
when compared to the controls (myosin, PKCB, HEXBP, SmZF1, calcium channel, Sma2, RHO1, PKC receptor, DHHC, Pepck, calreticulin, calpain, Smeg,
14.3.3, and K5) are indicated by black dot scatter plots. Of this latter group, asterisks denote those individual replicates that were significantly
different from controls. All treatments were statistical analyzed using Mann-Whitney U-test within each experiment, *P=0.05.

doi:10.1371/journal.pntd.0000502.g002
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noted in miracidial transformation rates, larval motlity or
mortality during the i wifo cultivation period. The only notable
phenotype observed in treated 7-day cultured sporocysts was an
apparent greater number of small-sized or shortened sporocysts
possibly involving a growth-related defect(s) (Fig. 1A, 1B).
However, because sporocysts in a given culture population
typically represented a range ol sizes, live sporocyst images were
captured, from which larval lengths were measured and digitally-
analyzed using Metamorph software. Within each biological
replicate, such measurements were taken for the dsRNA treatment
groups and statistically compared to both the GFP dsRNA-treated
and no treatment (blank) groups. For a given dsRNA to be
identified as having a putative dsRNA-mediated effect, the median
larval length had to significantly differ (£=0.03) from both the
GIP dsRNA and the blank controls in each ol the biological
replicates. Using these eriteria, we observed significant decreases
in parasite lengths in 9 of 24 dsRNAs in the first screening trial:
Smad4, lactate dehydrogenase (LDH), Smad2, Cav2A, elongation
factor loo (EFle), Smadl, RHO2, calcineurin B, and ring box
(Fig. 2). Similar results were found in a second experimental series,
which included nine additional dsRNA treatments. In this case,
using the same criteria for significance, 2 of the 9 dsRNAs
treatments (GST26 and SOD) exhibited a consistent size-related
phenotype eflect when compared to controls (Iig. 3). As before,
greater frequency ol shortened larvae was the only observable
dsRNA-associated phenotype.

RNAi in Larval Schistosomes

To illustrate the variability in parasite response to the different
dsRINA at the population level, and to underscore the importance
of biological rephication i phenotypic analysis of dsRNA
treatment ellects, 9 of the 33 dsRNA wreatments (Scmeg, HEXPB,
Sm zinc finger] (SmZI'l), -calpain, -myosin light chain, PKCB,
SPOI1, TPx1/2 and calcium channel) exhibited significant length
decreases in 2 of 3 experiments suggesting a possible, but
inconsistent, connection with the observed phenotype. Sporocyst
treatment by the remaining dsRNAs (14-3-3 protein, Sma2,
RHO1, PKC receptor, DHHC, PEPCK, calreticulin, glycopro-
tein K5, fbrllarin, GST28, GPx, TPxl, and TPx2) had no
measurable eflfect on larval phenotype (Figs. 2 and 3).

In order to document potential difference in dsRNA uptake
within larval populations and between treatments, miracidia were
exposed to rhodamine (Rhjlabeled dsRNA-GIP, -Smad4 or
LDH. After 7 days ol exposure, dsRNA-uptake in sporocysts was
assessed by [luorescent microscopy. As shown in Figure 4, larvae
within a single population exhibited wide variaton in their abilides
to take up labeled dsRINA, regardless of transcript species (Figs. 4A
and B). Indeed, a one-way ANOVA comparing the 3 dsRNA-
treated groups for the prevalence of tegumental or internal staining
was non-significant (F'=1.159; P=0.2555) indicating no diflerences
in staining distribution between groups or locations. The most
prominent sites of Rh-dsRNA localization in positively-stained
sporocysts (67% of larvae) were in the tegument (~28%), excretory
pores/lame cells and in unidentified parenchymal-like cells (~39%)
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Figure 3. Additional 5. mansoni sporocyst length measurements 7

days post-dsRNA treatments. Graphic representation of sporocyst

lengths (um) after 7 days post-dsRNA treatments, generated from 3 independent experiments covering an additional group of sporocyst-expressed

genes. Larva lengths are represented by a dot scatter plots with the median

length for each sporocyst treatment group shown as a short horizontal

bar. Calculated medians for each target dsRNA group were compared to both GFP-dsRNA (green dots) and no-dsRNA (blank, blue dots) control
median values. For each experiment, controls are the first 2 scatter plots shown between the solid red and black vertical lines, followed by the 2
dsRNA treatments that showed significant phenotypic differences in all 3 experiments (marked with *; GST26 and SOD) when compared to both
controls. Black scatter plots represent dsRNA-treated sporocysts whose median length measurements exhibited inconsistent differences when
compared to both GFP and blank controls. Of this latter group (TPx1/2, fibrillarin, GST28, GPx, TPx2, TPx1, and SPO1), asterisks denote those individual
replicates that were significantly different from controls. Each experiment was analyzed using Mann-Whitney U-test, *P=0.05.

doi:10.1371/journal.pntd.0000502.g003
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Figure 4. Localization of rhodamine-labeled-dsRNA in 5. mansoni larvae 7 days post-exposure. Brightfield (A) and fluorescent (B)
photomicrographs showing S. mansoni sporocysts and localization of rhodamine-dsRNA taken up after 7 days of labeled dsRNA exposure,
respectively (100 x). Arrowheads indicate rounded epidermal plates that were shed from miracidia during transformation to sporocysts. (B)
Fluorescent images show the different levels of dsRNA penetrance within the same treatment and the same population. (C) The higher magnification
(400 ) illustrating the heterogeneity of dsRNA uptake within individual sporocysts in a given population including excretory ducts/flame cells (FC),

cells within the parenchyma (PC), and tegument (T).
doi:10.1371/journal.pntd.0000502.g004

(Fig. 4C). Negative controls consising of larvae treated with

unlabeled-dsRNA did not display any fluorescent signal (data not
shown). Sporocysts within a given population exhibited heteroge-
neous (+/—) Rh-staining indicating specific dsRNA uptake by
larvae, and not a nonspecilic uptake via Rh-binding.

Because the phenotypic screen revealed both phenotype-
associated and nonphenotype-associated dsRNA  species, we
selected a subset of 24 genes to assess the effect of dsRNA
freatments on Stt'a(‘l}-’—statr'

transcript  levels using  real-time

quantitative PCR (q-PCR). Comparisons of normalized-levels of

dsRNA-targeted messenger RNAs to their corresponding control
treatment (GIP dsRNA-treated group) resulted in 12 transcripts
that exhibited significantly reduced expression levels (Fig. 5).
Unexpectedly, SOD wanscripts consistently increased, rather than
decreased, to very high levels ol expression (=1600-fold) upon
specific dsRNA treatment.

A comparison was made between dsRINA species that produced a
detectable phenotype and those generating a significant transcript

.@ www.plosntds.org

knockdown (or induced expression) in an attempt to directly
correlate phenotype and gene expression. Notably, only 7 of the 11
target dsRNA-treatments that produced a “shortened” larval
phenotype presented a significant alteration in transcript levels
(Smad4, lactate dehydrogenase, Cav2A, EFla, calcineurin B,
GST26 and SOD) when compared to dsRNA-GFP weated
sporocysts (Fig. 5). Smad4 and LDH dsRNA treatments showed a
small, but consistently significant 15% decrease, while Cav2A,
calameurin B, EFla and GST26 exhibited knockdowns of 42%,
65%, 70% and 85%, respectively. SOD, whose transcript levels
were dramatically increased in dsRNA-treated sporocysts, also was
phenotype-associated. In addition, as noted in Figure 5, 6 dsRNA
treatment groups that did not exhibit significant or consistent
changes in larval length expressed significantly lower transcript
levels than controls ranging from an approximately 30% (SmZI'1)
to 75% (fbrillarin, G828, GPx, TPx1, and TPx2) after 7 days ol
exposure. No changes in transcript levels were observed for
phenotype-associated Smadl, Smad2, RHO2 and ring box dsRINA
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Figure 5. Transcript levels of dsRNA-treated sporocysts 7 days after dsRNA exposure. Bar graph depicting the relative steady-state
transcript levels of dsRNAs-treated sporocysts after 7 days of exposure compared to the GFP-dsRNA control. For each dsRNA tested, data are
represented as mean fold-differences (+/—S.E.) relative to the GFP control (1.00). Colored bars represent sporocyst mRNA levels showing consistent
and statistically significant decrease (dsRNA-Smad4/GFP, P=0.0056; -lactate dehydrogenase/GFP, P=0.0358; -Cav2A/GFP, P=0.0136; -EF12/GFP,
P=0.0358; -calcineurin B/GFP, P=0.0189; -GST26/GFP, P=0.0136; -SmZF1/GFP, P=0.0189; -fibrillarin/GFP, P=0.0407; -GST28/GFP, P=0.0284; -GPx/
GFP, P=0.0269 and -TPx1/GFP, P= 0.0358/-TPx2/GFP, P=0.0358) or increase (dsRNA-SOD/GFP, P=0.0294) in target transcript levels when compared
to the GFP-dsRNA control treatment. Tan-colored bars represent transcript levels for dsRNA-treated sporocysts that showed no differences when
compared to GFP-dsRNA treated controls (-Smad2/GFP, P=0.0755; -Smad1/GFP, P=0.8969; -RHO2/GFP, P=0.0765; -ring box/GFP, P=0.7642; -
myosin/GFP, P=0.3725; -PKCB/GFP, P=0.6579; -PEPCK/GFP, P=03017; -calpain/GFP, P=0.1642; -1433/GFP, P=06579; -K5/GFP, P=0.3725 and -
SPO1/GFP, P=0.8969). In addition, bars located on the left of the solid red vertical line represent treated-sporocysts previously shown to express the
shortened phenotype (dsRNA-Smad4, -lactate dehydrogenase, -Smad2, -Cav2A, -EF1, -Smad1, -RHO2, -calcineurin B, -ring box, -G5T26 and -SOD).
Transcript levels were determined by g-PCR and data analyzed using the AACt method [36] followed by statistical analysis using the Mann-Whitney

U-test. Significance levels were set at P=0.05. Data were generated from 3-5 independent experiments.

doi:10.1371/journal.pntd.0000502.g005

treatments and phenotype-non-associated myosin, PKCB, Pepck,
calpain, 14.3.53 protein, glycoprotem K5, and SPO1 dsRINAs.
Since we typically used day 7 as our temporal end-point for
assessing  RINAiI  phenotypic effect, we also investigated the
possibility that transcripts may have been knocked down prior to
day 7. Using a subsampling of dsRNA species that represented a
range of transcript knockdown levels, S. mansoni miracidia were
treated with dsRNA-EF1a, -calcineurin B, -SOD, -LLDH, -RHO2,
-Smad2 -Smad4, myosin light chain and -ring box, and sporocyst
transcript levels analyzed afier 2 and 4 days postexposure.
Compared to our previous 7-day weatment eflects, results yielded
various patterns of transcript silencing (Fig. 6). For example,
although EFla and calcineurin B transcripts were significantly
reduced by —~70% by day 7, calcineurin B knockdown was
actually greatest (—90%) at 2 days postexposure to dsRNA. Smad4
and LDH mRNAs, which previously showed a small, but
significant, decrease at day 7 exhibited highest knockdown
(—40%) on day 2 indicating an early eflect of dsRINA treatment.
SOD was found to be over-expressed at all dme points, with an
inital increase of ~1200% at day 2, followed by a maximum
~17,000-fold expression at day 4, before again returning to day-2
levels alter 7 days ol exposure. SOD transcript levels, however,
were unaflected by heterologous exposure of larvae to several non-
SOD-related dsRNAs (data not shown). RHO2 dsRNA, previ-
ously displaying no ellect on homologous transcript expression in
sporocysts at 7 days, showed significant transcript knockdown at 2
and 4 days post-exposure before recovering to control levels at the

'@ www.plosntds.org

7-day time point. In contrast, Smad2, myosin light chain and ring
box dsRNA treatments demonstrated no consistent ellect on their
respective transcript levels regardless of the sampling interval.
Finally, because we had available an antibody that was
specifically reactive to the S, mansoni EFlo protein, we assessed
the eflect of EFlo dsRNA weatment on EFla protein levels using
Western blot and immunofluorescence imaging. Western blot
analysis clearly showed that EFlo dsRNA-treated 7-day sporocyst
extracts were signilicantly reduced in EFla protein (50 kDa band)
compared to the GFP dsRNA-treated control group (Fig. 7). The
presence of a 25 kDa GST26 band (used as an antibody specificity
and loading control) m both the EFla and GIFP dsRNA-weated
samples suggested both a specific EF1lo transeript silencing and
associated protein knockout (Fig. 7). This result was quantitatively
confirmed by densitometry showing that, following normalization of
transcripts to the loading control, EFla protein was highly reduced
by =80% in the EFla dsRINA-treated sample compared to the GFP
dsRNA control. Confocal immunolocalization of EFla in intact
dsRNA-treated sporocysts was consistent with the Western blot
analysis: EFlo dsRINA-treated larvae displayed little immunoreac-
tivity, while abundant anti-EF let-reactivity was evident within cells
and parenchymal tissues of GI'P dsRINA-treated sporocysts (Fig. 8).

Discussion

RNA mterference (RNA1 has been widely used in a vanety of
organisms as a reverse-genetic approach to generate unctional gene
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Figure 6. Transcript levels in S. mansoni sporocysts at different times post-dsRNA treatment. Time-course of steady-state transcript levels
was assessed in sporocysts treated with dsRNAs under culture conditions. Sporocysts were treated with dsRNA-EF 1, -calcineurin B, -50D, -lactate
dehydrogenase, -RHO2, Smad2, -Smad4, -myosin and -ring box for 2 days (stippled bars) or 4 days (gray bars), and compared to 7 day dsRNA
treatment effects (black bars). Transcript levels were assessed by q-PCR at each time and compared to its matched GFP-dsRNA control. For each
dsRNA tested, data are represented as mean fold-difference (+/—S.E.) relative to the GFP control (1.00). However, statistical analyses were based on
raw q-PCR values using the AACt method followed by statistical analysis using the Mann-Whitney U-test, N=4, *P=0.05. Two-day comparisons
(stippled bars): dsRNA-EF1a/GFP, P=0.028; -calcineurin B/GFP, P=0.021; -SOD/GFP, P=0.015; -lactate dehydrogenase/GFP, P=0.041; - RHO2/GFP,
P=0.021; -Smad4/GFP, P=0.028; -ring box/GFP, P=0.3; -Smad2/GFP, P=1.0; and -myosin/GFP, P=0.059. Four-day comparisons (gray bars): dsRNA-
EF1a/GFP, P=0.0319; -calcineurin B/GFP, P=0.03; -SOD/GFP, P=0.028; -lactate dehydrogenase/GFP, P=0.029; - RHO2/GFP, P=0.021; —Smad4/GFP,
P=0.0286; -ring box/GFP, P=0.884; -Smad2/GFP, P=0.98; and -myosin/GFP, P =0.9. Data for 7 day dsRNA treatments (black bars) were taken from
identically performed experiments (data shown previously in Fig. 5), and are reproduced in Fig. 6 for graphic comparisons only. Statistics for this

group of genes are provided in the Fig. 5 legend.
doi:10.1371/journal. pntd.0000502.g006

knockdowns with associated phenotypic changes [38-40]. In
combination with complete and well-annotated genome databases,
tools developed for RNAI now permit systematic, whole-genome
screening leading to putative [unctional assignments for unknown
genes, or direct functional confirmation of genes identified by sequence
homology (orthologues) [41]. Some RNAi libraries are already
available and have taken advantage of this finctional genomics
approach incuding for D. melanogaster [39] and C. elegans [42.43].
However, many newly-defined [unctions for any given gene tend to be
organsm-specilic and may not always be identcal to, or even
homologous with, a similar gene’s [unction in other species. Therefore,
one of the current challenges we face i to integrate this organism-
specific RNAj-derived functonal information into the existing, ever-
growing genomic databases of diverse organisms [44]. In addition, as
noted by Geldhof [31], application of RINAi approaches to parasitic
helminths have at times lacked convincing evidence of an RINAI eflect
or have not provided information on the full specorum or diversity of
target transcript susceptibilities to dsRNA treatments.

The RNA1 screening approach deseribed in the eurrent study,
to our knowledge, is the first to profile morphological phenotypes

:‘.@’. www.plosntds.org

associated with exposure of larval schistosome blood flukes to
dsRNAs representing a diversity of expressed genes. From our
sampling of dsRINAs for 32 different S. mansoni genes known to be
expressed In  primary sporocysts, only 34% (11 wanseripts)
produced a consistent, highly reproducible phenotype; namely a
reduced larval length (shortening), morphologically resembling a
type ol growth inhibiton. Interestingly, this was the same
phenotype that was observed in an earlier study invelving
dsRNA-mediated knockdown of a CD36-like scavenger receptor
at the tegumental surface of S, mansont sporocysts [27]. Thus, the
genes associated with this phenotype are quite varied, including
signaling molecules, Ca-interactive proteins, redox enzymes and a
membrane receptors/ion channels. Although it would be prema-
ture to speculate on specific gene-phenotype linkages, it may not
be particularly surprising that such a general phenotype as larval
size might be regulated by many different genes expressed in
variety of cell or tissue-types. In whole genome RNAi studies of €,
elegans, an overall ~2% of detectable viable phenotypes were
growth- or size-related [41] and recent RINAi applications on
schistosomules, miracidia, or adults also produced a similar
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Figure 7. Quantification of differential EF1a protein levels in 5.
mansoni sporocysts post-dsRNA exposure. Western blots of SDS-
PAGE separated total proteins extracted from sporocysts treated for 7
days with elongation factor1a« (EF1a) or GFP (control) dsRNA. A rabbit
anti-EF 12 was used to detect a 50 kDa S. mansoni EF1a, while a rabbit
anti-SmGST26 antibody served as both a protein specificity and loading
control. Note the presence of EF1a protein in dsRNA-GFP treated-
sporocysts, but reduced reactivity in EF1x-dsRNA-silenced parasites.
Significant knockdown of EF 1 protein in EF1x dsRNA-treated parasites
was confirmed by optical densitometry comparing protein band
intensities of test and control dsRNA treatment groups after anti-
GST26 normalization of each band. The bar graph shows an 80%
reduction (+/—S.E.) in dsRNA-induced EF 1« protein level in EF 1o dsRNA-
treated sporocysts relative to GFP controls. Statistical analyses were
performed using Students t-test. *P=0.05; N=3.
doi:10.1371/journal.pntd.0000502.g007

EF1a

consistent “shorter” phenotypes [45]. Our finding that only a
proportion of sporocyst exhibited the shortened phenotype might
be explained, at least in part, by results of the rhodamine-labeled
dsRNA uptake experiment demonstrating that ~67% of dsRNA-
treated larvae within a populaton (in all treamments) exhibited
signs of labeling, and of those, cellular localization of Rh-dsRNA
within sporocysts varied considerably (tegument, flame cells,
parenchymal tssues). Thus the degree and site of dsRNA
penetrance may be among several critical determinants influenc-
ing the observed phenotype. Moreover, this diflerential dsRNA
uptake also could explain the variation in the levels of transcript
knockdown observed in q-PCR analyses.

*@). www.plosntds.org
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Attempts to correlate phenotype and knockdown of target gene
expression also yielded variable results in that 7 of the 11 genes
associated with the shortened phenotype were signilicantly altered in
their expression afier the treatment period. One explanation as to
why all phenotype-expressing transcripts were not reduced is the
possibility that some genes possess different kinetic profiles (i.e., may
have exhibited knockdown prior to day 7). Of 5 genes whose
transcript levels were umaflected (Smad2, Rho2, ring box) or
marginally affected (Smad4, LDH) by dsRNA at 7-days of treatment,
3 transcripts (Rho2, Smad4 and LDH) showed an early significant
knockdown at day 2 suggesting a temporal reduction in transcript
levels that could be phenotype-associated. Why transeript expression
ol the other 2 phenotype-associated genes (Smad2 and ring box) was
not allected by specilic dsRINA treatments remains unclear, although
RNAI offttargeting, e, a mis-targeting of specilic dsRINA to other
unidentified mRNAs [46-49] could be involved. Off~target effect of
introduced dsRNAs seems to be a common occurrence in helminth

RINAI experiments, and presents a challenge in controlling such
effects, as recently reviewed by Geldhof and colleagues [31]. Yet, it
has been shown in mammal cells that knockdown efficiency is highly
dependent on the specific dsRNA sequence of a particular gene [50],
and that in some cases, a small degree of similarity may invoke off-
target gene silencing [51]. In our current study, we exposed larvae to
gene-specilic long (500 bp) dsRNA, which, upon dicer cleavage,
results in short unpredictable RNA sequences that represent potential
sources ol off-target gene silencing. To complicate matters further,
some siRINA also have been shown to exhibit nonspecific toxic effects
that may directly aflfect transcriptional processes without altering
specific transcript levels [52].

Although it was not the goal of this study to provide in-depth
analyses of each the gene investigated herein, [ollowup experiments
involving 8. mansoni elongation factor lo (EFle) ilustrates the
importance of providing several lines of evidence of an RNAI eflect.
In this case, larval weatment with EFla dsRNA resulted m a
demonstrable phenotype, specific wanscript knockdown, and ap-
proximately 80% inhibition of EFlo protein expression as measured
by both Western blot and immunocytochemical assays. Elongation
factors are known to be essential in the translational process by
fimctioning to catalyze the ammoacyl4RNA delivery to ribosomes
during protein elongation [53]. Given this putative function of EFle,
and its widespread knockdown at the transcript and protein levels, its
involvement either directly or indirectly in generating the shortened
larval phenotype is supported by the data presented here. Reasons
why we did not see any changes in GST26 protein levels in the EFlo
Western blot assay maybe due to a slow protein turnover rate for
GST26 or the possibility that GST26 is synthesized in cells/tissues
that were unaffected by EFloa dsRNA knockdown.

Variatdon in dsRNA weatment effects also was evident in the
group ol sporocysts that lacked any definable phenotype. Of the 13
nonphenotype-expressing larval groups, half (6) exhibited consis-
tent, significant reductions in transcript levels as measured by -
PCR, while transcript levels in the other half (7) were unaflected.
This type of result is not unexpected as this has been demonstrated
previously in RNAi sereens of model organisms such as C. elegans
[54], as well as parasitic nematodes [31,55]. For those transcripts
whose expression was unaflected by specilic dsRNA treaument,
there would not be an a priori expectation of phenotypic change.
There are several ways to potentially explain a lack of differential
phenotype in larvae presenting with dsRNA-induced transcript
knockdown : (1) the gene targeted lor dsRNA knockdown is
[unctionally unrelated to the observed phenotype, (2) since
typically an RNAi-like eflect does not lead to a complete gene
(and presumably protein) knockout, sufficient protein synthesis/
activity remains to continue support of the normal “phenotype™,
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Figure 8. Observations of differential expression of EF1a protein levels in 5. mansoni sporocysts after dsRNA treatments.
Immunfluorescence photomicrographs of GFP dsRNA (control; A) and EF1x dsRNA (B) treated sporocysts showing EF1a« protein-knockdown post
RNAI treatments. Larvae were cultured with dsRNAs for 7 days and fixed prior to treatment with anti-EF12 antibody and Alexa 488-conjugated
secondary antibody. Strong immunoreactivity (green fluorescence) is distributed among various cells and tissues within interior of control sporocysts
(A), compared to only weak reactivity in EF1a dsRNA-treated sporocysts (B). Confocal images; 400x. N=2.

doi:10.1371/journal.pntd.0000502.g008

(3) other related proteins and/or isoforms may be supplementing
or replacing the protein (and its function) initdally targeted for
dsRNA-mediated silencing, and (4) the protein product of the
targeted transcript may have a lengthy half-life (1.e., slow turnover

hence delaying potential gene knockdown effects at the
protein level. These results further underscore the wide variation
of RNAi
procedures, and the fact that dsRNA knockdown may not be

m  susceptbilities mdiniadual 8. manson:  genes  to
associated with any demonstrable phenotype.

One of the more intriguing results of our study was the
consistent, high level upregulated expression of SOD in sporocysts
upon treatment with SOD dsRNA. Even more impressive than the
1600-fold transcript expression [ollowing the standard 7-day
incubation period was the ~17 000-fold expression 2 days earlier
(day 4). At present we do not have an explanation as to how larval
exposure to SOD dsRNA may be triggering such high expression
levels. One possibility is that the yet unknown sequence(s) in
processed SOD dsRNA may be stimulating reactions similar to
RNA activaton (RNAa) [56,57]
would be a novel facet of RNAI in parasitic helminths. Although

. If' this is indeed the case, this

the function of SOD as a protective anti-oxidant has been
suggested [58-60], its essential role in parasite development has
not been established. If' the overexpression response seen in this
study is linked to SOD depletion or SOD sequence activation, this
would imply a critical role in sporocyst survival, and perhaps in
larval development as evidenced by its association with the
sporocyst size phenotype. The role of endogenous SOD, and other
ts confronted with oxidative stress 1s the

anti-oxidants, in sporoc
subject of ongoing investigations in our laboratory.

To date, RNA1 is the only reverse genetic tool available in
schistosomes [22], and although 1t has been successfully apphed as a
functional genomics tool m both mammalhian [25,28,61] and snail
[26,27] stages of infection, a lack ol consistency in the RNAi-
mduced knockdown and resulting phenotypes indicates a pressing
need to more fully investigate RNAI to gain a better understanding
mansont, and other parasitic
fatworm species [31]. The results presented here provide an

of this complex mechanism in 8.
overview ol the variability that may be encountered as transcript-

specific dsRNA sequences are applied as a tool for targeted gene
manipulation and morphological phenotyping in larval schisto-

www.plosntds.org

1

somes. It is anticipated that further improvements in dsRNA
delivery methods likely would be beneficial in attaining more
consistent transcript/protein knockdowns and resulting phenotypes,
as will further detailed analyses of specilic siRNA for individual
genes. Future studies involving optimization of transfection reagent-
and electroporation-based gene delivery approaches are currently
being planned. In assessing RNAi effects, in addition to low and/or

inconsistent dsRNA  penetrance, we also are hindered by the
'd for dsRNA treatments at
a given time, and, as reported in this study, a very imited phenotype
repertoire, due to a lack of more sensinve detection tools, These

numbers of parasites that can be process

restrictions illustrate some of the limitations facing large-scale RNAi
experiments, and demonstrate the necessity of small-scale or gene-
by-gene characterizations, untl development ol more sensitive,
higher-throughput methodologies [44].

In summary, this study is the first to provide a multi-gene
assessment of the eflicacy of dsRNA treatments in characterizing
phenotypic transcriptional  changes brought by
mtroduction ol gene-specilic dsRNAs into cultured S, mansoni

and about
larvae. Prolonged exposure to dsRINA, when selectively applied to
target generate
significant transcript knockdown, thus facilitating the investigation
of potential gene-associated function. However, as shown in the
present study, individual genes may dilfer significantly in their
abilites to render RNAi-like effects, and this is likely due, at least

genes expressed 1 early larval stages, can

partially, to efficacy of their intracellular processing. Although
RNAi approaches continue to be potentially valuable tools [or
functional genomies in parasitc helminths, caution should be
taken in the design, set-up and execution of RNAIi experiments. As
a lollowup to this study, we are now [ocusing on the group of
enzymes involved 1n reduction-oxidation (redox) reactions,
especially those with antioxidant activity, and that have exhibited
consistent ranscriptional knockdown by RINAi. These functional
studies were made possible by the data provided in this initial

multi-gene profiling of dsRNA effects.

Supporting Information

Dataset 81 Target genes and primers. Table 1: List of genes
targeted in the RNAi screening, includes specific forward and
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reverse primers used to amplify the 500 bp templates for dsRNA
synthesis. Also, protein functions were included in the context of S.
mansoni when possible. Gh: GenBank. Table 2: List of primers used
to quantify specific transcripts during real-ime Q-PCR analysis.

Found at: doi:10.1371/journal.pntd.0000502.s001 (0.12 MB XLS)
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Abstract

Antioxidants produced by the parasite Schistosoma mansoni are believed to be involved in the maintenance of cellular
redox balance, thus contributing to larval survival in their intermediate snail host, Biomphalaria glabrata. Here, we focused
on specific antioxidant enzymes, including glutathione-S-transferases 26 and 28 (GS5T26 and 28), glutathione peroxidase
(GPx), peroxiredoxin 1 and 2 (Prx1 and 2) and Cu/Zn superoxide dismutase (SOD), known to be involved in cellular redox
reactions, in an attempt to evaluate their endogenous antioxidant function in the early-developing primary sporocyst stage
of S, mansoni. Previously we demonstrated a specific and consistent RNA interference (RNAi)-mediated knockdown of GST26
and 28, Prx1 and 2, and GPx transcripts, and an unexpected elevation of SOD transcripts in sporocysts treated with gene-
specific double-stranded (ds)RNA. In the present followup study, in vitro transforming sporocysts were exposed to dsRNAs
for G5T26 and 28, combined Prx1/2, GPx, SOD or green-fluorescent protein (GFP, control) for 7 days in culture, followed by
assessment of the effects of specific dsRNA treatments on protein levels using semi-quantitative Western blot analysis
(GST26, Prx1/2 only), and larval susceptibility to exogenous oxidative stress in in vitro killing assays. Significant decreases
(80% and 50%) in immunoreactive GST26 and Prx1/2, respectively, were observed in sporocysts treated with specific dsRNA,
compared to control larvae treated with GFP dsRNA. Sporocysts cultured with dsRNAs for GST26, GST28, Prx1/2 and GPx,
but not SOD dsRNA, were significantly increased in their susceptibility to H»05 oxidative stress (60-80% mortalities at 48 hr)
compared to GFP dsRNA controls (~18% mortality). H,O,-mediated killing was abrogated by bovine catalase, further
supporting a protective role for endogenous sporocyst antioxidants. Finally, in vitro killing of S. mansoni sporocysts by
hemocytes of susceptible NMRI B. glabrata snails was increased in larvae treated with Prx1/2, GST26 and GST28 dsRNA,
compared to those treated with GFP or SOD dsRNAs. Results of these experiments strongly support the hypothesis that
endogenous expression and regulation of larval antioxidant enzymes serve a direct role in protection against external
oxidative stress, including immune-mediated cytotoxic reactions. Moreover, these findings illustrate the efficacy of a RNAI-
type approach in investigating gene function in larval schistosomes.
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Introduction

Miracidial penetration and entry into the molluscan interme-
diate host represent a critical transiton period in which the
previously free-living larval stage is now confronted with a
potentally hostile environment as it attempts to establish a viable
mlection [1.2]. Miracidia of the human blood fluke Schistosoma
mansoni shed their ciliated epidermal plates soon after entry into
the host snail Bf‘umpfmfaria SPP-s tra.nsﬁmuing to pﬁmary or mother
sporocysts. It is during this time of transition and early sporocyst
development that larvae are especially vulnerable to oxidative
stress generated from products of oxidized plasma hemoglobin [3],
or reactive oxygen or mnitrogen species (ROS and RNS,
respectively) resulting from hemocyte-mediated immune responses
(4-7]. In such a potentially damaging environment, it is vital that
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parasites possess the capability of maintaining a redox equilibrium
in order to counteract the effects of ROS/RNS generated both
internally (products of endogenous metabolic oxidative reactions)
and externally (environmental insults) [1,8].

Recent studies have shown that S mansoni larvae possess
numerous enzymes involved in ROS metabolism and detoxifica-
ton of oxidative products [9-14], and, like their adult stage
counterparts |_l.") lﬁj, appear to
maintain the redox balance in the parasite. Included among these
enzymes are the following: (i) glutathione-S-transferases 26 and 28
(GST26 and GST28) that function to neutralize potential
membrane damage by the hnked catalysis of glutathione (GSH)

l:nn'}plt:n‘lt-nt cach other to

reduction with detoxification reactions involving thiol-conjugation
to xenobiotics [19], (ii) peroxiredoxin (Prxl and Prx2) that are
mvolved in mamtaining redox balance, by reducing hydrogen
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Author Summary

Species of the human blood fluke Schistosoma are
estimated to infect approximately 200 million people
worldwide, resulting in loss of health, vitality and
productivity mainly among the world’s poorest inhabi-
tants. Since snail intermediate hosts represent an essential
part of the flukes’ life cycle, an understanding of the
strategies used by the intramolluscan schistosome larvae
to survive within this host may provide novel approaches
for disrupting larval development and thus transmission to
humans. Anti-oxidant enzymes produced by the parasite
Schistosoma mansoni are believed to play a critical role in
the maintenance of cellular redox balance, contributing to
larval survival in their snail host, Biomphalaria glabrata. In
this study, we have incorporated a RNA interference
approach attempting to knock down specific anti-oxidant
enzymes, including gluthatione-S-transferases 26 and 28
(GST26 and 28), gluthatione peroxidase (GPx), peroxire-
doxins 1 and 2 (Prx1/2) and superoxide dismutase (SOD),
and to evaluate their endogenous anti-oxidant function in
the sporocyst stage of S. mansoni. Results clearly
demonstrated a significantly higher susceptibility of
antioxidant double-stranded (ds)RNA-treated larvae to in
vitro H,0O, treatment or hemocytic encapsulation com-
pared to GFP dsRNA controls. Taken together, our findings
support the hypothesis that endogenous expression and
regulation of larval antioxidant enzymes serve a direct role
in protection against external oxidative stress, including
immune-mediated cytotoxic reactions.

peroxide (HyOs) using a thioredoxin as an electron donor [20], (i)
superoxide dismutases (SOD), metalloenzymes responsible for
catalyzing the dismutation of the superoxide radical to hydrogen
peroxide as a defense mechanism against oxygen toxicity [21], and
(iv) glutathione peroxidase (GPx), an H,Os-metabolizing enzyme
that protects membranes from damage by phospholipid peroxi-
dation [20,22]. It is noteworthy that unlike most organisms,
catalase, an enzyme responsible for Ho)s metabolism, is absent in
8. mansoni [18,23,24], but is functionally replaced by Prx and GPx
[16]. Interestingly, for schistosome GPx, whose HoOy-reactivity is
typically very low in adult worms [8], exposure to the mammalian
host environment induces enzyme activity and appears to be
positively correlated to the parasite’s resistance to oxidative stress
[22]. In contrast to GPx, high levels of Prx activity are found in
adult 8. mansoni worms, and these enzymes are believed to be key
components in maintaining redox balance, as well as are major
contributors to antioxidant activity [16].

Previous findings have demonstrated that in zitro cultured S,
mansoni sporocysts are highly sensitive to HoO» toxicity [5], and
that sublethal exposure of sporocysts in zifro to ROS, in particular
HyOo, ehecits an upregulation of genes encoding  various
antioxidant proteins [7,11]. These data support the hypothesis
that the primary sporocyst is capable of interfering with, or
deactivating ROS-mediated damage, through activity of an
endogenous antioxidant system [1]. However, to date, a [unctional
role of specific antioxidant enzymes within intact larvae in
providing protection against external ROS insults has not been
demonstrated. Recently Mourdo ef al. [25] demonstrated consis-
tent transcript knockdown for various antioxidant/redox-active
detoxicant mRNA species in 8. mansoni sporocysts using RNA
interference as originally described [26]. These included tan-
seripts for GST26 and 28, Prx1 and 2, and GPx. As a followup to
these [indings, the present study was conducted to determine
the functional consequences ol these induced antioxidant gene
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changes, especially their relevance to S. mansoni sporocyst inter-
actions with the intermediate snail host B. glabrata.

Materials and Methods

Ethics statement

Research procedures involving mice used in the course of this
study were reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of
Wisconsin-Madison under assurance no. A3368-01.

In vitro cultivation of larval Schistosoma mansoni

The NMRI strain of S. mansoni was used for all experiments. S.
mansoni eggs were isolated [rom livers obtained [rom mice
harboring 7-week old infections, and miracidia hatched in an
artificial “*pond water” supplemented with antibiotics (50 pg/mlL
streptomycin and 60 pg/mL penicillin) [27]. Larvae were washed
twice in ice-cold, sterile pond water by centrifugation, before being
resuspended in Chernin’s Balanced Saline Solution (CBSS; [28]),
containing glucose and trehalose (1 g/L each) sweptomycin and
penicillin (50 pg/ml and 60 pg/ml., respectively). Miracidia were
then counted and distributed into 48- or 96-well polystyrene tissue
culture plates (Costar, Corning Incorporated, NY), at concentra-
tions of ~500, 1000 or 8000 miracidia/well for oxidative stress
experiments, immunocytochemistry or Western blot analyses,
respectvely. Finally, double-stranded RNAs were synthesized
from isolated sporocyst cDNA using T7 RiboMAX Express RNAi
Kit (Promega, Madison, WI), according to manulacturer protocol.
Briefly, dsRINAs synthesis reactions were allowed to incubate for
16 hr at 37°C prior to DNAse weatment. DsRNA products were
then extracted by phenol/ chloroform and purified by precipitation
with isopropanol. DsRNAs (50 nM final concentration) for specific
antioxidant genes or green-fluorescent protein (GEFP; specificity
control dsRNA) were added to cultures containing 100 pL. of
CBSS for the oxidative stress assays and immunocytochemistry
and 400 pL. for the Western blot experiments. Because of the
sequence and functional similarities of Prxl and 2, dsRNAs for
these transeripts were combined as a single treatment, designated
hereafter as Prx1/2. Larvaec were incubated for 7 days as
previously detailed [25], after which dme the functional
consequences of dsRNA treatments were determined in functional
assays described below. It should be noted that in a previous series
ol' RINAI experiments conducted in parallel with the present study
[25]. a consistent, significant knockdown of steady-state transcript
levels for each of the antioxidant genes currently under study was
well documented. The only exception was the Cu/Zn superoxide
dismutase (SOD) gene, in which larval exposure to SOD dsRNA
resulted m a consistent increase, not knockdown, of SOD
transcripts.

Western blot analysis

To assess the eflects of antioxidant dsRNA on the expression of
specific proteins in sporocysts, we analyzed protein extracts of
dsRNA-exposed sporocysts by Western immunoblot analysis [29]
incorporating specific antibodies to two antoxidant species;
namely SmGST26 (Cell Signaling Technology, Danvers, MA)
and SmPrx1/2 (gifti from Dr. D. Williams). Briefly, protein
samples (~8 pg) and Precision Plus Dual Color Marker (Bio-Rad,
Bio-Rad Laboratories, Inc., Hercules, CA) were separated on
12.5% SDS-PAGE gels and transferred by semi-dry electroblot-
ting (Amersham Biosciences) to nitrocellulose membranes (Bio-
Rad). Afier blocking overnight in TBS (2.42 ¢ Tris base, 8 ¢ NaCl,
pH 7.6) containing 5% bovine serum albumin (BSA), membranes
were incubated in specific antibodies or a mouse anti-ot tubulin
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antibody (serving as loading control, 1:1000 dilution; Upstate
Biotechnology Inc., Lake Placid, NY) for 16 hr at 4°C with gentle
rocking. Membranes were then washed for 30 min in TBS-Tween
(0.1%), and incubated for 1 hr in TBS-BSA (5%) containing either
alkaline phosphatase (AP)-conjugated goat ant-rabbit IgG or AP-
rabbit anti-mouse IgG at dilutons of 1:10% and 1:5000,
respectively (Promega, Madison, WI). The colorimetric immuno-
reactivity was detected with the chromogen 5-bromo-4-chloro-
3-indolyl phosphate (BCIP) and nitro-blue tetrazolium (NBT)
diluted in AP bufler (0.1 M Tris, 0.1 M NaCl, 0.05 M MgCl,,
pH 9.5).

To quantily the observed immunoreactivity of each target
protein in sporocysts treated with specific dsRINA and control GFP
dsRNA, the intensites of reactive target bands were measured
using Ultraviolet Transilluminator Biolmaging Systems (UVP,
Inc., Upland, CA) and normalized to the ottubulin band with
LabWorks Image Acqusition and Analysis Software (version 4.6)
m order to quantitatively evaluate the ellects of antioxidant
dsRNA treatment on specific protein levels. Three independent
experimental replicates were performed and analyzed by Student’s
I-test, with significance set at P=0.05.

Immunocytochemistry

In order to compare in situ GST26 and Prx protein levels in
antioxidant dsRNA-treated parasites, we prepared whole, intact
sporocysts for immunofluorescent observations. All washing steps,
in eppendort tubes, were performed by centrifugation at 1600 rpm
for 2 min and repeated 5 times, or as otherwise mentioned.
Following transformation and in vifre cultivation (24 hr), sporocysts
were washed 3 times in CBSS, to remove detached ciliated plates,
prior transfer to siliconized-tubes containing 2% paraformalde-
hyde and 1% Triton-X100/sPBS. Larvae were fixed overnight at
4°C under gentle agitaton, then washed in snail phosphate-
buflered saline (sPBS; [30]) and resuspended in blocking buller
(5% normal goat serum + 0.02% sodium azide in sPBS) for 16 hr
at 4°C. Rabbit-ant-GS8T26 or mouse anu-Prx1/2 primary ant-
bodies, diluted at 1:2000, and 1:200, respectively, were then added
to the larvae in [resh blocking bufler for 16 hr at 4”°C under gente
agitation. This was [ollowed by 5 washes, 10 min each, in sPBS,
and resuspension in blocking bufler contaiming 4 pg/ml. Alexa-
Fluor 488-conjugated anti-rabbit/mouse antibody, 7 units/mL
phalloidin-Alexa 546 and 10 pg/mlL Hoechst 33258 dye (Invitro-
gen). Tubes containing samples were incubated for 16 hr at 4°C
under constant rotation, followed by washing in sPBS, resuspen-
sion in 40 pl of sPBS and mounting on coverslips. A Nikon Eclipse
TE2000 (Nikon Instrument Inc., Melville, NY) inverted epifluor-
escence microscope equipped with a Bio-Rad Radiance 2100 MP
Rainbow Confocal/Multiphoton Imaging System (W.M. Keck
Laboratory for Biological Imaging, Instrumentation, UW-Medical
School) was used for specimen imaging and evaluation.

Oxidative stress experiments

Peroxide toxicity. A series ol in vitm experiments were designed
to test the potendal functional consequences of antioxidant protein
knockdown in sporocysts treated with a sublethal concentraton of
H,05. In preliminary tests, to determine our working sublethal
peroxide concentration we exposed 7-day cultured GFP dsRINA-
reated sporocysts to inereasing amounts of HoOo (Sigma-Aldrich, St
Louis, MO) in a 96-well plate containing 0 pM (buller only control),
5 pM, 10 pM, 25 pM, 50 pM, 100 pM, and 5 mM HoO5 in CBSS.
Propidium iodide (PL; Invitrogen, Carlsbad, CA), used as a vital dye
(5 pg PI/ml. CBSS), was added at the tme of viability scoring and
the percentage of dead sporocysts, determined by intense staining

with PI (Pl-positive or PI+) was calculated at 24- and 48-hr post-
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treatment according to the following formula:

Y% dead sporocysts

= [number of dead laryae (PH_)/tota] number of larvaej| % 100

Larval mortality in =50 uM H,O, was comparable to
untreated sporocysts (CBSS alone) at both time intervals (data
not shown), and therefore 50 pM was chosen as our sublethal
H,0, concentration.

Effect of antioxidant gene knockdown on sublethal H,0,-
mediated sporocyst killing. To evaluate the functonal
relevance ol the antioxidant enzymes GPx, GST26, GST28,
Prx1/2 and SOD on parasite survival under oxidative stress condi-
tions, 7-day dsRNA-treated sporocysts were exposed to 50 pM
H,O, for 4, 24 and 48 hr prior to evaluating larval viability.
Freshly-hatched miracidia were axenically isolated and soaked in
CBSS containing 50 nM of GPx, GST26, GST28, Prx1/2,
SOD or control GIFP dsRNAs and cultured for 7 days in 24-well
plate as previously described [25]. Each treatment group was then
divided into 3 wells of a 96-well plate: 2 of the wells were exposed to
50 uM of HsOs, and the third well was used as a no-treatment
control (no HyOs). Cultures were incubated at 26°C and dead
parasites (PI4+) were counted at 4 h, 24 h and 48 h using an
epifluorescent inverted microscope Nikon Eclipse TE 300 (Nikon
Instruments Inc.). Data were represented as mean percentage dead
Sporocysts: [{#PI‘F lﬂrvac)/(lolal # larvae)
point for each treatment group. Two-way ANOVA with Bonferroni
post-test was used to compare the % mortality ol antioxidant
dsRNA-treated groups over exposure time interval to the GIP
dsRNA-treated control group. Significance was set at P=0.05;
N=5.

Catalase mneutralization of H;0,-mediated oxidative
stress. 1o verily that HoO. is the major oxidizing agent
responsible for initiating sporocyst death, dsRNA-treated larvae
were prepared as described above and exposed to 50 pM H,O,
containing 0.1%, 0.05%, 0.025%, 0.0125% of bovine catalase
(Sigma-Aldrich). Additdonal control cultures containing H, Oy alone
(positive killing control) and catalase alone (catalase control) were
concurrently run. All parasites were incubated at 26°C, and larval
death assessed at 0, 4, and 48 hr post-treatment, using propidium
iodide (Invitrogen). For ecach dsRNA treatment, the mean
percentage mortality between HoOs-exposed, HoOs + catalase-
exposed and unexposed parasites with oime was compared using
Two-way ANOVA with Bonferroni post-test and with significance
set at P<<0.05 (N =6).

Protective effect against
hemocyte-mediated killing. To investigate the
protective role of endogenous antioxidant molecules, sporocysts
were treated with GPx-, Prx1/2-, GST26-, GST28-, SOD- and
GIP-(control) dsRNAs for 7 days, followed by co-incubation with
hemocytes of the susceptible NMRI strain of Biomphalaria glabrata
in an in vitro cell-mediated cytotoxicity assay [5]. Because we
wished to test for an effect of antoxidant knockdown on the
eflicacy ol hemocyte-mediated killing, cells ol the susceptible
NMRI strain were used to determine il their basal level of killing
efficiency could be significantly altered due to antioxidant
knockdown. FEighteen snails (1418 mm shell diameter) were
used for each assay, in which the shell of each animal was dried,

x 100, at each time

of antioxidants in vitro

larval

swab with 70% ethanol, and soaked in filter-sterilized ““pond™
water containing 60 pg/ml penicillin G, 50 pg/ml streptomycin
and 25 pg/ml amphotericin B for 30 min. Snail shells were again
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dried and swabbed with 70% ethanol before headfoot bleeding as
described in Sminia and Barendsen [31]. Whole hemolymph was
pm)ltrd in a Petri dish on ice to facilitate removal nfa.ny extrancous
shell debris or mucus, and then transferred to sterile 15-mL
centrifuge tubes containing an equal volume of ice-cold CBSS.

The cytotoxicity assay described by Hahn e al. [5] was used
with some modifications. Approximately 500 pL of hemolymph
was gently aliquoted in siliconized-eppendorf tubes containing an
agarose plug (0.2% agarose) and 50 pl. of 5% Ficoll (Sigma-
Aldrich Inc.) in incomplete or I-Bge (24% Schneider’s Drosophila
medium, Invitrogen; 0.5% lactalbumin hydrolysate, Sigma-
Aldrich; 7.2 mM gaia(:tustr‘). Tubes were (:rfﬂtrifugfrd at 20 xg for
17 min to isolate and concentrate hemocytes. Cell-free plasma and
Ficoll were removed and discarded, followed by resuspension of
hemocytes in sterile CBSS and redistribution in equal aliquots to
wells of a 16 CultureWell™ Chambered Coverglass slide
(Invitrogen) containing approximately 100 dsRNA-treated sporo-
cysts in [-Bge medium. Afier 1 hr of co-culivation at 26°C, 3 pL
of propidium iodide (PI; 5 pg/mL) (Invitrogen) were added to a
subset of wells and the total number of sporocysts (Nomarski DIC
optics) and number of dead sporocysts, those exhibiting positive PI
staining (PI4+; epifluorescence microscopy), per treatment were
counted in order to establish an initial mortality rate. Enumeration
of total and dead sporocysts was again determined at 24 hr post-
cultivation. The percentage ol sporocysts killed after 24 hr of co-
culture was calculated for groups of larvae weated with antioxidant
dsRNAs and control GI'P dsRNA, and compared according to the
following formula [5]:

% sporocysts killed =[ (d24 hr — dl hr)/(T a1 hr}] > 100,

where “d” = # dead sporocysts at the indicated time interval (1 or
24 hr) and “I™ =total # sporocysts. Statistical analyses were
ptrrf‘(}rrnt:d uz-iirlg Student’s f-test in which the % sporocyst death at
24 hr was compared between antioxidant dsRNA-treated and
control GFP dsRNA-treated groups. Significance was set at
P=0.05 (N =4)

Results

Previous work in our lab has established a consistent and
specific pattern of altered antioxidant transcript expression in
primary sporocysts alter 7 days ol double-stranded (ds) RNA
exposure [25]. Specifically, statistically significant knockdown of §.
mansoni GST126, GST28, GPx, and Prx1/Prx2 wanscript levels,
and an unexpected robust increase in those of SOD were observed
in dsRNA-treated larval populations. To [urther explore the
functional relevance of these enzymes in this parasite model, we
conducted experiments to determine how antioxidant dsRNA
exposure allected gene expression at the protein level (for selected
enzymes), and whether a [uncdonal associaton could be
established between antoxidant gene knockdown and parasite
survival in presence of stressors such as reactive oxygen species
(H205) or encapsulating hemocytes.

To verily that specilic dsRNA treatments had a predicted
downregulating eflect on sporocysts at the protein levels, Western
blot analyses were perlormed on sporocysts treated with dsRNA for
GST26, Prx1/2 and GFP (control) using antibodies specifically
against S. mansoni GST26 and Prx1/2 [20]. In all experiments a
crossreactive ant-o tubulin antibody served as a loading control. As
shown in Iigure 1, proteins extracted from GI'P dsRNA-treated
sporocysts (specificity control) presented two distinctive bands at
~26 and 55 kDa, corresponding to GST26 and o tubulin,
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Figure 1. Western blot analyses of SDS-PAGE separated
extracts of Schistosoma mansoni sporocysts. Larvae were cultured
for 7 days in CBSS containing GFP, GST26, or Prx1/2 dsRNA, followed by
probing with specific anti-GST26 (Fig. 1A), anti-Prx1 (Fig. 1B) or sample
loading control anti-z tubulin antibodies. Using anti-o tubulin reactivity
to normalize sample loads, scanning densitometry was used to quantify
immunoreactive GST26 (Fig. 1C) and Prx1 (Fig. 1D) intensities in specific
dsRNA-treated vs. GFP dsRNA control sporocyst groups. Both GST26
and Prx protein levels were significantly knocked down by 80% and
50%, respectively, when compared to the GFP dsRNA treatment.
** P<<0.01; ** P<<0.001; N=3.

doi:10.1371/journal.pntd.0000550.g00 1

respectively. However, although larvae treated with GST26 dsRNA
also exhibited the 55 kDa o tubulin protein, little immunoreactivity
was observed at 26 kDa, suggesting an RNAi-induced GST26
protein knockdown (Fig. 1A). Quantification of band intensities by
scanning densitometry, using anti-o tubulin reactivity to normalize
protein loads in both treatment samples, confirmed that GST26
protein levels were significantly reduced (by ~80%) in GST26
dsRNA-treated sporocysts compared to the nonspecific GI'P
dsRNA control group (Fig. 1C). Similarly, although not as dramatic,
larval exposure to Prx1/2 dsRINA also exhibited a significant ~50%
decrease in prutt'.in level L:(}rllpa.rr:d to the GIP control treatment hy
semi-quantitative Western blot analysis (Figs. 1B and D).
Consistent with Western blot analyses, @ siu  confocal
observations of ant-GST26 localizaton in GST26 dsRNA-
exposed and control GIP dsRNA-treated sporocysts revealed
contrasting expressions of immunoreactivies. Anti-GST26 anti-
bodies strongly reacted with endogeneous 8. mansoni GST26 in
sporocyst controls (Fig. 2A), but was much reduced in those
treated with GST26 dsRNA (Fig. 2B), indicating a RNAi-
mediated GST26 protein knockdown. Immunolocalization of
anti-Prx1/2, however, revealed lhittle difference in observed
staining intensities between the GIP and Prx dsRNA-treated
groups (Figs. 2C and 2D, respectively), except for a slight decrease
in surface immunoreactivity in Prx-treated sporocysts. This also is
consistent with the smaller knockdown effect of dsRNA exposure
on Prx protein expression seen in immunoblot analysis (Fig. 1B).
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Figure 2. Representative confocal epifluorescent photomicro-
graphs of Schistosoma mansoni sporocysts showing immunolo-
calization of anti-GST26 and anti-Prx1 antibodies after culti-
vation in medium containing GST26, Prx or control GFP
dsRNA. Fluorescence specific to anti-GST26 reactivity (green) observed
in GST26 dsBNA-treated larvae (Fig. 2B) was noticeably reduced
compared to the nonspecific GFP dsRNA control sporocysts (Fig. 2A),
consistent with the high protein knockdown (—80%) seen in Westemn
blot analysis. By contrast, little difference in fluorescence levels was
observed between the nonspecific GFP dsRNA control-treated (Fig. 2C)
and Prx1/2 dsRNA-treated (Fig. 2D) sporocysts, reflecting the relatively
small decrease (~50%) observed in immunoblot protein levels. N=3.
doi:10.1371/journal.pntd.0000550.g002

In order to evaluate the effects of a potential loss of antioxidant
activity in sporocysts due to dsRINA-induced antioxidant knock-

down, we exposed groups ol treated parasites to a range of

hydrogen peroxide (HoOs) concentrations. In these prelimimary
tests 50 uM H>O5 was determined to represent a sublethal dosage
under our experimental conditons (% larval death was not
significantly different from control groups), wher
significantly increased at 100 pM and higher HoOs concentrations

as mortality rates

(data not shown). As shown in Figure 3, none ol the dsRNA-
treated sporocysts exhibited significant increases in HyOo-
mediated mortality when compared to the GFP control reatments
after 4 hr of exposure. However, at 24 and 48 hr sporocysts in all
dsRNA-wreatments, except the SOD dsRNA-exposed group,

displayed significant increases in mortality with an average of

35% sporocyst death compared to 8% in control treatments after
24 hr, and 60 to 80% mortalities, compared to ~18% in control
treatments, at 48 hr post treatments (Fygna = 28.21, P=0.0001:
Frine =84.71, P=0.0001, N =4). In conwmrast to other antioxidant
treatments, sporocysts exposed to SOD dsRNA exhibited a HoOs-
mediated mortality rate similar to that of control treatments at all

time pomnts (Ing. 3). See Figure 3 legend lor means l'mup'.-u’isuns
using Bonlerroni's post-test.

To confirm that sporocyst death was specifically due 1o H,O, as
an exogeneous oxidative stressor, we exposed dsRNA-treated
sporocysts to 50 puM H,O, in presence or absence ol bovine
catalase or to catalase only (no H.Os control), and evaluated
sporocysts mortality in all treatments after 48 hr. Overall ANOVA
indicated a significant effect of dsRNA weatment and H;Os-
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exposure (Fygpna=7.44, P=0.001; Fgq=1533, P=0.0001,
N =6). Within each treatment group, the percent mortahties for
sporocysts exposed to GPx, GST26, GST28 and Prx1/2 dsRNAs
were very similar when incubated in HyOgtcatalase or catalase
only (f values ranging from 0.23-1.74; all nonsignificant) (Fig. 4).
These results are in contrast to the effects ol exposure to HoO»
alone (positive killing control), in which mortality rates for
sporocysts treated with the same antoxidant dsRNAs were
significantly higher (ranging from 50-75%) when compared to
25% average sporocyst death in the catalase treatment groups (see
Fig. 4 for Bonlerroni’s post-test comparisons). As previously
ohserved, SOD dsRNA-treated larva
m mortality rates between the different treatments, nor when
compared to the control GFP dsRNA group.

, again showed no difference

Finally, in order to evaluate the effect of dsRNA antioxidant
knockdown on snail hemocyte-sporocyst interactions i zifro,
dsRNA-treated sporocysts were co-cultured with isolated hemo-
cytes from the susceptible NMRI strain of Biwomphalaria glabrata.
Alter 24 hr of sporocyst-hemocytes incubation in an in vifro cell-
mediated cytotoxicity assay [5], we observed that dsRNA
knockdown of GST26 (1=2.50, P=0.01), GST28 (P=0.0461)
and Prx1/2 (1=3.17, P=0.04) resulted in small, but statistically
significant increases in larval death, averaging ~20% compared to
~8% mortality in the GFP dsRNA control group (Fig. 5). Note
that sporocysts treated with GPx dsRNA also showed an increase

in mean mortality rate, but was not statistically significant when
compared to the GFP control parasites. As observed in previous
experiments, sporocysts treated with SOD dsRNA exhibited no
difference in mortality compared to the GFP-treated control
sample.

Discussion

Enzymes involved in cellular redox pathways, which include
proteins with antioxidant activities, are believed to be essential
components regulating B. glabrata/S. mansoni molecular interaction
[1,2]. It is now well recognized that certain strains of B. glabrata
snail immune cells or hemocytes produce substantial amounts of
reactive oxygen [4,5] and nitrogen [6] species as a consequence of
simulation by known activators of ROS/RNS or when encoun-
tering S. mansoni sporocysts, and that sporocysts are exquisitely
sensitive to ROS-mediated killing, especially to H,Os,. Moreover,
m a series of [ollowup studies, Bayne and co-workers have
(SOD1) as a key
enzyme involved in oxidative killing acuvity by hemocytes of

mplicated a Cu/Zn-superoxide dismutase

resistant (R) strains of B. glabrata snails. Their studies demonstrated
that (1) SOD transcript expression and enzyme activity are higher
in certain R wvs. susceptible (S) snail hemocytes [32] and this
correlates with greater HoOs production in the R strain [33], (2) B.
glabrata SOD1 is comprised of 3 alleles, of which one (B allele) is
significantly associated with R snails [34], and (3) SOD1 B allelelic
expression is higher in R hemocytes than those of the S strain
[35]. Based on their findings it is suggested that snail strain
dilferences in SOD hemocyte expression may be causally linked to
the observed S and R strain phenotypes. Because SOD catalyzes
the conversion ol superoxide to cytotoxic HoOs it is reasoned that
upregulation of the SODI gene and its resultant heightening of
SOD enzymatic activity in R hemocytes may represent a possible
mechanism for the diflerental larval killing response by R vs. S
snail hemocytes [2].

While snail hemocytes produce H.Os as an anti-parasite
effector molecule, evidence also strongly supports the presence of
an active antioxidant system in early developing S. manseni
sporocysts [11-13]. Catalase gene homologues were not found in
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Figure 3. Graphic representation of the effect of exogenous H,0, exposure on Schistosoma mansoni sporocysts following treatment
with dsRNAs for GFP (specificity control), SOD, GPx, GS5T26, GST28 and Prx1/2. Double-stranded RNA-reated sporocysts were exposed to
50 uM H,0, for 4, 24 and 48 hrs (stippled, grey and black bars, respectively). Knockdown of larval GPx, GST26, G5T28 and Prx1/2 antioxidants
increased sporocyst mortality after 24 and 48 hr under oxidative stress conditions when compared to GFP dsRNA-treated or no treatment controls.
Note that sporocysts treated with SOD dsRNA showed no difference in susceptibility to H,O, oxidation at any of the time points compared to
controls. **P<0001; **P<00001; N=4.

doi:10.1371/journal.pntd.0000550.g003
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Figure 4. Effects of catalase on H,0,-mediate killing of GPx, GST26, G5T28, SOD, Prx1/2 dsRNA-treated and control GFP dsRNA-
treated Schistosoma mansoni sporocyst in vitro. After 7 days of dsRNA incubation sporocysts were exposed to H;0; alone, catalase alone or
catalase combined with H,O; for 48 hr followed by evaluation of sporocyst death using propidium iodide staining. Significant increases in HyO>—
mediated mortality was abrogated in the presence of bovine catalase [H,0;+catalase] showing that H,0, was the primary source of larval killing in
antioxidant dsRNA-treated sporocysts, with the exception of SOD, *P<0.05; **P<0.001; ***P<0.0001; N =6.

doi:10.1371/journal.pntd.0000550.g004
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Figure 5. /n vitro cell-mediated cytotoxicity (CMC) assay results.
Schistosoma mansoni sporocysts, cultured for 7 days in medium
containing antioxidant (GPx, Prx1/2, GST26 and 28, SOD) or control
GFP dsRNA were incubated for 24 hr with plasma-free hemocytes from
the susceptible NMRI snail strain of Biomphalaria glabrata followed by
assessment of larval mortality by propidium iodide staining. Co-culture
of GST26, GST28 and Prx1/2 dsRNA-treated sporocysts with snail
hemocytes resulted in small, but significant increases in percent larval
mortality when compared to GFP dsRNA controls. The GPx dsRNA-
treatment exhibited a nonsignificant increase in larval killing, while
mortality of SOD dsRNA-treated sporocysts showed no difference
compared to GFP dsRNA controls. *P=0.04; N=4.

doi:10.1371/journal pntd.0000550.g005

recent searches ol the S, mansoni genomic and ES'T databases, and
this is consistent with earlier findings [16,23,24] indicating that
these parasites must possess alternative means for neutralizing
Hy0, and other ROS. As clearly demonstrated in mammalian
stages of 8. mansont, this is accomplished by a thiol-dependent
redox system involving thioredoxin glutathione reductase (T'GR)
as the central enzyme driving redox reactions [36]. Similarly, early
intramolluscan larval stages also express redox genes, including
TGR, thioredoxin, Cu/Zn SOD, GPx, Prx and GST [7,11
13,37], and in the case of GPx [7] and Prx!] and 2 [11], sporocyst
expression levels are dramatically increased in response to ROS
exposure. In addition, Cu/Zn SOD, GST26 and 28 and Prx were
recently identified in larval transformation proteins (L'TP) released
during in vifro transtormation of miracidia to sporocysts, demon-
strating not only the synthesis of these antioxidants by miracidia,
but also their active release during larval infection [9,14]. Implied
in these findings is the notion that andoxidant LTPs may be
playing a potential protective role during early parasite develop-
ment. This prospect ol larval-protective antioxidants was given
further credence by Vermeire and Yoshino [11] who demonstrat-
ed that Prx1/2 in LTP can function as scavengers ol exogenous
H,0O, suggesting the potential importance of excreted antioxidants
as a sporocyst defense mechanisms.

In this study, we provide the first evidence for a [unctional role
of the endogenous antioxidants GPx, Prx and GST5s in the survival
of 8. mansoni sporocysts conlronted with exogenous oxidative stress.
By successfully knocking down antoxidant transcript/protein
levels using an RNAi-type approach, we were able to characterize
the impact of introduced molecular HoO» and presumed ROS
produced during hemocyte encapsulation reactions on survival ol
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intact primary sporocysts of S. mansoni. In a previous companion
study that was run in parallel with the current experiments [25] we
showed that larval treatment with double-stranded RINA (dsRNA)
for all of the antioxidants, except SOD, produced a consistent,
significant and specific transcript knockdown in sporocysts. In the
present study, consistent with the transcript knockdown seen
earlier, we demonstrated a dsRNA-associated decrease in GST 26
and Prx1/2 protein levels using specific antibodies in a semi-
quantitative Western blot assay. This protein knockdown eflect
was supported by immunocytochemistry (ICC) in the case of
GST26, but not as dearly for Prx. Importantly, the dsRNA-
mediated decrease in GST26 and Prx protein content correlated
well with significant increases in sporocyst mortality at 24 and
48 hr post-HoOs5 exposure compared to the dsRNA control
groups, implying a functional role for endogenous GS126 and Prx
in the protection of primary sporocysts against external oxidatve
stress. Although lack of specific antibodies to the other antox-
idants precluded a complete analysis of the other RNAI targeted
genes used in this study, we continued to see a consistent
correlation between dsRNA-induced decrease in transcript levels
[25] and sporocyst survival patterns for larvae treated with GST28
and GPx dsRNA that were similar to those treated with GST26
and Prx1/2 dsRNAs. Indeed, compared to the untreated and GIFP
dsRNA controls, exposure of antioxddant dsRNA-treated sporo-
cysts to a sublethal concentration of HoQo in wifo resulted in
dramatic decreases in parasite survival in all treatment groups
except SOD, supporting the notion that GST28 and GPx, similar
to Prx and GST26, also are capable of enhancing sporocyst
survival in an oxidative environment.

These new findings are consistent with the extensive and
ongoing work on the redox mechanism in the adult stage of
S. mansoni, in which an active thiol-dependent redox maintenance
system revolves around a thioredoxin glutathione reductase (TGR;
[36]), a single enzyme that combines the activities of two enzymes,
thioredoxin reductase and glutathione reductase, present in
mammals [17]. Schistosome TGR is responsible for maintaining
the reduced and active states of both thioredoxin (TR) and
glitathione (GSH), allowing them to activate several Prxs and
GPx, which in turn are capable of reducing HoOs and other
hydroperoxides [8]. Furthermore, in a more recent study, Sayed
and coworkers [16] showed that Prx activity was essential to
S, mansoni adult worm survival in zitw, [urther supporting the
importance ol maintaining a steady supply of this, and other
antioxidant enzymes by S. mansoni adults. It appears that, like adult
worms, early intramolluscan stages also must rely on robust
endogenous system of antioxidant production that allows the
parasite to overcome oxidative stress from both internal and
external sources.

In addition to the antoxidant protective role of S. mansoni
sporocysts in the presence of exogeneously introduced oxidative
stress, we observed a  similar dsRINA
antioxidant-treated sporocysts that have come in contact with
hemocytes from the susceptible NMRI B. glabrata strain. Our
rationale for incorporating susceptible snail hemocytes in these
experiments was to test the hypothesis that reducing the
antioxidant capacity ol sporocysts would increase their vulnera-
bility to sublethal levels of ROS normally produced by NMRI
snail hemocytes in i vitro cell-mediated cytotoxicity (CMC) assays
[5,38]. In this @ wfro biologically-relevant context, we demon-
strated a significant protective role of Prx and GSTs in sporocysts
during hemoeyte interactions. Co-culture of plasma-free hemo-
cytes from susceptible NMRI snails with Prx, GS8T26, and GST28
dsRNA-weated sporocysts induced an increase in sporocyst
mortality (1o ~20%) within 24 h ol iniual contact, when compared

survival pattern  in
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to GI'P dsRNA-treated control group (8%). GPx dsRNA-weated
sporocysts also showed a comparable increase in hemocyte-
mediated killing, but high variance in replicate values rendered the
increase nonsignificant. Thus the protective role of GPx against
hemocyte-mediated ROS attack still remains to be proven. Taken
together, however, our overall results suggest that ROS production
m  susceptible snail hemocytes is capable of overpowering
antioxidant-deficient parasites. Zelck and Janowsky [7] hypothe-
sized that susceptible snails generate relatively small amount of
ROS, which in turn may induce antioxidant production in
schistosomes, effectively neutralizing snail-generated ROS. In this
study, we have demonstrated that ellectvely reducing their
antioxidant enzyme capacity, sporocyst survival, when confronted
by a usually benign hemocyte challenge, is significantly reduced,
thus supporting the critical importance of the endogenous
antioxidant system in establishing viable larval infections within
the susceptible snail host.

Finally, a major exception to our present [inding of enhanced
larval susceptibility to oxidative stress by redox proteins was signal
peptide (SP) Cu/Zn SOD [39]. In this case Cu/Zn SOD dsRNA
treatment consistently had no effect on parasite survival whether in
the presence of sublethal Hy O, or encapsulating hemocytes. These
differing eflects of SOD dsRNA exposure may have been
predicted as treated S. mansoni sporocysts consistently displayed
extreme elevations, rather than knockdown in transeript levels
[25], indicating a strong induction ol SOD gene expression in
these larval stages. At present, the signaling mechanisms involved
mn this response are not known although, as suggested by Zelck and
Von Janowsky [7] and Vermeire and Yoshino [11], sporocysts
may be sensing ROS levels (including HoOy) and responding by
upregulating protective antioxidant proteins. It is speculated that
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larval treatement with SOD dsRNA may have caused an initial
downregulation of SOD transcripts that then led to a compensa-
tory triggering of SOD over-expression. However, as shown in
other systems, small interfering dsRNA also can trigger activation
of transcription [40] and, therefore, could also represent a likely
mechanism [25]. Its unusual expression pattern not withstanding,
results indicate that hyperexpression of the SOD gene in 8. mansoni
sporocysts appeared to have a “neutral™ effect on dsRINA-treated
larvae (i.e., an eflect similar to control dsRINA treatment) (present
study). This does not necessarily imply that SOD has no role to
play in maintaining redox balance within sporocysts both
mmternally or in response to exogenous ROS sources. However,
the mechanisms by which this is accomplished are currently
unknown and represent the subject of further followup investiga-
tions in our lab.
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SUMMARY

With rapid developments in DNA and protein sequencing technologies, combined with powerful bioinformatics tools,
a continued acceleration of gene identification in parasitic helminths is predicted, potentially leading to discovery of new
drug and vaccine targets, enhanced diagnostics and insights into the complex biology underlying host-parasite interactions.
For the schistosome blood flukes, with the recent completion of genome sequencing and comprehensive transcriptomic
datasets, there has accumulated massive amounts of gene sequence data, for which, in the vast majority of cases, little is
known about actual functions within the intact organism. In this review we attempt to bring together traditional in vitro
cultivation approaches and recent emergent technologies of molecular genomics, transcriptomics and genetic manipulation
to illustrate the considerable progress made in our understanding of trematode gene expression and function during
development of the intramolluscan larval stages. Using several prominent trematode families (Schistosomatidae,
Fasciolidae, Echinostomatidae), we have focused on the current status of in vitre larval isolation/cultivation as a source of
valuable raw material supporting gene discovery efforts in model digeneans that include whole genome sequencing,
transcript and protein expression profiling during larval development, and progress made in the in vitro manipulation of
genes and their expression in larval trematodes using transgenic and RNA interference (RN A1) approaches.

Key words: Trematoda, larval stages, Sehistosoma, in witro culture, genome, transcriptome, gene manipulation,
transgenesis, RNA interference.

INTRODUCTION sporocystogenic or redial-generating reproductive
cycle may repeat itself several times, but eventually
gives rise to the cercarial stage, which represents the
next free-living stage responsible for transmitting
the infection to the next host, either a second inter-
mediate or a definitive host. Clearly the molluscan
developmental phase of trematode life cycles is
critically important, serving to greatly amplify the
infective cercarial population that, in turn, dramati-
cally increases the probability of successful trans-
mission to the next host, even if the prevalence
of infection within a given snail population is low
(Basch, 1991).

As alluded to above, the intramolluscan phase
of development is complex and, currently, little
information is available regarding the underlying
mechanisms regulating successful transition of the
free-swimming miracidium to the parasitic primary
sporocyst stage, or the biochemical and physiological
requirements for establishing and maintaining an
ongoing parasite infection. In general, digeneans

A well-recognized and highly conserved aspect of
the life cycles of digenetic trematodes is their use
of molluscs, mainly snails, as first intermediate hosts,
and within which all species undergo a complex
process of asexual reproduction. Infections of the
molluscan host are initiated by entry of the ciliated
miracidial stage where, once inside the host, they
typically shed their ciliated epidermal plates, trans-
forming to the primary sporocyst. Germinal cells
within sporocysts then begin to divide forming
multicellular embryos, each of which are destined
to become either secondary (daughter) sporocysts
or rediae (depending on the trematode species), thus
constituting the next larval generation. This asexual
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exhibit very narrow ranges of snail host specificity,
suggesting that the physiological parameters dictat-
ing larval survival may be quite different between
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Fig. 1. Schistosoma mansoni miracidia (t=0 h) as they undergo morphological transformation to the primary sporocyst
stage (t=24 h). Miracidia, cultured in isotonic snail saline (Chernin’s balanced salt solution, CBSS; Chernin, 1963), first
cease swimming, assume a rounded shape (t=2 h) as expansion of intercellular ridges force ciliated epidermal plates to
round up and detach from the larval surface (t=6h). ‘t’ indicate the approximate time elapsed from initial introduction

of miracidia into culture.

parasite species or their hosts. In the present review
we attempt to summarize a growing body of research
that focuses on the in witro manipulation of early
intramolluscan trematode stages, emphasizing the
blood flukes Schistosoma spp. Topics include the cur-
rent status of zn vitro culture as an investigative tool,
gene discovery in model digeneans, gene and protein
expression profiling during in witro larval devel-
opment, and the development and application of
larval transgenesis and RNA interference (RNA1) as
functional genomic complements to gene discovery
efforts. The results of these studies not only give
important insights into fundamental questions about
how host specificity is regulated and/or what physio-
logical factors dictate infection success, but also
provide a basis for the identification and possible
targeting of critical molecular or biochemical path-
ways for disruption by chemical or biological inter-
ventions leading to termination of infections within
the molluscan host and thus, transmission to humans
or domestic animals.

In vitro cultivation — essential tool for gene profiling
and functional genomic investigations

Earlier studies on the human blood flukes, Schisto-
soma mansoni (Yoshino and Laursen, 1995) and
S. japonicum (Coustau et al. 1997; Coustau and

Yoshino, 2000), revealed that exposure of freshly-
hatched miracidia to snail isotonic saline alone, e.g.
Chernin’s balanced salt solution (CBSS; Chemin,
1963) would trigger the shedding of ciliated mira-
cidial epidermal plates, and the concomitant for-
mation of the primary (=mother) sporocyst tegument
under #n vitro conditions (Fig. 1). Thus, it appeared
that the change in environmental osmolarity (from
~10 mOs/L in freshwater to ~140 mOs/L in snail
saline =osmolarity of snail hemolymph) was suf-
ficient to mimic the initial penetration and early
larval development in the snail intermediate host.
Other trematode species including echinostomes
(Echinostoma paraensei, E. caproni) (Loker et al. 1992
Ataev et al. 1998), and the common liver fluke
Fasciola hepatica (Gourbal et al. 2008) also appear to
share in part this osmotic ‘transformation signal’,
although under in witro conditions, transformation
may not involve the release or ‘shedding’ of ciliated
epidermal plates typical of S. mansoni and S. japo-
nicwm miracidia. In fact, . caproni cultivated in vitro
for 24 h or more in serum-free medium or snail cell-
conditioned medium, although ceasing swimming
activity and losing some cilia from epidermal plates
(Ataev et al. 1998), do not ‘shed’ their plates. Thus,
it appears that the physico-chemical cues required
by E. caproni, and possibly other Echinostoma spp.
or fasciolids, for fully transforming to sporocysts
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Fig. 2. In wvitro cultivation of Fascioloides magna (Fasiciolidae) miracidia in untreated CBSS (Chernin’s balanced salt

solution; Chernin, 1963). Within 24 h, most miracidia cease swimming activity but the majority will not fully transform
(i.e. will retain their ciliated epidermal plates (A). However, miracidia cultured in CBSS, pre-conditioned by cultivation
with snail Biomphalaria glabrata embryonic (Bge) cells, are induced to transform (rounding and shedding of ciliated
epidermal plates (B) to become fully-transformed primary sporocysts (C).

in vitro differ from the ‘simple’ osmotic cues of
schistosomes.

The deer liver fluke Fascioloides magna provides
an informative case to illustrate the complexities
of miracidial transformation signals. Miracidia of
F. magna, like E. caproni, do not spontaneously
transform to primary sporocysts when incubated in
snail ringers (CBSS) or serum-containing medium
(Laursen and Yoshino, 1999). Although miracidia
stop swimming within a few hours in culture, ciliated
plates remained firmly attached to the majority of
larvae at 24 h post-cultivation (Fig. 2A). However,
when F. magna miracidia were cultured in CBSS
that had been preconditioned by incubation with
the Biomphalaria glabrata embryonic (Bge) cell line,
miracidium-to-sporocyst transformation was readily
induced (Fig. 2B, C). Moreover, treatment of the
Bge cell-conditioned medium with heat (56 “C for
30 min; 100 °C for 10 min) or proteinase K signifi-
cantly reduced the transformation-stimulating ac-
tivity of the conditioned medium (Laursen and
Yoshino, 1999). Based on these findings it appears
that F. magna miracidia require an additional sig-
nal(s), likely a protein or protein-associated factor,
from the snail host in addition to or in place of an
osmotic signal in order to trigger transformation.
Supporting these findings, Campbell and Todd
(1955) reported that F. magna miracidial trans-
formation in witro (i.e. shedding of epidermal plates)

only took place after miracidia had made physical
contact with the snail, attempting to penetrate but
failing, implying the requirement of a snail host
molecular signal to initiate this process.

Clearly, the signals involved in early miracidium-
to-sporocyst development are complex and undoubt-
edly differ between trematode groups. However,
in vitro culture systems, while not mimicking pre-
cisely the environment within the natural host, do
provide a means of tracking changes in gene ex-
pression that accompany early larval development
that may provide critical insights into the role of
specific genes or gene families in the establishment
and maintenance of infections within the snail host.
This is particularly true for in vitro systems capable
of supporting transitions to the first intramolluscan
parasitic stage (primary or mother sporocyst) and,
in the case of schistosome species and I'. magna,
advanced development to subsequent daughter
sporocyst (Yoshino and Laursen, 1995 ; Coustau et al.
1997 ; Ivanchenko et al. 1999) or redial (Laursen and
Yoshino, 1999) stages. With the rapid expansion of
gene/protein sequence databases for schistosomes
and other trematode species, the incorporation of
in wvitro culture systems into experimental designs
represents an invaluable tool for evaluating mole-
cular changes linked to parasite development or for
exploring gene function through manipulating tran-
script expression.
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GENOMICS, TRANSCRIPTOMICS, AND
PROTEOMICS OF LARVAL TREMATODES - SO
MUCH DATA, SO LITTLE INFORMATION

Because of the recognized global importance of
schistosomiasis as a significant public health concern,
it 18 not surprising that the majority of molecular
research has focused on Schistosoma spp.. In part due
to the limited success of traditional methods in con-
trolling schistosomiasis, the scientific community
joined efforts in 1993 to begin generating genomic
sequence data from Schistosoma mansoni (Franco
et al. 1995) with funding support from the WHO/
TDR(UNICEF-UNDOWorld Bank-WHO Special
Programme for Research and T'raining in Tropical
Diseases) (Oliveira et al. 2008). It was envisioned at
the time that the genomic data generated would
promote the acceleration of gene identification
strategies and data analysis, which in turn could then
be translated into new tools for fighting infection
and disease including discovery of new drug and
vaccine targets, improved diagnostics and clinical
management approaches, and, importantly, tools for
dissecting the basic biological underpinning of the
complex host-parasite interactions (Franco et al.
2000; El-Saved et al. 2004; Wilson et al. 2006;
Brindley and Pearce, 2007 ; Hokke et al. 2007).

By means of whole-genome shotgun sequen-
cing approaches the entire assembled genomes for
S. mansoni and S. japonicum recently have been
completed, revealing estimates of genome sizes of
approximately 363 MB for S. mansoni and 397 MB
per haploid genome for S. japonicum, and for both
species, ~13000 expressed transcripts, encoding
~ 11000 genes (Haas et al. 2007; Berriman et al.
2009; The Schistosoma japonicum Genome Sequen-
cing and Functional Analysis Consortium, 2009).
Genes are mserted into 7 pairs of autosomes and one
pair of sex chromosomes (female=7ZW, male=22Z),
each chromosome ranging in size from 18 to 73 MB
(Simpson et al. 1982; LoVerde et al. 2004; http://
lifecenter.sgst.cn/schistosoma/en/genomeProject.do;
www.chge.sh.en/japonicum). Moreover, several tran-
scriptomic analyses have been reported for S. man-
sont (Franco et al. 1995, 1997; Santos et al. 1999;
Verjovski-Almeida et al. 2003 ; Oliveira et al. 2004),
and S. japonicum (Hu et al. 2003 ; Peng et al. 2003 ;
MecManus et al. 2004), contributing to a total
of 205892 expressed sequence tags (ESTs) from
S.mansoni and 103 725 for S. japonicum in the dbEST
database (dbEST'; release 071009 — July 10, 2009),
the vast majority of which are still unannotated.
Given that schistosomes, like all other digenean
species, exhibit complex life cvcles involving mul-
tiple developmental stages, it is expected that at
least 1000 genes would be uniquely expressed in a
stage-specific manner (Wilson et al. 2006), although
this estimate has vet to be experimentally verified.
In terms of identifying genes expressed in the

intramolluscan larval stages, transcriptomic analysis
of S. mansoni has produced the most comprehensive
datasets on gene expression in which 45367 of
163000 open-reading frame ESTs (OREST'Ss) were
derived from miracidia, sporocysts (germballs) and
cercariae (Verjovski-Almeida et al. 2003). For
S. japonicum, 84499 total EST's were generated, but
unfortunately only 569 ESTs were derived from
miracidia (433) and cercariae (136), with the rest
originating from non-molluscan parasite stages in-
cluding adult worms and eggs (Peng et al. 2003 ; Liu
et al. 2006).

With the exception of S. mansom: and S. japo-
nicum, the accumulated genomic and transcript
sequence data on other schistosome species or non-
schistosome flukes are sparce indeed. For the third
major human-infecting species of blood fluke,
S. haematobium, dbEST lists only 6 ESTSs, while
GenBank entries (NCBI) total 127, with 21 se-
quences from cercariae and the rest from adult
worms or unknown sources. Fasciola hepatica (com-
mon liver fluke) and F. gigantica (intestinal fluke),
causative agents of fascioliasis in sheep and cattle
(occasionally humans), are distributed worldwide
and represent significant sources of economic losses
in the livestock industry (McManus and Dalton,
2006). To date, there are only 324 and 149 nucleotide
sequences in the NCBI gene database and 242 and
91 protein sequence entries in the NCBI protein
database for F. hepatica and F. gigantica, respec-
tively, and most of these originated from adult worm
sources. Another model trematode that has received
considerable attention are the echinostomes, which
currently lists ~400 ESTs for FEchinostoma spp.
in the NCBI dbEST. Most of these are from the
miracidium and primary sporocyst, but very few
have been annotated.

Although there is an impressive amount of gene
sequence data for schistosomes and databases for
other non-schistosome species continue to grow,
those genes specifically expressed during larval stage
development, with the exception of cercariae, have
been largely under-represented or unidentified in
large genome or transcriptome investigations com-
pared to adult worm-, schistosomula- and egg-
derived sequences (Verjovski-Almeida et al. 2003;
Peng et al. 2003 ; Liu et al. 2006). Bioinformatic
searches of the NCBI’s UNIGENE database re-
vealed 10219 and 9395 sequence clusters for
S. mansoni and S. japonicum, respectively. Of total
S. mansoni clusters, 3392 contain identified mira-
cidial sequences, 3128 sporocyst cDNA sequences,
and 2206 cercarial sequences, although many of the
raw larval sequences are unknown/unannotated. For
S. japonicum, only 352 and 137 sequence clusters
contain cDNA sequences (transcripts) for miracidia
and cercariae, respectively, and none for sporocysts
(last update in the Unigene database 09/04/2008).

Similarly few intramolluscan larval sequences are
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specifically identified from other non-schistosome
trematode species.

Despite the considerable progress made in com-
pleting the sequencing and assembly of the S. man-
soni and S. japonicum genomes, gene identification
and annotation are far from complete. During
annotation of the S. mansoni and S. japonicum tran-
scriptomes approximately 55% and 35%, respec-
tively (Verjovski-Almeida ef al. 2003; Hu et al. 2003)
of sequences shared no similarity with known genes.
Given that approximately half of putative genes are
classified as unknown or predict hypothetical pro-
teins based on possession of apparent ORFs and/or
conserved domains, there is a critical need for con-
tinued efforts in identifying and annotating these
‘unknown’ genes with the future goal of assessing
their expression and functional roles throughout
parasite development. Because the intramolluscan
larval stages, with the exception of cercariae, have
generally been neglected as specific subjects of de-
tailed gene analyses, an updating of gene sequence
identification of, and expression within, the mira-
cidium, primary sporocysts and secondary sporo-
cysts are needed. Another limitation of the current
schistosome transcriptomes is that expression pro-
files represent a composite of the whole organism and
not genes expressed in specific tissues/organs within
these complex multi-cellular animals. Consequently,
although assumed functions of certain transcripts
using computational analyses may provide hints as
to possible cellular localization, the actual tissue in
which specific genes are expressed cannot be pre-
dicted with accuracy, rendering the data much less
useful in terms of aggregated information (Dillon
et al. 2007).

Finally, protein analyses (proteomics) of early
developing larvae are just beginning and amino acid
sequence data are slowly accumulating in the NCBI
database. Currently there are only ~46 entries for
S. mansoni sporocysts in the schistosome protein db,
and of those, 36 are mucins (~ 83 % of the total) re-
ported by Roger et al. (2008a). The same pattern is
observed for other larval stages like miracidia and
cercariae representing all schistosome species, in
which only 13 miracidial and 62 cercarial sequences
have been deposited to date. In S. japonicum, ap-
proximately 900 protein sequences were reported
in miracidia by Liu et al. (2006). Overall, however,
protein sequence data for molluscan schistosome
larval forms is highly under-represented, further
emphasizing the need for continued efforts to
explore the larval proteome if we are to achieve
a better understanding of the bioclogy of these
and other trematode groups. As detailed below,
proteomic analyses of in witro-cultured
S. mansoni primary sporocysts and proteins released
during miracidial transformation in culture rep-
resent significant additions to the larval protein
database.

recent
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Regardless of the difficulties of manipulating and
analysing the vast amounts of genomic and trans-
criptomic data in schistosomes, the mining of these
data has stimulated the conduct of many spin-off
investigations centering on intramolluscan larval
stages including the study of SNPs and micro-
satellites (Valentim et al. 2009), large-scale profiling
of larval gene expression by microarray analysis
(Vermeire et al. 2006) and SAGE (Williams et al.
2007 ; Taft et al. 2009), stage-associated proteome
analyses (Curwen et al. 2004, 2006; Knudsen et al.
2005; Roger et al. 2008b; Wu et al. 2009) and as-
sessments of the larval glycome (Robijn et al. 2005;
Lehr et al. 2008 ; Peterson et al. 2009). An update on
the status of gene and protein expression during
larval trematode development using stage-specific
profiling approaches is discussed below.

GENE AND PROTEIN PROFILING DURING
INTRAMOLLUSCAN LARVALDEVELOPMENT

An important first step in evaluating the functional
significance of gene expression is to identify genes
whose expression is associated with specific devel-
opmental stages and localize the encoded protein
products within parasite cells/tissues to help infer
potential biological activities or roles. For early in-
tramolluscan developmental stages (miracidia, sporo-
cysts, germballs, cercariae) such gene expression
profiling has been accomplished using several ap-
proaches. In each of these cases, in vitro cultivation
systems have provided a critical means of identifying
stage-associated expression of various molecules,
from genes to carbohydrates, which may have func-
tional significance for that particular stage of devel-
opment.

In recent years, investigations of gene and protein
expression in different schistosome intramolluscan
larval stages have become increasingly common as
more sophisticated questions are being asked re-
garding the regulation of larval development, growth
and asexual reproduction. A number of molecular
approaches, such as cDNA subtraction ( Sargent and
Dawid, 1983), suppression subtractive hybridization
(SSH, Diatchenko et al. 1996) and mRINA differen-
tial display (Liang and Pardee, 1992), have been used
in other systems to compare gene expression re-
pertoires between different populations, and have
now been applied to larval trematodes (e.g. Adema
et al. 2000; Coppin et al. 2002; Nowak and Loker,
2005). These techniques principally evaluate tran-
script presence vs. absence and as such, generally
reveal little in the way of quantification of gene
expression between populations under study. Now
with the accumulation of robust databases of gene
sequences, especially for schistosome species, high-
throughput methods for both qualitative and quan-
titative profiling of multiple transcript expression
have made it possible to evaluate ‘global’ gene
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Intramolluscan larval stages

Fig. 3. Schematic representation of Schistosoma intramolluscan larval stages; miracidia, primary (mother) sporocysts,
secondary (daughter) sporocysts and cercariae. For each larval stage, specific biological functions corresponding to
predominant up-regulated transcripts (black lettering) or proteins (red lettering) are described. Functional categories of
differentially-expressed excretory-secretory proteins/products (ESPs) and larval transformation proteins (LT'Ps) released
inside the molluscan intermediate host during miracidium-to-sporocysts transformation, and cercarial ESPs release
during and following emergence from the snail host are also listed (red lettering).

expression in stage-associated comparative analyses.
Two such approaches, microarray analysis and
serial analysis of gene expression (SAGE), illustrate
how quantitative, multi-gene expression profiling
can provide valuable insights into the regulation of
early developing intramolluscan larval stages.

Microarray analyses

The cDNA/oligonucleotide microarray has recently
served as an important tool for the rapid (high-
throughput) quantitative analyses of gene expression
patterns in the intramolluscan stages of schistosome
development including miracidia, sporocysts and
cercariae. Based on mRNA hybridization to its
complementary ¢cDNA template, two different
c¢DNA populations (targets) are synthesized, usually
with Cy-dve Hluorescent-labeled nucleotides (cDNA
populations labeled with different dyes), from RNA
samples of interest. Recently, dye-labeled target
cDNAs can be created from very small cell/tissue
samples by incorporating high-fidelity amplified
RNA (aRNA) (Petalhidis et al. 2003; Tang et al.
2009), which has greatly facilitated gene expression
comparisons between scarce or low-abundance tis-
sues or between parasite stages. Typically, pair-
wise comparisons of relative transcript abundances
are made by simultaneous hybridization of labeled
¢DNA populations to an array of pre-selected known

genes affixed or spotted to a glass slide or silicon chip,
allowing for the quantification of relative gene ex-
pression patterns by detection and measurement of
the intensity of the fluorescent labels hybridizing
to each spotted gene. In the last several vyears,
microarray techniques have been used to identify
stage-specific expression patterns of transcripts in the
different .S. mansoni and S. japonicum intramolluscan
larval stages including miracidia, primary sporocysts
(Vermeire ef al. 2006; Gobert et al. 2009), secondary
sporocysts (germballs) (Jolly et al. 2007), cercariae
(Fitzpatrick et al. 2005 ; Jolly et al. 2007 ; Gobert et al.
2009) and even gender-associated transcript ex-
pression pattern in S. mansoni cercariae (Fitzpatrick
et al. 2008). A subset of the reported up-regulated
transcripts is summarized in Supplemental Table 1,
organized by sequence-derived biological functions
based on gene ontology (GO) annotation. Although
this table is only a qualitative compilation of gene
undergoing expression changes, quantitative com-
parisons are presented in the referenced citations.
Taken together, the changes in relative transcript
levels associated with specific larval stages are in-
terpreted to represent the parasite’s response to the
snail host environment, as well as its own changing
needs for further growth and development. Indeed,
there is a predominance of up-regulated transcripts
related to specific biological functions for each of the
intramolluscan larval stages (Fig. 3). For example
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S. mansoni miracidia show enrichment in transcripts
encoding proteins related to functions like refolding/
chaperoning (p40, HSP40, HSP70, HSP90), energy
production (triosephosphate isomerase, phospho-
enolpyruvate carboxykinase PEPCK), motility and
calcium binding (SME16, calcineurin and Ca bind-
ing dynein-like protein), primary sporocysts have
higher gene expression levels for anti-oxidants
(e.g. peroxiredoxins, GST26/28 and Cu/Zn SOD),
proteases (cathepsin, elastase, preprocathepsin and
haemoglobinase) and protein synthesis/degradation
(40 S and 1.37a ribosomal proteins, ubiquitins),
while cercariae are enriched in proteins associ-
ated with energy production (ATP-synthase, lipid-
binding protein, NADH dehvdrogenase 4/5/7,
A'T'Pase subunit 6) and motility transcripts (tubulin,
actin, myosin light and heavy chain).

These latter findings of higher transcript levels
involving motility and energy production transcripts
in both schistosome miracidia and cercariae were not
unexpected considering that both are highly motile
with accompanying high energy requirements.
Similarly, although anti-oxidant transcripts are ob-
served throughout the different intramolluscan larval
stages, their expression is higher in miracidia and
both primary and secondary sporocysts, as these are
the first larval stages to confront a potentially hostile
oxidative haemolymph environment of the snail host
(Bender et al. 2002), as well as possible encounter
with the snail’s immune defence system. In response
to host reactive oxvygen species (ROS), elevated anti-
oxidant levels seen in early larvae suggest a potential
role in protection against oxidative stress generated
by the snail host, in addition to the need for larvae to
maintain their own internal redox balance (Zelck and
Von Janowsky, 2004 ; Vermeire and Yoshino, 2007).
A similar transcript pattern is observed for Sm16, an
anti-inflammatory glvcoprotein (Ramaswamy et al.
1995), previously found in the cercarial secretory
glands and believed to be involved in penetration
into the mammalian host, as well as induction of
apoptosis in responding immune cells (Curwen et al.
2006). Elevated steady-state Sj16 transcript levels in
S. japonicum miracidia and sporocysts might suggest
a similar role for this protein in host entry and/or
defence against snail immune cells (Gobert et al.
2009). Sporocyst stages also appear to be signifi-
cantly up-regulated in protease transcripts (cathe-
psin, elastase) and ribosomal genes. Proteases are
believed to play an important role in the degrading of
host tissue proteins, while elevated ribosomal pro-
teins are indicative of high protein synthetic activity
expected in these rapidly growing larval stages.
These first multigene transcriptome analyses of
different S. mansoni and S. japonicum intramollu-
scan stages provide valuable information supporting
numerous hypotheses of the involvement of selected
genes or gene families in parasite development,
growth and survival within the snail host.
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Gene expression in schistosome cercariae, al-
though representing the ‘end-product’ of intra-
molluscan development, is of particular interest
because sex-differentiation is presumed to occur
during cercarial development within daughter spor-
ocysts. Fitzpatrick et al. (2008) used a micro-
array referenced with genomic DNA to attempt a
gender characterization of morphologically identical
S. mansoni cercariae. By analyzing specific tran-
scripts known to be gender-related, these authors
successfully established specific transcriptional pat-
terns distinguishing ‘male’ and ‘female’ cercariae.
As would be expected, transcripts related to egg
biology or to male germ cell development and re-
production were highly expressed in female and male
cercariae, respectively. Moreover, genes encoding
proteins involved in glucose transport, protein
degradation (proteases) and immune response mod-
ulation dominate expression in ‘male’ cercariae,
supporting the existing hypothesis that males are
more capable when it comes to infection and survival
within the mammalian host. The microarrays per-
formed in S. mansoni and S. japonicum allowed the
discovery of distinct patterns of gene expression that
are assumed to reflect major biological functions
for each of the specific intramolluscan larval stages.
This suggests that regulation of transcriptional
activity 1s highly dependent, not only on preset
genetic programmes (e.g. those associated with sex-
determination and activity), but certainly on the
environment presented by the host. Microarray
analyses allow a rapid, quantitative and simultaneous
assessment of multiple gene expression in different
populations at a specific developmental time points,
or parasites maintained under different experimental
conditions. However, one of the drawbacks of this
technique is that construction of microarrays or the
gene ‘chips’ themselves require prior knowledge of
and sequence information for the genes of interest,
thus limiting the study to the spectrum of genes for
which sequence information is known.

Serial analysis of gene expression (SAGE)

An alternative to microarray analysis as an ex-
pression profiling tool 18 SAGE or serial analysis of
gene expression (Velculescu et al. 1995). Unlike
microarray, SAGE can be performed without prior
pre-selection of specific transcripts, and allows for
greater flexibility and potential transcripts coverage
in its quantitative analysis of expressed transcripts.
SAGE is based on similar principles as EST se-
quencing, with the additional notion that short tags
(10—14 mers) of specific locations are sufficient to
identify a specific transcript. In LongSAGE meth-
ods, tags are usually ~21 nt in length, a sequence
length that is predicted through theoretical model-
ling to have a > 99-8% chance of matching only once
in a genome the size of humans (Saha et al. 2002).
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To create SAGE libraries, copies of cDNA are
synthesized from target mRNA previously trapped
on polyT'-coated beads. Once synthesized, bead-
immobilized ¢cDNAs undergo a series of specific
digestions, resulting in short nucleotide sequences
(tags) that, in turn, are bound end-to-end, generating
concatemers of multiple tags that are finally cloned
and sequenced. Given the availability of the com-
plete transcriptome of the orgamism of interest,
this analysis permits the identification of expressed
transcripts (genes), and by enumerating the SAGE
tags for a given transcript, a quantitative comparison
of specific gene expression between multiple sample
libraries also can be ascertained (Williams et al.
2007). Verification that differentially expressed tags
in fact represent differential expression of the genes
of interest can be determined by real-time q-PCR or
semi-quantitative reverse transcriptase PCR. In ad-
dition, SAGE allows for the identification of anti-
sense transcripts, which have been hypothesized
to function In post-transcriptional gene regulation
in vertebrate cells (L.uther et al. 1998; Hastings
et al. 2000). The inverse-proportionality of sense-to-
antisense tag counts in larval S. mansoni, and overall
high representation of antisense tags (35%) (Taft
et al. 2009) 1s consistent with high anti-sense tran-
script content reported in other parasites (Patankar
et al. 2001; Radke et al. 2005), and suggests a po-
tentially novel mechanism for post-translational gene
regulation in larval schistosomes (Gunasekera ef al.
2004).

To date, only two LongSAGE analyses in
S. mansoni have included intramolluscan larval
stages; the first, by Williams et al. (2007), produced
an average of 60000 tags from each of the 10 stage-
specitic SAGE libraries, and more recently, a de-
tailed follow-up analysis of 21 440 unique SAGE tags
from 5 mmtramolluscan larval libraries reported by
Taft et al. (2009). In both studies, 5 groups of
S. mansoni larvae were analyzed ; 1 miracidial library,
and 4 different primary sporocyst libraries from
larvae maintained in in witro culture for 6 or 20 days
(representing early and late developing primary
sporocysts, respectively) in 2 separate media sup-
plemented with or without Biomphalaria glabrata
embryonic (Bge) cell pre-conditioned medium.
Larval cultivation in the presence/absence of con-
ditioned Bge cell medium was an attempt to mimic
the snail’s internal environment, and any resulting
alterations in the parasite transcriptomic response.
Although both SAGE studies identified numerous
relevant transcripts specifically-associated with mira-
cidial and sporocyst stages, the resulting transcript
repertoire identified proteins that were highly con-
sistent with previous microarray findings: namely a
predominance of proteins/enzymes related to anti-
oxidants, chaperones, egg antigens, carbohydrate
metabolism and calcium-binding functions in mir-
acidia, and anti-oxidant-, protease-, and ribosomal

protein (protein synthesis)-related transcripts highly
expressed in sporocysts. In general, this set of tran-
scripts exhibiting enhanced expression appears to
reflect parasite stages that are adjusting to abrupt
phyvsiological changes associated with the transition
from a free-living to parasitic existence. By the same
token, elevated steady-state transcript levels seen in
sporocysts at 6 and 20 days of culture also were rich
in growth and development-related genes, especially
those involved in protein synthesis/metabolism (60 S
acidic ribosomal protein P, 40 S ribosomal protein
519, elongation factor la, Golgi membrane protein,
ubiquitin, HSP90 chaparonin) and energy pro-
duction (ATP synthase B, ATPase) (Taft et al. 2009).
Although not providing information as to the precise
roles being played by the specific genes identified in
these profiles, these studies can give an excellent
impression of the major types of activities that are
presumed to be important to larval stages at a par-
ticular point in their development.

Proteomic analyses

More information regarding the identity, function-
ality and origins of intramolluscan larval proteins
would permit a better understanding of important
physiological processes, in particular those associ-
ated with parasite defence and potential immune
evasion mechanisms. A series of proteomic studies
was recently performed focusing on: (1) miracidium-
to-sporocyst transformation excretory-secretory (ES)
proteins (Guillou et al. 2007; Gourbal et al. 2008),
also termed larval transformation proteins (Wu et al.
2009); (2) protein differential expression between
compatible and incompatible S. mansoni sporocysts
(Roger et al. 20084, b) and (3) proteins contained
within or released by schistosome cercariae (Knudsen
et al. 2005 ; Liu et al. 2006; Yang et al. 2009).
Using mass spectrometry (MS) techniques, re-
cent studies have focused on identifying proteins
released/secreted during in witro miracidium-to-
sporocyst transformation in several trematode spe-
cies: S. mansoni (Guillou et al. 2007 ; Wu et al. 2009),
E. caproni (Guillou et al. 2007) and F. hepatica
(Gourbal et al. 2008). In their proteomic study,
Wu et al. (2009) suggested a change in terminology
from ‘excretory-secretory proteins/products’ (ESPs),
commonly used to characterize proteins released
during larval transformation in culture medium, to
‘larval transformation proteins’ (L'T'Ps) in charac-
terizing this group of molecules. The reason for the
suggested change was based on their finding that
approximatively 60% of the proteins identified
as ‘ES’ transformation proteins lacked identifiable
signal peptides or characteristics of non-classically-
secreted proteins (Nickel, 2005), strongly suggesting
that many proteins are being released by leakage or
breakdown of ciliary epidermal plates during in vitro
miracidia-to-sporocyst transformation. Interestingly,
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however, despite the fact that these studies focused
on miracidia-to-sporocyst transformation in three
different species and used different methods for
preparing samples prior to and during MS analyses,
they all identified proteins with similar functions.
For example, as in the previously described tran-
scriptomic studies, chaperones/stress proteins, anti-
oxidants, and calcium-binding proteins were well
represented in the proteome of these digenean spe-
cies. In addition, the presence of various proteases
and protease inhibitors are indicative of active di-
gestive/nutritional processes or, combined with the
presence of anti-oxidants and immune modulators,
suggest LL'T'P involvement in the protection of the
parasite against ROS generated from plasma or cir-
culating immune cells (haemocytes). The presence
of functional antioxidant enzymes and their activity
(Vermeire and Yoshino, 2007; Wu et al. 2009) and
proteases/protease inhibitors that are shared between
invading miracidia and the snail host suggest at least
two types of LT P-mediated functions; (1) aggressive
counter-measures to the host’s hostile environment
or haemocyte responses or (2) more passive mech-
anisms whereby the parasite avoids host recognition
and immune elimination by disrupting immune
recognition or mimicking host molecular structures
(Guillou et al. 2007 ; Wu et al. 2009).

Recent studies by Roger and colleagues (20084,
b, ¢), further support a passive interference hypoth-
esis of host-parasite compatibility, as they identified
differentially expressed sporocyst proteins between
incompatible (IC, Guadeloupian) and compatible
(C, Brazilian) S. mansoni strains. After clearly
showing an antigenic variation between C and 1C
larvae, their differential proteomic study revealed an
increase of a few proteins in C larval strain and the
presence of 9 structurally-related, but highly poly-
morphic mucin proteins (Sm poMuc), differentially
expressed between the 2 strains. Mucin-like proteins
are believed to be involved in host-parasite inter-
action in various helminth species ('Theodoropoulos
et al. 2001), and are speculated to function as a
potential smoke-screen or decoy against host defence
(Roger et al. 2008 ¢). In addition to differential ex-
pression poMuc in C and IC larvae, their presence in
apical glands and in L'T'Ps further support a potential
protective role of these proteins in the intramolluscan
stages of S. mansoni. As suggested earlier by Yoshino
and Boswell (1986), the sharing of schistosome-
specific glycotopes (Lehr et al. 2008 ; Peterson et al.
2009) also represents another type of mimetic
mechanism in which larval stages express host-like
molecules, thus avoiding recognition.

Acetabular gland contents and ESPs
S. mansoni cercariae and L'TPs from transforming
miracidia also exhibit similar expression patterns,
with proteins belonging to the same predicted func-
tional groups described previously (Appendix A;
Supplementary Table 1). However, a few proteins

from
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appeared specific to cercarial ES| such as elastase, the
20-8/21-7 kDa Ca-binding proteins and HSP60,
whereas S. mansoni L'T'Ps were found strongly en-
riched 1n a variety of venom allergen-like proteins,
suspected of being potentially involved in immuno-
modulation and larval infection. Both miracidial
LTPs and cercarial ES proteins (released upon
simulated invasion) clearly show a similar pattern in
functionality, which can be explained by the fact that
these two larval stages are responsible for active
penetration and host entry, migration/movement
within host tissues, maintaining energy production,
and aggressive counter-measures against oxidative
stress and immune reactivity. A similar case can
be made for S. japonicum carcariae, in which UV
treatment-induced abrogation of proteins involved
in motility, energy metabolism and protein transport
(chaparones) were shown to be important for parasite
infection and survival (Yang et al. 2009). Indeed as
shown by Liu et al. (2006), like S. mansoni, cercariae
and miracidia of S. japonicum share a common pro-
teome when it comes to expression of proteins in-
volved in host entry (calpain, calreticulin), motility
(a-and B-tubulins, dynein light chain, myosin heavy
chain, actin), energy metabolism (ATP synthase,
ADP/ATP carrier protein, MDH, GAPDH, PepCK,
fructose bisphosphate aldolase) and stress responses
(several HSP homologues, thioredoxin peroxidase).

Although cercarial ES proteins are believed to
potentially originate from the secretory glands and
cytosolic component of the tegument (Knudsen et al.
2005), the origins of miracidial L'T'Ps have only re-
cently been explored. Polyclonal antibodies gene-
rated against S. mansoni L'TPs and poMuc in two
different studies (Wu et al. 2009; Roger et al. 20085,
respectively), revealed differential immunolocaliza-
tion patterns. Anti-LL'T'Ps antibodies showed no
specific vesicle or gland cross-reactivity, but strong
reactivity to ciliated epidermal plates of miracida and
the sporocyst tegument. This supports the hypo-
thesis that, similar to cercarial ES proteins, a subset
of miracidial L'T'Ps probably originate from the
tegument. Anti-epidermal plate reactivity likely is a
result of proteins released into LTP from plates
undergoing lysis following larval detachment. Anti-
bodies against poMuc, however, immunolocalized to
miracidial and sporocyst apical glands, which are
believed to be involved in the production of secre-
tions essential to snail host invasion. Regardless
of their specific function or localization, both the
miracidium and the cercaria release an impressive
variety of proteins whose main functions are likely
targeted larval survival, defence, and/or development.

Over the past decade, there has been an impressive
collection and archiving of gene and protein se-
quence data focused mainly on two schistosome
species, S. mansoni and S. japonicum. Due to our
current ability to culture the early intramolluscan
stages of these digeneans we can now qualitatively
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and/or quantitatively assess protein and transcript
patterns across the intramolluscan larval stages, and
as a result, are beginning to have a glimpse of the
complex mechanisms used by trematode larvae
during invasion, survival, and development within
its intermediate host. With the next generation 454
pyrosequencing technology (Nordstrom et al. 2001 ;
Vera et al. 2008) it 1s now possible to simultaneously
evaluate multi-transcriptomic samples both quali-
tatively (gene discovery) and quantitatively (gene
expression), and with the completion of genome se-
quencing, assembly and annotation of both S. man-
soni and its snail intermediate host, Biomphalaria,
ultra-sequencing using pyrosequencing methodolo-
gies will provide valuable insights into snail host-
larval gene interactions (‘interactome’) (Barakat et al.
2009). Despite the creation of these ever-growing
gene/protein databases, a full understanding of the
functional role played by identified genes and gene
products ultimately will depend on our ability to
manipulate their expression within the living, intact
parasite, and this represents the next critical chal-
lenge facing molecular helminthology investigators.

IN VITRO MANIPULATION OF GENE EXPRESSION
AND FUNCTION ININTRAMOLLUSCAN
LARVAL STAGES

As amply demonstrated above, gene and protein
discovery efforts have resulted in an ever-growing
accumulation of molecular and biochemical data
cataloguing numerous genes/gene products and their
expression in various digenetic trematodes species,
most notably the schistosomes, fasciolids and echi-
nostomes. Moreover, for two of the major human
fluke pathogens, S. mansoni and S. japonicum, life
cycle stage-associated gene and protein expression
profiling provides important clues as to the potential
involvement of identified proteins or putative protein
homologues in the myriad of molecular activities
driving the development and/or maintenance of a
given developmental stage. Unfortunately, this kind
of information provides only limited understanding
or insight into the actual functional role(s) of
specifically-expressed genes or their protein pro-
ducts within the intact organism. Thus, effective ap-
proaches for predictably manipulating endogenous
expression of specific genes within trematodes still
represent a formidable barrier to exploring gene
functions as they relate to the biology of these com-
plex, multi-stage parasites and their interactions with
their mtermediate and definitive hosts.

Gene manipulation in T'rematoda : development
of methodologies

Methodologies for manipulating genes and their ex-
pression in flukes are still in its infancy, although
significant progress is being made in the areas of

transgenesis (i.e. introduction and expression of
heterologous or homologous gene constructs using
DNA plasmid vectors, DNA transposons, retro-
transposons or replication-defective retroviruses)
and RNA interference (RNA1). The work involving
trematode transgenesis has focused almost exclus-
ively on the schistosome blood flukes and has em-
phasized both snail and mammalian host stages
of development as experimental models. Likewise,
functional gene studies using RNAI also have em-
phasized the schistosomes, with a focus mainly on the
mammalian stages of infection. Recent excellent re-
views have summarized in detail the technologies
underlying the construction, delivery and expression
analyses of the variety of gene constructs used in
demonstrating transient transfection and viral trans-
formation within the Schistosoma spp. (Grevelding,
2006; Beckmann et al. 2007; Brindley and Pearce,
2007 ; Kalinna and Brindley, 2007 ; Mann et al. 2008 ;
Han et al. 2009), and gene-specific knockdown in
flukes by RNAi (Skelly, 2006; Geldhof et al. 2007,
Kalinna and Brindley, 2007; Pearce and Freitas,
2008). In keeping with the theme of this review, the
following discussion will focus on how these techno-
logies have been applied specifically to evaluating
gene function in the intramolluscan developmental
stages of trematodes and the critical role being plaved
by #n witro culture systems in the manipulation of
specific larval genes.

M anipulation of gene expression in larval trematodes

Methods for the in witro cultivation of intramolluscan
larval stages, from the free-living miracidium to
multi-generation sporocysts or rediae, have now
evolved to the point where specific larval stages can
be produced in vitro for use as potential targets of
genetic manipulation, making it possible to begin
addressing the role of specific genes during larval
development. As pointed out previously, an added
feature of transgenic approaches (silencing or over-
expressing genes of interest) in the miracidium or
sporocyst stages is the likelihood of effecting changes
within embryonic germ cells, which then have the
potential of being passed on to progeny (assuming
expression is not deleterious) through the normal
asexual reproductive process. Live, genetically-
transformed miracidia or sporocysts carrying altered
genes can then be transferred to compatible un-
infected snails through natural infection or surgical
transplantation, respectively. Although RNA1i pro-
vides only transient knockdown effects, this method
currently represents the only approach in which
specific endogenous genes can be manipulated
and larvae assessed for potential functional defects.
Advances in double-stranded RNA delivery by
transgenic approaches, as well as precautions in the
set-up, execution and interpretation of findings in
RNAi-type experiments also will be discussed.
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Transgenesis in larval trematodes

Transgenesis, or the mmtroduction and induction
of expression of exogenous or foreign genes, has
enjoyved considerable success in its application to
trematode larval stages, particularly in the schisto-
somes. Although all stages of schistosomes to date
have been subjects of attempted transfection, we will
mainly focus this review on approaches involving the
intramolluscan larval stages. Arguably, these stages
represent the most desirable targets for transfection
due to their ease of in vitro manipulation, the abun-
dance of germinal cells readily accessible to transgene
targeting while carrying the possibility for germline
introduction and genomic integration, and finally the
ability to propagate transgene-carrying progeny by
natural infection or surgical transfer of transfected
asexually-reproducing stages (miracidia or sporo-
cvsts) into suitable snail hosts (Kapp et al. 2003;
Grevelding, 2006 ; Kalinna and Brindley, 2007).
The miracidium and #n wvitro-cultured primary
sporocyst have attracted considerable attention as
targets of transgenesis for reasons mentioned above.
The earliest attempts to successfully deliver and ex-
press exogenous transcripts or transgenes utilized
particle bombardment (biolistics) in which the gold
particles coated with DNA encoding the green flu-
orescent protein (GFP) ORF flanked by S. mansoni
HSP70 promoter and terminator sequences, were
introduced into live S. mansoni sporocysts with a
particle accelerator or *gene gun’ (Wippersteg et al.
2002a). The presence of GFP transcripts (by
RT-PCR) in sporocyst extracts and GFP protein
expression (by confocal fluorescent microscopy)
provided evidence for transient larval transfection.
Follow-up experiments showed that biolistic intro-
duction of GFP flanked with promoter/termination
sequences of the cysteine proteinase ER60, localized
and expressed in lateral glands and cytons of
the protonephridia, tissues with putative proteinase
activity and known excretory-secretory function
(Wippersteg et al. 2002b, 2003). These seminal
studies showed the tractability of introducing and
expressing foreign DNA in living sporocysts and
opened up the possibility of tissue-specific targeting
of transgene expression. The next important break-
through in larval transgenesis was the demonstration
that transgenes introduced into miracidia were ex-
pressed in developing sporocysts following natural
infection of snails (Heyers et al. 2003). Biolistics was
used to deliver an enhanced GFP (eGFP) construct
flanked by an HSP70 promoter/terminator into
S. mansoni miracidia, followed by infection of
B. glabrata snails. Histological localization of gold
particles near germinal cells in primary sporocysts of
snails with 14-day-old infections and the finding of
eGFP mRNA expression by nested PCR in infected,
but not uninfected, snail tissues demonstrated the
feasibility of transgene delivery and expression in
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miracidia, and importantly, the possibility of con-
tinuing propagation of germline-altered progeny
(sporocysts, cercariae) and establishment of trans-
genic schistosome lines. This latter senario recently
was eloquently demonstrated by Beckmann et al.
(2007), who introduced plasmid GFP constructs
driven by 1-5 kb promoter fragments of the S. man-
soni actin gene (Sm Actl) into miracidia (F, gene-
ration) using biolistics, and detected GFP transcript
expression through the Fy and F; generations of the
entire life cycle; Fy miracidia— F cercariae— Fyadult
worms generated in hamsters—F; miracidia from
Fyadults = F, cercariae » I, adults. Loss of transcript
detection in F; stages indicated that, although clearly
being carried in germline cells, the GFP transgene
was not stably integrated, if at all, in the germinal cell
genome (Beckmann et al. 2007).

A successful alternative approach for delivery
and expression of foreign or altered genes in the
various schistosome stages explores the use of tran-
sposons, retrotransposons and pseudo-typed retro-
viruses as schistosome-transducing agents (Mann
et al. 2008). Applications to asexually developing
larval stages have been limited, although work
reported by Kines et al. (2006) appears to show
promise. In wvitro-cultured S. mansoni sporocysts
were infected with S. mansoni promoter-flanked
eGIP sequence incorporated into a Moloney murine
leukaemia retroviral vector packaged into a non-
replicative VSV-pseudotyped retrovirus. Larval
exposure of the retroviral construct in polybrene
resulted in infection and viral transduction of sporo-
cysts as evidenced by localization of virions at the
larval surface, integration of proviral sequences into
sporocyst genomic DNA, and detection of reporter
gene expression in virally-infected, cultured larvae.
Whether or not retroviral transformation will prove
to be a practical method for producing genetically-
modified schistosome lines has yet to be determined.
However, early results show considerable promise.

RNA interference as a functional genomics tool
in trematodes

The post-transcriptional silencing of specific mess-
enger RNA expression by RNA interference (RNAi)
in parasitic helminths, including trematodes, is a
significant advance in parasite postgenomics, as 1t
represents the only approach to date for experimen-
tally manipulating expression of specifically-targeted
endogenous genes, thereby providing insight into
putative gene function. Although there is some con-
troversy as to whether helminth parasites, in par-
ticular parasitic nematodes, possess a fully-functional
RNAi1 mechanism (Geldhof et al. 2007 ; Knox et al.
2007 ; Viney and Thompson, 2008), accumulating
evidence for trematodes strongly supports a func-
tional system for the regulation of mRNA expression
by small interfering (si) RNA and/or microRNA
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(Verjovski-Almeida et al. 2003; Xue et al. 2008;
Krautz-Peterson and Skelly, 2008; Gomes et al.
2009). Because several recent reviews and primary
reports cover the topic of RNAi applications
in trematodes, mainly emphasizing the mammalian
stages of schistosomes (Skelly, 2006; Geldhot et al.
2007 ; Kalinna and Brindley, 2007; Brindley and
Pearce, 2007; Ndegwa et al. 2007; Morales et al.
2008 ; Pereiraet al. 2008 ; Rinaldi et al. 2009; Krautz-
Peterson et al. 2009 — in current special issue) and the
liver fluke Fasciola hepatica (Rinaldi et al. 2008), we
will focus our attention on its application to stages
within the snail intermediate host; namely miracidia
and primary sporocysts.

The possible existence of an RNAi-like mech-
anism in trematodes was first demonstrated in
S. mansoni, mitially in adult worms (Skelly et al.
2003) and then in the primary sporocyst (Boyle et al.
2003). In these studies, isolated cercariae and mir-
acidia were treated in vitro with dsRNAs synthesized
from transcripts of target genes by incubating
(soaking) parasites for 6 days in dsRNA-containing
media, during which time juvenile or larval stages
transformed to their successive stages of develop-
ment: cercariae—schistosomula and miracidia—
sporocysts. These first attempts at silencing the
cathepsin B gene in schistosomula (Skelly et al. 2003)
and a glucose transporter (SG'TP1) gene in primary
sporocysts (Boyle et al. 2003) have now led to a
number of follow-up studies investigating a variety
of target transcripts, dsRNA/siRNA delivery sys-
tems and other experimental parameters aimed
at optimizing the specificity and efficacy of gene
knockdown (Skelly, 2006; Dinguirard and Yoshino,
2006 ; Krautz-Peterson et al. 2007; Ndegwa et al.
2007 ; Mourio et al. 2009). As a result of the con-
vergence of technologies involving in witro culti-
vation, stage-associated gene discoverv/expression
and gene manipulation through reverse-genetics
approaches, we anticipate that functional genomic
studies will not only continue in the schistosomes at
an accelerating pace, but incorporate a diversity of
other trematode species as well.

Assessing gene function in the development
or activities of the miracidium of S. mansoni has
been accomplished by introduction of gene-specific
double-stranded (ds) RNA into eggs recovered from
adult female worms or isolated from infected livers.
Freitas et al. (2007) demonstrated that a .S. mansoni
Inhibin/Activin gene (SmiInAct; member of the
TGF-f signaling family) was a key regulator of
miracidial embryogenesis by soaking eggs, newly
deposited by cultured female worms, in SmiInAct
dsRNA and quantifying inhibition of larval devel-
opment n ovo. A similar methodological approach
was used to confirm previous pharmacological find-
ings (Xu and Dresden, 1986) that .S. mansoni leucine
aminopeptidases (SmLAP) produced by miracidia
in ovo were required for egg hatching. Rinaldi et al.

(2009) exposed liver-isolated eggs to dsRNA of the
two SmLAP isoforms (1 and 2) for 7 days at 37 C,
after which time they were induced to hatch. Results
demonstrated that egg hatching in the presence
of SmLAP1 dsRNA, SmLAP2 dsRNA or both,
was reduced by ~80% compared to both irrelevant
dsRNA-treated and untreated control groups, and
was comparable to groups treated with the LAP
inhibitor bestatin. Concomitant with this hatching
phenotype were significant reductions in specific
LAP transcripts and enzymatic activity in dsRNA-
treated eggs, indicating a clear relationship between
LAP gene expression and hatching (Rinaldi et al.
2009). These studies not only provide a valuable
method for screening potential drug targets for
chemotherapeutic intervention, but also can be used
for mvestigating the potential functions of genes
involved in miracidial development, behaviour (e.g.
ciliary activity, phototaxis), and larval transfor-
mation.

Application of RN Ai methods to primary (mother)
sporocyst stages of Schistosoma spp. also has taken
advantage of in witro culture methods that have per-
mitted development of the miracidial to cercarial
stages (Ivanchenko et al. 1999). As noted above, the
first application of RNA1 to sporocysts mvolved
incubation (soaking) of freshly-isolated miracidia in
snail ringers (CBSS) containing dsRNA and allow-
ing them to transform to sporocysts followed by
cultivation for 6 days in the presence of dsRNA
(Boyle et al. 2003). Using dsRNA for the S. mansoni
glucose transporter (SGTP1) and glyceraldehyde-3-
phosphate dehvdrogenase (GAPDH), they demon-
strated specific knockdown of SGTP1 transcripts
upon exposure to SGTP1 dsRNA, using GAPDH
dsRNA exposure as a specificity control. The gene
knockdown effect was dependent on the presence
of dsRNA during miracidial transformation and
persisted in larvae maintained for up to 28-days
in culture. Importantly, tritiated-glucose uptake by
sporocysts treated with SGTP1 dsRNA, but not
those exposed to GAPDH dsRNA, was significantly
reduced, indicating a functional role of SGTP1, ora
structurally related homologue (Skelly et al., 1994),
in sporocyst glucose acquisition. A second study,
using essentially the same protocols as Boyle et al.
(2003), examined the role of a sporocyst-expressed
CD36-like scavenger receptor (SR) gene in modified
(acetylated) low-density lipoprotein (LDL) binding
to the sporocyst tegument and larval growth
(Dinguirard and Yoshino, 2006). Consistent with
previous findings, exposure of S. mansoni miracidia
to SR dsRNA during in witro transformation to
sporocysts and incubation for 6-days, resulted in a
significant decrease in SR transcripts, decreases
in the prevalence and intensity of acetylated-
LDL binding to sporocysts, and reduction in larval
length. These examples illustrate the types of func-
tional information that may be gained by applying
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Fig. 4. Example of Schistosoma mansoni primary sporocysts subjected to square-wave electroporation in the presence of
rhodamine-labeled double-stranded (ds)RNA. Localization of electroporated dsRNA is mainly tegumental in discrete
‘patches’ (right panel; epifluorescence). Intact sporocysts are shown in the left panel.

RNAi-type approaches to in witro developing

schistosome larvae.

Universality of gene-specific RN Ai-like effects

in cultured larval schistosomes

In our experience investigating dsRNA-mediated
gene silencing we noted that not all genes employed
in RNAi experiments vielded consistent and/or
specific knockdowns. This prompted us to examine a
wider range of different genes for their abilities to
produce RNAi-like effects both at the transcriptional
and phenotypic levels (Mourio et al. 2009). Briefly,
in vitro transforming miracidia of S. mansoni were
treated with dsRNAs (Boyle et al. 2003) generated
from 32 genes expressed in primary sSporocysts,
including those encoding anti-oxidants, signaling
proteins, transcription factors, metabolic enzymes
and the like, and screened for morphological changes
in larval phenotype. After 7 days in culture, a re-
duction in sporocyst size (length), similar to that
reported by Dinguirard and Yoshino (2006), was the
only morphological phenotype noted, and this was
observed for 11 of the 32 genes examined. Of these
11 genes associated with the ‘size’ phenotype, 6
exhibited consistent knockdown in their steady-state
transcript levels by real-time quantitative PCR,
one (SOD) was highly elevated compared to the ir-
relevant GIFP dsRNA-treatment control, while the
remaining 4 phenotype-presenting genes were un-
changed in transcript levels. The remaining 21 genes
tested did not produce a consistent ‘size’ phenotype,
although significant transcript knockdown was dem-
onstrated for half of these genes (Mourio et al. 2009).

Results of this profiling study were enlightening as
it pointed out several aspects of RNAi-type experi-
ments incorporating larval schistosomes that require
careful consideration: (1) The choice of gene to
be examined — For reasons yet unknown transcript
knockdown appears to be depend on the target gene
or the specific gene segment being used to template

dsRINA synthesis. Genes of interest should be pre-
tested to ensure consistent, significant knockdown
effects (Mourdo et al. 2009). (2) Off-target effects —
Some genes or gene segments may produce non-
specific or off-target effects that are not consistent
with the predicted interaction with and/or degra-
dation of specific target transcripts, but instead ap-
pear to affect phenotype-associated non-target genes.
Off-target effects are one of the common unwanted
side-effects of RNAi manipulation (Kulkarni et al.
20006), although steps can be taken to minimize these
effects (Reynolds et al. 2004). (3) Optimizing dsRN A
delivery and timing — Although we use miracidial
incubation (soaking) in dsRNA for 6 days as part of
our standard delivery protocol for gene knockdown
in sporocysts, others have incorporated square-wave
electroporation as effective alternative dsRNA deliv-
ery methods for mammalian stages of schistosomes
(Correnti et al. 2005; Osman et al. 2006 ; Sayed et al.
2006; Krautz-Peterson et al. 2007; Morales et al.
2008 ; Zhao et al. 2008) and fasciolids (Rinaldi et al.
2008). In preliminary electroporation experiments
we have found that over a range of delivered voltages
(65—230 V) and capacitances (25-100 mF), 65-70%
maximum sporocysts survival rates were attained at
72 h post-treatment resulting in an apparent con-
sistency of dsRNA deliveryv (Fig. 4). Follow-up
studies are now needed to determine if, in fact,
specific gene silencing in surviving larvae is achieved
by this approach and how knockdown rates and long-
term larval wviability compare to soaking or other
delivery methods. Consistent with previous finding
in schistosomula (Skelly et al. 2003), in general,
sporocysts did not tolerate lipofection-type reagents
used within recommended concentration ranges.

SUMMARY AND CONCLUDING REMARKS

With the dramatic advancements in DNA and amino
acid sequencing technologies made over the last
decade, combined with the powerful analytical tools
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of bioinformatics, identification of genes and their
products 1 diverse organisms, including model
parasitic helminths, has become almost routine.
However, it should come as no surprise that despite
the rapid accumulation of gene/protein databases to
date, our knowledge, and therefore understanding,
of the role or function of identified genes/proteins
is lagging far behind. This is especially evident in
parasitic metazoans such as the digenetic trematodes,
in which the entire genomes of selected species are
only now completed. Although parasite expression
profiling leading to the identification and activities
of specific genes or gene networks can have im-
mediate practical applications involving drug tar-
geting or protective immune interventions (Brindley
and Pearce, 2007 ; Pearce and Freitas, 2008 ; Han et al.
2009), experimental approaches for addressing fun-
damental questions of how genes may be functioning
in the biology of parasites undergoing complex life
cycle changes are urgently needed. As summarized in
this review, part of this need is being met by the
establishment of larval isolation and in witro culti-
vation methods capable of generating and maintain-
ing the major intramolluscan stages for trematodes
of several prominent families (Schistosomatidae,
Fasciolidae, Echinostomatidae), in combination with
gene discovery efforts that have already yielded
completed draft genomes of S. mansoni and S. japo-
nicum, and ever-growing stage-associated transcript-
omic and proteomic databases for these and other
digenean species. The next major challenge for
trematode biologists is to effectively combine these
different approaches to mvestigating the functional
role of expressed genes and their products in the
maintenance, growth and development these para-
sites as they undergo morphological and physio-
logical changes from one stage to the next. Recent
exciting and promising research into gene transfer
techniques (in vitro transgenesis and viral transduc-
tion) with the prospect of germline transfection,
and reverse-genetic approaches using RNAIi to ma-
nipulate endogenous gene function offer novel ap-
proaches for meeting this challenge as we truly
advance into the post-genomics era.

ACKNOWLEDGEMENTS

Selected published and unpublished data cited in this
review were supported by NIH grants AI061436 and
AT015503 (TPY). MMM was supported by a CAPES
(Process no. 4753/06-2) and MCT/CNPqg 02/2006 Uni-
versal (Process no. 475151). We also thank Maria Castillo,
Andrew Taft and 2 anonymous reviewers for their valuable
input.

REFERENCES

Adema, C. M., Léonard, P. M., DeJong, R. J., Day,
H. L., Edwards, D. J., Burgett, G., Hertel, L. A. and
Loker, E. S. (2000). Analysis of messages expressed by
Echinostoma paraensei miracidia and sporocysts,

obtained by random EST sequencing. Journal of
Parasitology 86, 60—65.

Ataev, G., Fournaier, A. and Coustau, C. (1998).
Comparison of Echinostoma caproni mother sporocyst
development in vivo and in vitro using Biomphalaria
glabrata snails and a B. glabrata embryonic cell line.
Journal of Parasitology 84, 227-235.

Barakat, A., DiLoreto, D. S., Zhang, Y., Smith, C.,
Baier, K., Powell, W. A., Wheeler, N., Sederoff, R.
and Carlson, J. E. (2009). Comparison of the
transcriptomes of American chestnut (Castanea dentata)
and Chinese chestnut (Castanea mollissima) in response
to the chestnut blight infection. BMC Plant Biology
9, 51.

Basch, P. F. (1991). Schistosomes — Development,
Reproduction and Host Relations. Oxford University
Press, New York and Oxford. 248 p.

Beckmann, S., Wippersteg, V., El-Bahay, A.,
Hirzmann, J., Oliveria, G. and Grevelding, C. G.
(2007). Schistosoma mansoni: germ-line transformation
approaches and actin-promoter analysis. Experimental
Parasitology 117, 292-303.

Bender, R. C., Bixler, L. M., Lerner, J. P. and Bayne,
C.J. (2002). Schistosoma mansoni sporocysts in culture:
host plasma hemoglobin contributes to in vitro oxidative
stress. Journal of Parasitology 88, 14—18.

Berriman, M., Haas, B. J., Loverde, P. T., Wilson,

R. A., Dillon, G. P., Cerqueira, G. C., Mashiyama,
S. T., Al-Lazikani, B., Andrade, L. F., Ashton, P. D,,
Aslett, M. A., Bartholomeu, D. C., Blandin, G.,
Caffrey, C. R., Coghlan, A., Coulson, R., Day, T. A,
Delcher, A., Demarco, R., Djikeng, A., Eyre, T.,
Gamble, J. A., Ghedin, E., Gu, Y., Hertz-Fowler, C.,
Hirai, H., Hirai, Y., Houston, R., Ivens, A.,
Johnston, D. A., Lacerda, D., Macedo, C.D.,
McVeigh, P., Ning, Z., Oliveira, G., Overington,

J. P., Parkhill, J., Pertea, M., Pierce, R. J., Protasio,
A. V., Quail, M. A,, Rajandream, ML.A, Rogers, J.,
Sajid, M., Salzberg, S. L., Stanke, M., Tivey, A. R,
White, O., Williams, D. L., Wortman, J., Wu, W.,
Zamanian, M., Zerlotini, A., Fraser-Liggett, C. M.,
Barrell, B. G., El-Sayed, N. M. (2009). The genome of
the blood fluke Schistosoma mansoni. Nature 460,
352-358.

Bovle, J. P., Wu, X. J., Shoemaker, C. B. and Yoshino,
T. P. (2003). Using RNA interference to manipulate
endogenous gene expression in Schistosoma mansoni
sporocysts. Molecular and Biochemical Parasitology 128,
205-215.

Brindley, P. J. and Pearce, E. J. (2007). Genetic
manipulation of schistosomes. International Journal for
Pavrasitology 37, 465—473.

Campbell, W. C. and Todd, A. C. (1955). In vitro
metamorphosis of the miracidium of Fascioloides magna
(Bassi, 1851) Ward, 1917. Transactions of the Americian
Mieroscopical Society 74, 225-228.

Chernin, E. (1963). Observations on hearts explanted in
witro from the snail Australorbis glabratus. Fournal of
Parasitology 49, 353-364.

Coppin, J. F., Lefebvre, C., Caby, S., Cocquerelle, C.,
Vicogne, J., Coustau, C. and Dissous C. (2002).
Gene expression changes in Schistosoma mansoni
sporocysts induced by Biomphalaria glabrvata
embryonic cells. Parasitology Research 89, 113-119.



Manipulation of gene expression in larval Schistosoma

Correnti, J. M., Brindley, P. J. and Pearce, E. J. (2005).
Long-term suppression of cathepsin B levels by RNA
interference retards schistosome growth. Molecular and
Biochemical Parasitology 143, 209-215.

Coustau, C., Ataev, G., Jourdane, J. and Yoshino, T. P.
(1997). Schistosoma japonicum : in vitro cultivation of
miracidium to daughter sporocyst using a Biomphalaria
glabrata embryonic cell line. Experimental Parasitology
87, 77-87.

Coustau, C. and Yoshino, T. P. (2000). Flukes without
snails : advances in the in vitro cultivation of
intramolluscan stages of trematodes. Experimental
Parasttology 94, 62—66.

Curwen R. S., Ashton P. D., Johnston D. A. and
Wilson R. A. (2004). The Schistosoma mansoni soluble
proteome: a comparison across four life-cycle stages.
Molecular and Biochemistry Parasitology 138, 57—60.

Curwen, R. S., Ashton, P. D., Sundaralingam, S. and
Wilson, R. A. (2006). Identification of novel proteases
and immunomodulators in the secretions of schistosome
cercariae that facilitate host entry. Molecular and
Cellular Proteomics 5, 835—-844.

Diatchenko, L., Lau, Y. F., Campbell, A. P.,
Chenchik, A., Mogqadam, F., Huang, B., Lukyanov,
S., Lukyanov, K., Gurskaya, N., Sverdlov, E. D.
and Siebert, P. D. (1996). Suppression subtractive
hybridization: a method for generating differentially
regulated or tissue-specific cDNA probes and libraries.
Proceedings of the National Academy of Sciences, USA
93, 6025-6030.

Dillon, G. P., Illes, J. C., Isaacs, H. V. and Wilson,

R. A. (2007). Patterns of gene expression in
schistosomes: localization by whole mount in situ
hybridization. Parasitology. 134, 1589-1597.

Dinguirard, N. and Yoshino, T. P. (2006). Potential role
of a CD36-like class B scavenger receptor in the binding
of modified low-density lipoprotein (aclLDL) to the
tegumental surface of Schistosoma mansoni sporocysts.
Molecular and Biochemical Parasitology 146, 219-230.

El-Saved, N. M., Bartholomeu, D., Ivens, A.,
Johnston, D. A. and LoVerde, P. T. (2004). Advances
in schistosome genomics. Trends in Parasitolology 20,
154-157.

Fitzpatrick, J. M., Johnston, D. A., Williams, G. W.,
Williams, D. J., Freeman, T. C., Dunne, D. W. and
Hoff mann, K. F. (2005). An oligonucleotide microarray
for transcriptome analysis of Schistosoma mansoni and its
application/use to investigate gender-associated gene
expression. Molecular and Biochemical Parasitology 141,
1-13.

Fitzpatrick, J. M., Protasio, A. V., McArdle, A.].,
Williams, G. A., Johnston, D. A. and Hoffmann,

K. F. (2008). Use of genomic DNA as an indirect
reference for identifying gender-associated transcripts in
morphologically identical, but chromosomally distinct,
Schistosoma mansoni cercariae. PLoS Negected Tropical
Diseases 2, e323.

Franco G. R., Adams M. D., Soares M. B., Simpson
A.]J., Venter J. C. and Pena S. D. (1995). Identification
of new Schistosoma mansoni genes by the EST strategy
using a directional cDNA library. Gene 23, 141-147.

Franco, G. R., Rabelo,E. M., Azevedo, V., Pena, H. B.,
Ortega, J. M., Santos, T. M., Meira, W. S.,
Rodrigues, N. A, Dias, C. M., Harrop, R.,

477

Wilson, A., Saber, M., Abdel-Hamid, H., Faria,
M. 8., Margutti, M. E,, Parra, J. C. and Pena, S. D.
(1997). Evaluation of cDNA libraries from different
developmental stages of Schistosoma mansoni for
production of expressed sequence tags (ESTSs).

DNA Research. 30, 231-240.

Franco G. R., Valadao A. F., Azevedo V. and
Rabelo E. M. (2000). The Schistosoma gene discovery
program: state of the art. International Journal of
Parasitology 30, 453—463.

Freitas, T. C., Jung, E. and Pearce, E. J. (2007). TGF-8
signaling controls embryo development in the parasitic
flatworm Schistosoma mansoni. PLoS Pathogens 3, e52.

Geldhof, P., Visser, A., Clark, D., Saunders, G.,
Britton, C., Gilleard, J., Berriman, M. and Knox, D.
(2007). RNA interference in parasitic helminths: current
situation, potential pitfalls and future prospects.
Parasitology 134, 609-619.

Gobert, G. N., Moertel, L., Brindley, P. J. and
McManus, D. P. (2009). Developmental gene
expression profiles of the human pathogen Schistosoma
Japonicum. BMC Genomics 10:128.

Gomes, M. S., Cabral, F. J., Jannotti-Passos, L. K.,
Carvalho, O., Rodriques, V., Baba, E. H. and Sa,

R. G. (2009). Preliminary analysis of miRNA pathway
in Schistosoma mansoni. Parasitology International 58,
61-68.

Gourbal, B. E. F.| Guillou, F., Mitta, G., Sibille, P.,
Theron, A., Pointier, J. P. and Coustau, C. (2008).
Excretory—secretory products of larval Fasciola hepatica
investigated using a two-dimensional proteomic
approach. Molecular and Biochemical Parasitology 161,
63—66.

Grevelding, C. G. (2006). Transgenic flatworms. In
Parasitic Flatworms : Molecular Biology, Biochemistry,
Immunology, and Physiology (ed. Maule, A. G. and
Marks N. J.), pp. 149-173. CABI, Oxfordshire, UK.

Guillou, F., Roger, E., Mone, Y., Rognon, A., Grunau,
C., Theron, A., Mitta, G., Coustau, C. and Gourbal,
B. E. F. (2007). Excretory—secretory proteome of larval
Schistosoma mansoni and Echinostoma caproni, two
parasites of Biomphalaria glabrata. Molecular and
Biochemical Parasitology 155, 45-56.

Gunasekera, A. M., Patankar, S., Schug, J., Eisen, G.,
Kissinger, J., Roos, D. and Wirth, D. F. (2004).
Widespread distribution of antisense transcripts in the
Plasmodium falciparum genome. Molecular and
Biochemical Parasitology 136, 35—42.

Haas, B. J., Berriman, M., Hirai, H., Cerqueira, G. G.,
LoVerde, P. T. and El-Sayed, N. M. (2007).
Schistosoma mansont genome: closing in on a final gene
set. Experimental Parasitology 117, 225-228.

Han, Z. G., Brindley, P. J., Wang, S. Y. and Chen, Z.
(2009). Schistosome genomics: new perspectives on
schistosome biology and host-parasite interactions.
Annual Review of Genomics and Human Genetics 10,
10.1-10.30.

Hastings, M. L., Ingle, H. A., Lazar, M. A. and
Munroe, S. H. (2000). Post-transcriptional regulation
of thyroid hormone receptor expression by cis-acting
sequences and a naturally occurring antisense RNA.
Fournal of Biological Chemistry 275, 11507-11153.

Heyers, O., Walduck, A. K., Brindley, P. J., Bleiz(3,
W., Lucius, R., Dorbic, T., Wittig, B. and



Timothy P. Yoshino, Nathalie Dinguivard and Marina de Moraes Mouvéo 478

Kalinna, B. H. (2003). Schistosoma mansoni miracidia
transformed by particle bombardment infect
Biomphalaria glabrata snails and develop into transgenic
sporocysts. Experimental Parasitology 105, 174—178.

Hokke, C. H., Fitzpatrick, J. M. and Hoffmann, K. F.
(2007). Integrating transcriptome, proteome and
glycome analyses of Schistosoma biology. Trends in
Parasitology 23, 165-174.

Hu, W., Yan, Q., Shen, D. K., Liu,F., Zhu, Z. D., Song,
H.D., Xu, X. R,, Wang, Z. J., Rong, Y. P, Zeng,

L. C., Wu, J., Zhang, X., Wang, J. J., Xu, X. N,,
Wang, S. Y., Fu, G., Zhang, X. L., Wang, Z. Q.,
Brindley, P. J., McManus, D., Zue, C. L., Feng, Z.,
Chen, Z. and Han, Z. G. (2003). Evolutionary and
biomedical implications of a Schistosoma japonicum
complementary DNA resource. Nature Genetics 35,
139-147.

Ivanchenko, M. G., Lerner, J. P., McCormick, R. S.,
Toumadje, A., Allen, B., Fischer, K., Hedstrom, O.,
Helmrich, A., Barnes, D. W. and Bayne, C. J. (1999).
Continuous in vitro propagation and differentiation of
cultures of the intramolluscan stages of the human
parasite Schistosoma mansoni. Proceedings of the
National Academy of Sciences, USA 96, 4965—4970.

Jolly, E. R., Chin, C. S., Miller, S., Baghat, M. M.,
Lim, K. C., DeRisi, J. and McKerrow, J. H. (2007).
Gene expression patterns during adaptation of a
helminth parasite to different environmental niches.
Genome Biology 8, R65.

Kapp, K. Coustau, C., Wippersteg, V., Jourdane, J.,
Kunz, W. and Grevelding, C. G. (2003).
Transplantation of in vitro-generated Schistosoma
mansoni mother sporocysts into Biomphalaria glabrata.
Parasitology Research 91, 482—485.

Kalinna, B. H. and Brindley, P. J. (2007). Manipulating
the manipulators: advances in parasitic helminth
transgenesis. T rends in Pavasitology 23, 197-204,

Kines, K. J., Mann, V. H., Morales, M. E., Shelby,

B. D., Kalinna, B. H., Gobert, G. N., Chirgwin, S. R.
and Brindley, P. J. (2006). Transduction of Schistosoma
mansoni by vesicular stomatitis virus glycoprotein-
pseudotyped Moloney murine leukemia retrovirus.
Experimental Parasitology 112, 209-220.

Knox, D. P., Geldhof, P., Visser, A. and Britton, C.
(2007). RNA interference in parasitic nematodes of
animals: a reality check ? Trends in Parasitology 23,
105-107.

Knudsen, G. M., Medzihradszky, K. F., Lim, K. C.,
Hansell, E. and McKerrow, J. H. (2005). Proteomic
analysis of Schistosoma mansoni cercarial secretions.
Molecular and Cellular Proteomics 4, 1862—1875.

Krautz-Peterson, G., Bhardwaj, R., Faghiri, Z.,
Tararam, C. A. and Skelly, P. J. (2009).

RNA interference in schistosomes: machinery
and methodology. Parasitology 137. doi:10.1017/
S0031182009991168

Krautz-Peterson, G., Radwanska, M., Ndegwa, D.,
Shoemaker, C. B. and Skelly, P. J. (2007). Optimizing
gene suppression in schistosomes using RNA
interference. Molecular and Biochemical Parasitology
153, 194-202.

Krautz-Peterson, G. and Skelly, P. J. (2008).
Sechistosoma mansoni: the dicer gene and its expression.

Experimental Parasitology 118, 122-128.

Kulkarni, M. M., Booker, M., Silver, S. J., Friedman,
A., Hong, P., Perrimon, N. and Mathey-Prevot, B.
(2006). Evidence of off-target effects associated with long
dsRNAs in Drosophila melanogaster cell-based assays.
Nature Methods 3, 833—838.

Laursen, J. R. and Yoshino, T. P. (1999). Biomphalaria
glabrata embryonic (Bge) cell line supports in vitro
miracidial transformation and early larval development
of the deer liver fluke, Fascioloides magna. Journal of
Parasitology 118, 187-194.

Lehr, T., Beuerlein, K., Doenhoff, M. J., Grevelding
C. G. and Geyer, R. (2008). Localization of
carbohydrate determinants common to Biomphalaria
glabrata as well as to sporocysts and miracidia of
Schistosoma mansoni. Parasitology 135, 931-942.

Liang, P. and Pardee, A. B. (1992). Differential display
of eukaryotic messenger RN A by means of the
polymerase chain reaction. Science 257, 967-971.

Liu, F., Lu, J., Hu, W., Wang, S. Y., Cui, S. J., Chi, M.,
Yan, Q., Wang, X. R,, Song, H. D., Xu, X. N., Wang,
J.J., Zhang, X. L., Zhang, X., Wang, Z. Q., Xue,

C. L., Brindley, P. J., McManus, D. P., Yang, P. Y.,
Feng, Z., Chen, Z. and Han, Z. G. (2006). New
perspectives on host-parasite interplay by comparative
transcriptomic and proteomic analyses of Schistosoma
japonmicum. PL0S Pathogens 2, e29.

Loker, E. S., Cimino, D. F. and Hertel, L. A. (1992).
Excretory-secretory products of Echinostoma paraensei
sporocysts mediate interference with Biomphalaria
glabrata hemocyte function. Journal of Parvasitology 78,
104-115.

LoVerde, P. T., Hirai, H., Merrick, J. M., Lee, N. H.
and El-Sayved, N. (2004). Schistosoma mansoni genome
project: an update. Parasitology International 53,
183-192.

Luther, H. P., Haase, ., Hohaus, A., Beckmann, G.,
Reich, J. and Morano, 1. (1998). Characterization of
naturally occurring myosin heavy chain antisense mRNA
in rat heart. Journal of Cellular Biochemistry 70, 110-120.

Mann, V. H., Morales, M. E., Kines, K. J. and
Brindley, P. J. (2008). Transgenesis of schistosomes:
approaches employing mobile genetic elements.
Parasitology 135, 141-153.

McManus D. P. and Dalton J. P. (2006). Vaccines
against the zoonotic trematodes Schistosoma japonicum,
Fasciola hepatica and Fasciola gigantica. Parasitology
133, 543-61.

McManus, D. P., Hu, W., Brindley, P. J., Feng, Z. and
Han, Z. G. (2004). Schistosome transcriptome analysis
at the cutting edge. Trends in Pavasitology 20, 301-304.

Morales, M. E., Rinaldi, G., Gobert, G. N., Kines,
K.]J., Tort, J. F., and Brindley, P. J. (2008). RNA
interference of Schistosoma mansoni cathepsin D, the
apical enzyme of the hemoglobin proteolysis cascade.
Molecular and Biochemical Parasitology 157, 160—168.

Mourao, M. M., Dinguirard, N., Franco, G. R. and
Yoshino, T. P. (2009). Phenotypic screen of
early-developing larvae of the blood fluke, Schistosoma
mansoni,using RINA interference. PLoS Neglected
Tropical Diseases 3, €502, doi:10.1371/
journal.pntd.0000502,

Ndegwa, D., Krautz-Peterson, G. and Skelly, P. J.
(2007). Protocols for gene silencing in schistosomes.

Experimental Parasitology 117, 284291,



Manipulation of gene expression in larval Schistosoma

Nickel, W. (2005). Unconventional secretory routes:
direct protein export across the plasma membrane of
mammalian cells. Traffic 6, 607-614.

Nordstrom, T., Gharizadeh, B., Pourmand, N.,
Nyren, P. and Ronaghi, M. (2001). Method enabling
fast partial sequencing of cDNA clones. Analvtical
Biochemistry 15, 266-271.

Nowak, T. S. and Loker, E. S. (2005). Echinostoma
paraensei : differential gene transcription in the sporocyst
stage. Expimental Parasitology 109, 94-105.

Osman, A., Niles, E. G., Verjovski-Almeida, S. and
LoVerde, P. T. (2006). Schistosoma mansoni TGF-03
receptor 11: role in host ligand-induced regulation of a
schistosome target gene. PLoS Pathogen 2, e54.

Oliveira, G. C., Franco, G. and Verjovski-Almeida, S.
(2008). The Brazilian contribution to the study of the
Schistosoma mansoni transcriptome. Acta Tropica 108,
179-182.

Oliveira, G. C., Rodrigues, N. B,, Romanha, A. and
Bahia, D. (2004). Genome and genomics of
schistosomes. Canadian Journal of Zoology 82, 375-390.

Patankar, S., Munasinghe, A., Shoaibi, A.,
Cummings, L. M. and Wirth, D. F. (2001). Serial
analysis of gene expression in Plasmodium falciparum
reveals the global expression profile of erythrocytic
stages and the presence of anti-sense transcripts in the
malarial parasite. Molecular Biology of the Cell 12,
3114-1325.

Pearce, E. J. and Freitas, T. C. (2008). Reverse genetics
and the study of the immune response to schistosomes.
Parasite Immunology 30, 215-221.

Peng, H. J., Chen, X. G., Wang, X. Z. and Lun, Z. R.
(2003). Analysis of the gene expression profile of
Schistosoma japonicum cercariae by a strategy based on
expressed sequence tags. Parasitology Research. 90,
287-293.

Pereira, T. C., Pascoal, V. D. B., Marchesini, R. B,
Maia, 1. G., Magalhaes, L. A., Zanotti-Magalhaes,
E. M. and Lopes-Cendes, 1. (2008). Schistosoma
mansoni: Evaluation of an RNAi-based treatment
targeting HGPRTase gene. Experimental Parasitology
118, 619-623.

Petalidis, L., Bhattacharyya, S., Morris, G. A.,
Collins, V. P., Freeman, T. C. and Lyon, P. A. (2003).
Global amplification of mRNA by template-switching
PCR: linearity and application to microarray analysis.
Nucleie Acids Research 25, 402—408.

Peterson, N. A., Hokke, C. H., Deelder, A. M. and
Yoshino, T. P. (2009). Glycotope analysis in miracidia
and primary sporocysts of Schistosoma mansoni
differential expression during the miracidium-to-
sporocyst transformation. International Journal for
Parasitology 39, 1331-1344.

Ramaswamy, K., Salafsky, B., Potluri, S., He, Y. X.,
Li, J. W. and Shibuya, T. (1995). Secretion of an
anti-inflammatory, immunomodulatory factor by
Schistosomulae of Schistosoma mansoni. Journal of
Inflammation 46, 13-22.

Radke, J. R., Behnke, M. S., Mackey, A.].,

Radke, J. B., Roos, D. S. and White, M. W. (2005).
The transcriptome of Toxoplasma gondii. BMC biology 2,
3-26.

Reynolds, A., Leake, D., Boese, Q., Scaringe, S.,

Marshall, W. S., and Khvorova, A. (2004). Rational

479

siRNA design for RNA interference. Nature
Biotechnology 22, 326-330.

Rinaldi, G., Morales, M. E., Alrefaei, Y. N., Cancela
M., Castillo, E., Dalton, J. P., Tort, J. F. and
Brindley, P. J. (2009). RNA interference targeting
leucine aminopeptidase blocks hatching of Schisotosoma
mansoni eggs. Molecular and Biochemical Parasitology
167, 118-126.

Rinaldi, G., Morales, M. E., Cancela M., Castillo, E.,
Brindley, P. J., Jose, F. and Tort, J. F. (2008).
Development of functional genomic tools in trematodes :
RINNA interference and luciferase reporter gene activity
in Fasciola hepatica. PLoS Neglected Tropical Diseases 2,
e260.

Robijn M. L., Wujrer, M., Kornelis, D., Deelder,

A. M., Geyer, R. and Hokke, C. H. (2005). Mapping
fucosylated epitopes on glycoproteins and glycolipids of
Schistosoma mansoni cercariae, adult worms and eggs.
Parasitology 130, 67-77.

Roger, E., Gourbal, B., Grunau, C., Pierce, R. J.,
Galinier, R. and Mitta, G. (200854). Expression
analysis of highly polymorphic mucin proteins
(Sm PoMuc) from the parasite Schistosoma mansoni.
Molecular and Biochemical Parasitology 157, 217-227.

Roger, E., Grunau, C., Pierce, R. J., Hirai, H.,
Gourbal, B., Galinier, R., Emans, R., Cesari, 1. M.,
Cosseau, C. and Mitta, G. (2008 ¢). Controlled chaos
of polymorphic mucins in a metazoan parasite
(Schistosoma mansoni) interacting with its invertebrate
host (Biomphalaria glabrata). PLoS Neglected Tropical
Diseases 2(11), e330.

Roger, E., Mitta, G., Mone, Y., Bouchut, A., Rognon,
A., Grunau, C., Boissier, J., Theron, A. and Gourbal,
B. E. F. (2008 a). Molecular determinants of
compatibility polymorphism in the Biomphalaria
glabrata/Schistosoma mansoni model: New candidates
identified by a global comparative proteomics approach.
Molecular and Biochemical Parasitology 157, 205-216.,

Saha, S., Sparks, A. B., Rago, C., Akmaev, V., Wang,
C. J., Vogelstein, B., Kinzler, K. W. and Velculescu,
V. E. (2002). Using the transcriptome to annotate the
genome. Nature Biotechnology 20, 508-512.

Santos, T. M., Johnston, D. A., Azevedo, V., Ridgers,
1. L., Martinez, M. F., Marotta, G. B., Santos, R. L.,
Fonseca, S. J., Ortega, ]J. M., Rabelo, E. M., Saber,
M., Ahmed, H. M., Romeih, M. H., Franco, G. R.,
Rollinson, D. and Pena, S. D. (1999). Analysis of the
gene expression profile of Schistosoma mansoni cercariae
using the expressed sequence tag approach, Molecular
and Biochemistry Parasitology 20, 79-97.

Sargent, T. D. and Dawid, 1. B. (1983). Differential gene
expression in the gastrula of Xenopus laevis. Science 222,
135-139.

Sayed, A. H., Cook, S. K. and Williams, D. L. (2006).
Redox balance mechanisms in Schistosoma mansoni rely
on peroxiredoxins and albumin and implicate
peroxiredoxins as novel drug targets. Journal of
Biological Chemistry 281, 17001-17010.

Simpson, A. J., Sher, A. and McCutchan, T. F. (1982).
The genome of Schistosoma mansoni: 1solation of DNA|
its size, bases and repetitive sequences. Molecular and
Biochemistry Parasitology 6, 125-137.

Skelly, P. J. (2006). Gene silencing in flatworms using
RNA interference. In Parasitic Flatzworms : Molecular



Timothy P. Yoshino, Nathalie Dinguivard and Marina de Moraes Mourdo 480

Biology, Biochemistry, Immunology, and Physiology
(ed. Maule, A. G.and Marks N. J.), pp. 423—434. CABI,
Oxfordshire, UK.

Skelly, P. J., Da’dara, A. and Harn, D. A. (2003).
Suppression of cathepsin B expression in Schistosoma
mansoni by RNA interference. I'nternational Fournal for
Parasitology 33, 363-369.

Skelly, P. J., Kim, J. W., Cunningham, J. and
Shoemaker, C. B. (1994). Cloning, characterization,
and functional expression of cDNAs encoding glucose
transporter proteins from the human parasite
Sechistosoma mansoni. Journal of Biological Chemistry
269, 4247—-4253.

Taft, A. S., Vermeire, J. J., Bernier, J., Birkeland,

S. R., Cipriano, M. ]J., Papa, A. R., McArthur, A. G.
and Yoshino, T. P. (2009). Transcriptome analysis of
Schistosoma mansoni larval development using serial
analysis of gene expression (SAGE). Parasitology 136,
469-485.

Tang, F., Barbacioru, C., Wang, Y., Nordman, E.,
Lee, C., Xu, N., Wang, X., Bodeau, J., Tuch, B. B.,
Siddiqui, A., Lao, K. and Surani, M. A. (2009).
mRNA-seq whole-transcriptome analysis of asingle cell.
Nature Methods 6, 377-382.

Theodoropoulos, G., Hicks, S. J., Corfield, A. P.,
Miller, B. G., Carrington, S. D. (2001). The role of
mucins in host-parasite interactions. Part I11. Helminth
parasites. Trends in Parasitology 17, 130-135.

The Schistosoma japonicum Genome Sequencing
and Functional Analysis Consortium; Genome
annotation and evolution analysis: Zhou, Y.,
Zheng, H., Chen, Y., Zhang, L., Wang, K., Guo, J.,
Huang, Z., Zhang, B., Huang, W_, Jin, K., Dou, T.,
Hasegawa, M., Wang, L., Zhang, Y., Zhou, J., Tao,
L., Cao, Z.,, Li, Y., Vinar, T., Brejova, B., Brown, D.,
Li, M., Miller, D. J., Blair, D., Zhong, Y., Chen, Z.;
Functional genomics analysis: Liu, F., Hu, W.,
Wang, Z. Q., Zhang, Q. H., Song, H. D., Chen, S.,
Xu, X., Xu, B, Ju, C., Huang, Y., Brindley, P. J.,
McManus, D. P, Feng, Z., Han, Z. G.; Sequencing
and assembly: Lu, G., Ren, S., Wang, Y., Gu, W.,
Kang, H., Chen, J., Chen, X., Chen, S., Wang, L.,
Yan, J., Wang, B., Li, X., Jin, L., Wang, B., Pu, S.,
Zhang, X., Zhang, W., Hu, Q., Zhu, G., Wang, J.,
Yu, J., Wang, J., Yang, H., Ning, Z., Berriman, M.,
Wei, C. L., Ruan, Y., Zhao, G., Wang, S.; Paper
writing: Liu, F., Zhou, Y., Wang, Z. Q., Lu, G.,
Zheng, H., Brindley, P. ]J., McManus, D. P., Blair,
D., Zhang, Q. H., Zhong, Y., Wang, S., Han, Z. G,
Chen, Z.; Project leaders: Wang, S., Han, Z. G.
and Chen, Z. (2009). The Schistosoma japonicum
genome reveals features of host-parasite interplay.
Nature 460, 345-351.

Valentim, C. L., LoVerde, P. T., Anderson, T. J. and
Criscione, C. D. (2009). Efficient genotyping of
Schistosoma mansoni miracidia following whole genome
amplification. Molecular and Biochemistry Parasitology
166, 81-84.

Velculescu, V. E., Zhang, L., Vogelstein, B. and
Kinzler, K. W. (1995). Serial analysis of gene
expression. Science 270, 484—487.

Vera, J. C., Wheat, C W., Fescemyer, H. W.,
Frilander, M. J., Crawford, D. L., Hanski, 1.,
and Marden, J. H. (2008). Rapid transcriptome

characterization for a nonmodel organism using 454
pyrosequencing. Molecular Ecology 17, 1636—1647.

Verjovski-Almeida, S., DeMarco, R., Martins, E. A.,
Guimaraes, P. E., Ojopi, E. P., Paquola, A. C,,
Piazza, J. P., Nishiyama, M. Y., Jr., Kitajima, J. P.,
Adamson, R. E.; Ashton, P. D., Bonaldo, M. F.,
Coulson, P. S., Dillon, G. P., Farias, L. P., Gregorio,
S. P., Ho, P. L., Leite, R. A., Malaquias, L. C,,
Marques, R. C., Miyasato, P. A., Nascimento, A. L.,
Ohlweiler, F. P., Reis, E. M., Ribeiro, M. A., Sa,

R. G., Stukart, G. C., Soares, M. B., Gargioni, C.,
Kawano, T., Rodrigues, V., Madeira A. M., Wilson,
R. A., Menck, C. F., Setubal, J. C., Leite, L. C. and
Dias-Neto, E. (2003). Transcriptome analysis of the
acoelomate human parasite Schistosoma mansoni.
Nature Genetics 35, 148—-157.

Vermeire, J. J., Taft, A. S., Hoffmann, K. F.,
Fitzpatrick, J. M. and Yoshino, T. P. (2006).
Schistosoma mansoni: DNA microarray gene expression
profiling during the miracidium-to-mother sporocyst
transformation. Molecular and Biochemical
Parasitology 147, 3947,

Vermeire, J. J. and Yoshino, T. P. (2007). Antioxidant
gene expression and function in in vitro-developing
Schistosoma mansoni mother sporocysts: possible role
in self-protection. Parasitology 134, 1369-1378.

Viney, M. E. and Thompson, F. J. (2008). Two
hypotheses to explain why RNA interference does not
work in animal parasitic nematodes. International
Fournal for Parasitology 38, 43—47.

Williams, D. L., Sayed, A. A., Bernier,]J.,

Birkeland, S. R., Cipriano, M. J., Papa, A. R.,
McArthur, A. G., Taft A., Vermeire, J. J. and
Yoshino, T. P. (2007). Profiling Schistosoma mansoni
development using Serial Analysis of Gene
Expression (SAGE). Experimental Parasitology 117,
246-258.

Wilson, R. A., Ashton, P. D., Braschi, S., Dillion, G. P.,
Berriman, M. and Ivens, A. (2006). ‘Oming in on
schistosomes: prospects and limitations for
post-genomics. Trends in Parasitology 23, 14-20.

Wippersteg, V., Kapp, K., Kunz, W. and
Grevelding, C. G. (20025b). Characterization of the
cysteine protease ER60 in transgenic Schistosoma
mansoni larvae. Imternational Journal for Parasitology
32, 1219-1224.

Wippersteg, V., Kapp, K., Kunz, W., Jackstadt, W. P.,
Zahner, H. and Grevelding, C. G. (2002 a).
HSP70-controlled GFP expression in transiently
transformed schistosomes. Molecular and Biochemical
Parasitology 120, 141-150.

Wippersteg, V., Ribeiro, F., Liedtke, S., Kunz, W. and
Grevelding, C. G. (2003). The uptake of Texas red
bovine serum albumin in the excretory system of
schistosomes, and its colocalization with ER60
promoter-induced GFP in transiently transformed
adult males. International Journal for Pavasitology 33,
1139-1143.

Wu, X. J., Sabat, G., Brown, J. F., Zhang, M., Taft, A.,
Peterson, N. P., Harms, A. and Yoshino, T. P.
(2009). Proteomic analysis of Schistosoma mansoni
proteins released during in witro miracidium-to-
sporocyst transformation. Molecular and Biochemical
Parasitology 164, 32—44.



Manipulation of gene expression in larval Schistosoma

Xu, Y. Z. and Dresden, M. H. (1986). Leucine
aminopeptidase and hatching of Schistosoma mansoni
eggs. Journal of Parasitology 72, 507-511.

Xue, X., Sun, J., Zhang, Q., Wang, Z., Huang, Y. and
Pan, W. (2008). Identification and characterization of
novel microRNAs from Schistosoma japonicum. PLoS
One 3, e4034.

Yang, L.L.,,Lu,Z. Y., Hu,S. M., He, S. J.,,Li, Z. Y.,
Zhang, S. M., Zheng, H. Q., Li, M. T., Yu, X. B,
Fung, M. C. and Wu, Z. D. (2009). Schistosoma
Japonicum: proteomics analysis of differentially
expressed proteins from ultraviolet-attenuated cercariae
compared to normal cercariae. Parasitology Research
105, 237-248.

Yoshino, T. P. and Boswell, C. A. (1986). Antigen
sharing between larval trematodes and their snail
hosts: how real a phenomenon in immune evasion ?

481

In Immune Mechanisms in Invertebrate Vectors
(ed., Lackie, A. M.), pp. 221-238. Clarendon Press,
Oxford.

Yoshino, T. P. and Laursen J. R. (1995). Production of
Schistosoma mansomi daughter sporocysts from mother
sporocysts maintained in synxenic culture with
Biomphalaria glabrata embryonic (Bge) cells. Journal of
Parasitology 81, 714-722.

Zhao, Z.-R., Lei, L., Liu, M., Zhu, S.-C., Ren, C.-P.,
Wang, X.-N., and Shen, J.-J. (2008). Schistosoma
Japonicum : inhibition of mago nashi gene expression by
shRNA-mediated RNA interference. Experimental
Pavrasitology 119, 379-384.

Zelck, U. E. and Von Janowsky, B. (2004). Antioxidant
enzymes in intramolluscan Schistosoma mansoni and

ROS-induced changes in expression. Parasitology 128,
493-501.



APPENDIX A:

Supplementary Table 1: Qualitative representation of predominant ‘up-regulated’ transcripts (vertical arrows) organized by specific biological functions in
intramolluscan larval stages of 5. manson: miracidia, 4 day-sporocysts {(mira and spo-4d, respectively; Vermeire et al. 2006), 6- and 20-day old sporocysts (spo-6d
and spo-20d, respectively: Williams et al. 2006; Taft ef al, 2009), secondary sporocysts and cercariae (2nd spo and cerc, respectively; Jolly ef al. 2007), S. japonicum
miracidia, sporocysts and cercariae ((Gobert et al. 2009), and female (cerc-fem) and male (cerc-male) cercariae of 8. mansowm (Fitzpatrick et al, 2008),
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Baixar livros de Literatura de Cordel
Baixar livros de Literatura Infantil
Baixar livros de Matematica

Baixar livros de Medicina

Baixar livros de Medicina Veterinaria
Baixar livros de Meio Ambiente
Baixar livros de Meteorologia
Baixar Monografias e TCC
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