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RESUMO

O spliced leader trans-splicing (SLTS) é um processo de matura¢do do pré-
mRNA que ocorre em diversos organismos, incluindo o parasito trematddeo
Schistosoma mansoni. Varias fung¢des tém sido atribuidas ao SLTS, mas, no caso
especifico de S. mansoni, a sua importancia como um mecanismo de regulagdo pos-
transcricional ainda ndo foi determinada. Usando trés diferentes estratégias para
estudar transcritos que possuem a sequéncia do SL (spliced leader), geramos um
conjunto extenso de dados compreendendo uma vasta gama de genes processados
por SLTS. A partir dos resultados obtidos neste estudo, estimamos que 77% dos
genes codificadores de proteinas anotados na 52 versao do genoma de S. mansoni
podem sofrer SLTS em alguma fase do ciclo de vida do parasito. Os niveis de
expressao dos genes identificados variam amplamente e genes processados por
SLTS foram relacionados a diversas classes funcionais. Nossos resultados indicam
que o mecanismo de SLTS ndo parece estar particularmente enviesado para um
conjunto especifico de genes, caracterizando-o como um mecanismo ubiquo. Nossa
andlise revelou uma extensa heterogeneidade de sitios aceptores de SLTS
ocorrendo em outrons e introns de varios genes, assim como caracteristicas que
distinguem introns alvos de cis-spicing daqueles alvos de trans-splicing. Vimos que
os sitios alvos de SLTS podem ser diferencialmente utilizados durante os distintos
estagios do ciclo de vida do parasito, influenciando o repertoério e possivelmente os
niveis de expressio de proteinas. Em conjunto, nossos dados mostram a
importancia do mecanismo de SLTS na modula¢do da expressao génica do parasito

associada ao seu desenvolvimento e adaptacao a diferentes condi¢cdes ambientais.



ABSTRACT

Spliced leader dependent trans-splicing (SLTS) is a pre-RNA maturation
process that occurs in a diverse array of organisms, including the trematode
parasite Schistosoma mansoni. SLTS has several functional roles assigned to it, but
its importance as a post-transcriptional regulatory mechanism on S. mansoni is yet
to be determined. Using three different strategies for studying transcripts
harboring the SL (spliced leader) sequence we generated a broad dataset of SLTS
genes. From the results presented herein we estimate that 77% of protein-coding
genes annotated in the S. mansoni reference genome (5t version) may undergo
SLTS at some stage of the parasite life cycle. The expression levels of the identified
trans-spliced genes span several orders of magnitude and SL-containing reads
mapped to genes over a wide spectrum of functional classes. Our results indicate
that SLTS is not particularly biased to a specific set of genes, characterizing it as a
ubiquitous mechanism. Our analysis revealed an extensive heterogeneity of SL
acceptor sites occurring in outrons and introns of several genes, in addition to
attributes that can distinguish cis-spliced from trans-spliced introns. We showed
that the SLTS target sites can be differentially regulated during the distinct life
stages, influencing the protein repertories and possibly the expression levels of
different proteins. Together, our data show the importance of the SLTS mechanism
in the gene expression modulation associated with the parasite development and

its adaptation to different environmental conditions.

Vi
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1. INTRODUCAO

1.1. A ESQUISTOSSOMOSE

A esquistossomose é uma doenca parasitaria causada por organismos do
filo platelminto, classe trematodea, ordem digenea, familia schistosomatidae e
género Schistosoma, que compreendem varias espécies, dentre elas, o Schistosoma

mansoni, endémico em paises da Africa e América Latina.

A esquistossomose é uma parasitose considerada a segunda doenga tropical
mais prevalente e mais devastadora socioeconomicamente, depois apenas da
malaria. Estimativas da Organizagcdo Mundial da Saude (World Health Organization,
WHO, 2013) indicam que existem 243 milhdes de pessoas acometidas pela
esquistossomose e que mais de 780 milhdes de pessoas vivem em areas com risco
de infeccdo em 78 paises, principalmente aqueles considerados subdesenvolvidos
ou em desenvolvimento (ENGELS et al, 2002), onde as condi¢des de higiene e
saneamento bdasico sdo precarias. A distribuicao global (Figura 1) e a taxa de

infeccdo da esquistosomose tém mudado pouco nos ultimos 20 anos (WHO, 2013).

Atualmente, o controle da esquistosomose tem sido focado especialmente
na quimioterapia utilizando o prazinquantel e o uso em larga escala desse farmaco
tem gerado grandes discussdes acerca da resisténcia a droga (MANN et al.,, 2010;
STANDLEY et al, 2010). Esses dados reforcam a importancia do estudo cientifico
das espécies causadoras dessa doenga, como o S. mansoni, agente causador desta

doenca no Brasil.
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FIGURA 1 - DISTRIBUICAO GLOBAL ESTIMADA DA ESQUISTOSOMOSE PARA O ANO DE 2010. [reproduzida de (WHO,
2013)]. Diferentes tonalidades em azul representam a prevaléncia da infec¢do em individuos na populagdo.

1.2. O CICLO DE VIDA DO S. MANSONI

O S. mansoni apresenta um ciclo de vida complexo, envolvendo a
sobrevivéncia do parasito em ambientes bastante distintos. Diferentemente de
outros platelmintos, o S. mansoni apresenta dimorfismo sexual quando adulto. Os
vermes adultos pareados (macho e fémea) residem no sistema porta hepatico
(PESSOA; MARTINS, 1982). Para oviposicdo, os casais migram para as veias
mesentéricas inferiores, onde cada fémea deposita de 200 a 300 ovos por dia
préoximo a parede intestinal. Esses ovos atingem o limem do intestino, sendo
eliminados conjuntamente com as fezes e continuando o ciclo de vida do parasito,
mas também podem ganhar as veias mesentéricas, ou os capilares do sistema
porta, nos quais se alojam podendo causar uma patologia severa, incluindo uma
resposta inflamatdria granulomatosa do hospedeiro e fibrose. Em contato com a

agua fresca, os ovos eclodem e liberam larvas de vida livre, os miracidios, que



infectam caramujos (Biomphalaria spp.) Nestes hospedeiros, os parasitos se
reproduzem assexuadamente por duas geragdes de esporocistos e posteriormente
sdo transformados na forma infectiva, as cercarias, que sao liberadas na agua. As
cercarias infectam o hospedeiro definitivo, comumente o homem, através da
penetragdo ativa pela pele e transformam-se em esquistossomulos. Ap6s varios
dias, os parasitos saem do tecido cutaneo através dos vasos do sistema sanguineo
ou linfatico e viajam primeiramente até os pulmdes, onde se desenvolvem antes de
atingir o sistema porta-hepatico. Somente quando atingem este ultimo é que os
vermes comec¢am a se alimentar de sangue e atingem a maturidade sexual (DAVIS,

2002; PESSOA; MARTINS, 1982).

Essa grande adaptabilidade do parasito a diferentes ambientes reflete
drasticas mudancas morfoldgicas no curso do seu ciclo de vida e, para tais
mudangas, espera-se que haja um controle da expressdao génica igualmente

complexo.

1.3. O GENOMA DO S. MANSONI

O cariotipo de S. mansoni compreende 7 pares de autossomos e 1 par de
cromossomos sexuais (féemea=ZW, macho=ZZ) (BERRIMAN et al., 2009). O inicio
da analise de genes em larga escala de S. mansoni se deu em meados da década de
1990, com as primeiras publicacbes de Etiquetas de Sequéncias Espressas
(Expressed Sequence Tags, ESTs) do parasito por Franco e colaboradores (FRANCO
etal, 1995, 1997). Mais tarde, outros trabalhos contribuiram para a descoberta de
novos genes em S. mansoni (FRANCO et al, 2000; SHABAAN et al, 2003;
VERJOVSK-ALMEIDA et al, 2003). Entretanto, o sucesso no uso de ESTs para

descobrir novos genes é limitado principalmente pela pouca representatividade de



genes de baixa expressdo nas bibliotecas de cDNA e pela utilizacdo de
sequenciadores capilares (método de Sanger), que é, hoje em dia, um método caro,
laborioso e ultrapassado, devido ao advento das técnicas de sequenciamento de

ultima geracao.

O primeiro rascunho do genoma de S. mansoni foi publicado em 2009 com
mais de 360 milhdes de bases. O genoma foi montado em 19.022 scaffolds e
anotado com 11.809 genes correspondendo a 13.197 transcritos (BERRIMAN et al.,
2009). Quase metade do genoma (45%) é composto de regides contendo
elementos repetitivos. Mais recentemente, a montagem do genoma foi melhorada
sistematicamente, utilizando os dados originais do rascunho do genoma, novos
dados obtidos por sequenciamento de Sanger e também sequenciamento de nova
geracdo. A nova montagem do genoma resultou em uma versdo menos
fragmentada com apenas 885 scaffolds e 364,5 milhdes de bases, sendo 86%
dessas mapeadas nos cromossomos. A estrutura de 45% dos genes até entdo
descobertos foi refinada utilizando-se dados de sequenciamento de RNA em larga
escala (RNA-Seq) e foram identificados novos genes e variantes de splicing

(PROTASIO et al., 2012).

Atualmente, devido ao enorme progresso na area gendmica e a crescente
quantidade de informac¢do gerada com os novos sequenciadores de larga escala,
dispomos de uma quantidade enorme de dados. Entretanto, ainda existe um déficit
nas caracterizacgoes das fungdes génicas. O recente avango na analise do genoma do
S. mansoni tem possibilitado uma maior compreensdo da complexa biologia do
parasito e a identificagdo de vias metabdlicas e de sinalizacdo que podem

representar pontos chave para intervencao e controle da doenca.



1.4. PROCESSAMENTO DE TRANSCRITOS POR CIS —SPLICING E SPLICED LEADER TRANS-

SPLICING

Dentre as numerosas e complexas formas de regulagdo génica pos-
transcricional, sabe-se que em S. mansoni, além do cis-splicing de transcritos recém
sintetizados, ocorre também o processamento por spliced leader trans-splicing
(SLTS). Ambos os mecanismos utilizam a maquinaria basica do spliceossomo

(DENKER; ZUCKERMAN, 2002).

Logo durante a transcricdo, o pré-mRNA é complexado com uma grande
variedade de particulas ribonucleoproteicas nucleares heterogeneas formando
uma grande estrutura conhecida como particulas ribonucleoproteicas mensageiras
(mRNPs). Essas particulas complexadas ao RNA nascente, denominadas hnRNPs,
atuam no destino do mRNA, desde a sua transcricdo e processamento no nucleo até
sua traduc¢do e degradacdo no citoplasma (MULLER-MCNICOLL; NEUGEBAUER,

2013).

A montagem do spliceossomo ocorre durante a sintese do RNA. A snRNP U1
(um dos componentes do spliceossomo) liga-se aos sitios doadores 5’ (GU) de
splicing do transcrito nascente e com a ajuda de hnRNPs, que empacotam o RNA
nascente aproximando regides distantes, auxilia no direcionamento correto do
splicing no pre-mRNA, juntamente com a U2 snRNP. A U2 snRNP é responsavel
pelo reconhecimento e ligacao ao trato de polipirimidina e ao sitio de ramificagao,
ou branch point (A) assim como ao sitio 3’ acceptor de splicing (AG) (revisado em
(BENTLEY, 2014; MATERA; WANG, 2014; MULLER-MCNICOLL; NEUGEBAUER,
2013)). O dinucleotideo AG no sitio aceptor esta geralmente associado a um trato

de polipirimidinas, sendo estas as caracteristicas mais proeminentes e mais



altamente conservadas nos pré-mRNAs substratos de splicing. Em mamiferos, os
tratos de polipirimidina presentes nos introns possuem uma func¢do dupla: eles
atuam na identificacdo do sitio de ramificacdo, assim como na sele¢do do sitio de

splicing (REED, 1989).

A interagdo das snRNPs U1 e U2 com o transcrito nascente é mediada pelo
dominio carboxi-terminal da RNA-polimerase II, e U1 e U2 interagem entre si para
formar o pré-spliceossomo, num processo dependente de helicases. Em um passo
subsequente, um complexo formado por trés snRNPs (U4-U6eU5 ) é recrutado ao
pré-spliceossomo, que é rearranjado com o auxilio de helicases de RNA para
formar um complexo ativo cataliticamente. Como consequéncia, a particula U4 e
U1 sado liberadas e o complexo atua na primeira etapa do splicing, gerando um exon
5’ livre e uma estrutura intermedidria de lago contendo o intron ligado ao exon 3’.
Esse complexo é novamente rearranjado de forma a catalisar a segunda etapa de
trans-esterificacdo do splicing, resultando num complexo p6s-spliceossémico e na
unido dos exons e remoc¢do do intron na forma de lago. Finalmente as snRNPs U2,
U5 e U6 sdo liberadas da molécula de mRNP e recicladas em rodadas adicionais de

splicing (revisado em (MATERA; WANG, 2014)).
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A escolha do sitio de splicing é regulada por diversos fatores que se
associam tanto aos exons quanto aos introns do pré-mRNA e que podem tanto
promover, quanto inibir o reconhecimento de sitios de splicing préximos. A
associacdo das hnRNPs ao pré-mRNA é muito importante para esconder sitios de
splicing fortes ou expor sitios de splicing fracos, favorecendo a remocgdo ou inclusao
de exons alternativos pelo spliceossomo, respectivamente (revisado em (MATERA;

WANG, 2014; MULLER-MCNICOLL; NEUGEBAUER, 2013)).



Diferentemente do que ocorre no cis-splicing, onde exons de um mesmo
transcrito sdo unidos para formar um mRNA maduro e funcional, no SLTS uma
sequéncia identificada como spliced leader (SL) é doada para alguns pré-mRNAs
receptores, formando a regido 5 terminal de mRNAs maduros (Figura 2). As
sequéncias de SL originam-se de pequenos RNAs ndo codificadores (SL RNAs) de
40 a 140 nt, ndo poliadenilados, que tém um sitio doador de splicing e um cap 5’
modificado (2,2,7-trimetilguanosina - TMG) (revisado em (LASDA; BLUMENTHAL,
2011)). O mecanismo de processamento por SLTS é muito parecido com o cis-
splicing, pois utiliza a maquinaria basica do spliceossomo, 0 mesmo motivo no RNA
para indicar os sitios de splicing (AG no sitio aceptor e GU no sitio doador) e uma
extensdo de polipirimidina necessaria para atrair a maquinaria de splicing
(DENKER; ZUCKERMAN, 2002). A principal diferenca identificada é que, no trans-
splicing, o SL RNA interage com proteinas formando uma snRNP estruturalmente e
funcionalmente relacionada aos U snRNAS (U1, U2, U4, U5 e U6) (MATERA; WANG,
2014; MICHAELI, 2011). Entretanto, no SLTS a participacio da Ul ndo é
obrigatoéria e a snRNP, formada a partir da associacao do SL RNA com os fatores de
splicing, é consumida durante o processo de SLTS, uma vez que a sequéncia do SL é
doada da particula para formar o RNA maduro (BRUZIK et al, 1988; THOMAS;
CONRAD; BLUMENTHAL, 1988). Dessa forma, todos os transcritos processados
por SLTS se iniciam com a mesma sequéncia. Adicionalmente é formado um
produto em forma de Y contendo o restante do SL RNA (intron) unido por uma
ligacdo 2’,5’-fosfodiester a adenosina do outron (parte que foi removida do mRNA
no processo de trans-splicing), que é analogo ao produto em forma de lago formado
durante o cis-splicing (revisado em (BITAR et al, 2013; BLUMENTHAL, 2005;

LASDA; BLUMENTHAL, 2011; STOVER; KAYE; CAVALCANT]I, 2006)) (Figura 2).



No mecanismo de SLTS, a interagdo entre os fatores que se ligam ao trato de
polipirimidinas e ao sitio aceptor de splicing se mostram muito importantes, uma
vez que a elimina¢do de um sitio aceptor nativo implica a ocorréncia do trans-
splicing no proximo sitio AG e acimulo do intermediario na forma de Y (HUMMEL;
GILLESPIE; SWINDLE, 2000). Ainda, em tripanossomatideos, o trato de
polipirimidina foi identificado como o principal fator para a acuracia do SLTS e o
seu tamanho foi relacionado a sua eficacia (MATTHEWS; TSCHUDI; ULLU, 1994;

SCHURCH et al., 1994).
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FIGURA 2 - PRECURSORES E PRODUTOS DO SPLICED LEADER TRANS-SPLICING. Painel a esquerda - Moléculas
precursoras: SL RNA e pré-mRNA. A barra de escala indica o comprimento relativo das moléculas de RNA. Bp representa o
sitio de de ramificagdo (branch point) e tss representa os sitios de SLTS (trans-splicing site). Painel do meio - O SL trans-
splicing (linhas vermelhas) une o sitio de trans-splicing 5’ localizado no SL RNA ao sitio 3’ do trans-splicing localizado no pre-
mRNA. Ja o cis-splicing une os exons de um mesmo transcrito (linhas pretas). Painel a direita - Produtos resultantes de
reagdes de splicing. 0 RNA maduro contém o exon SL e o TMG cap na extremidade 5’ e pode ser exportado para o citoplasma
para ser traduzido. O produto em forma de Y é o intron do SL RNA acloplado ao outron do pre-mRNA. E analogo ao laco
formado durante a remogdo dos introns no cis-splicing. Estes produtos sdo rapidamente degradados. Caixas azuis
representam os exons e as linhas pretas representam introns e outrons. O circulo verde representa o TMG cap no exon do SL
RNA. [reproduzida de Lasda e Blumenthal, 2011].

Diversas fun¢des foram atribuidas ao SLTS, entre elas: prover o cap 5’ aos
transcritos da RNA polimerase I (em kinetoplastideos), modificacdo necessaria
para a estabilidade, transporte e tradu¢do do mRNA (revisado em (HASTINGS,
2005; LASDA; BLUMENTHAL, 2011; STOVER; KAYE; CAVALCANTI, 2006));
aumentar a flexibilidade da regiao 5’ dos transcritos, podendo gerar vantagens
adaptativas aos organismos (SAITO et al., 2013); regular a expressao génica em

nivel pds-transcricional ao substituir cédons de iniciacao dentro do primeiro exon



(que estejam ou ndo fora de fase de leitura) durante a remoc¢do do outron.
Finalmente, a funcdo melhor caracterizada do SLTS, inicialmente descrita em
tripanosomatideos (HUANG; VAN DER PLOEG, 1991a), é a resolucdo de
policistrons em moléculas monocistronicas, cada uma atuando como um mRNA
distinto que sdo, em seguida, traduzidas separadamente (DAVIS; HODGSON, 1997;
EVANS; BLUMENTHAL, 2000; GUILIANO; BLAXTER, 2006; LEE; SOMMER, 2003).
Estudos no nematdide Caenorhabiditis elegans descrevem unidades policistronicas
de 2-8 genes transcritos a partir de um promotor comum, geralmente separados
por espacadores de ~ 100 pb, mas em casos raros, tao distantes quanto 1 - 2kb do
outro (revisado em (BLUMENTHAL; GLEASON, 2003; BLUMENTHAL, 2004,
2005)). Embora as unidades policistronicas existam em diversos organismos com
SLTS, em muitos casos a maioria dos mRNAs processados por SLTS nao resultam

de transcritos policistronicos (revisado em (LASDA; BLUMENTHAL, 2011)).

A perspectiva tradicional de que o SLTS normalmente ocorre no exon 5’
terminal de um gene se baseia na idéia de que a presenca de sinais de cis-splicing,
tais como sequéncias doadoras upstream, perturbariam o processo de SLTS
(CONRAD; LEA; BLUMENTHAL, 1995; CONRAD et al., 1991). No entanto, essa visao
geral foi parcialmente revista por trabalhos recentes em C. elegans nos quais
observou-se a ocorréncia de SLTS em locais internos no transcrito, que nao estdo
associados com a extremidade 5’ destes. Adicionalmente, ensaios com um gene
reporter em T. brucei identificaram atributos caracteristicos do trato de
polipirimidinas e ponto de ramificagdo associados com SLTS (SIEGEL; TAN; CROSS,
2005). Em Ciona intestinalis proporgdes substanciais de alvos de SLTS estdo
aparentemente em locais proximos ao respectivos sitio aceptores principais de

SLTS (MATSUMOTO et al.,, 2010).
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Até o momento, o SLTS foi identificado em um grupo relativamente
pequeno e diverso de organismos, apds ser descrito pela primeira vez em
tripanosomatideos (MURPHY; WATKINS; AGABIAN, 1986; SUTTON, 1986) e em
seguida em C. elegans (KRAUSE; HIRSH, 1987). Em platelmintos, a primeira
evidéncia de trans-splicing foi reportada em S. mansoni (RAJKOVIC et al., 1990). O
SLTS trans-splicing também ja foi descrito em cnidarios, cinet6foros, rotiferos,
crustaceos, esponjas, cetognatas, tunicados (urocordados), dinoflagelados e
euglenozdides. Por sua vez, Taxa nos quais o mecanismo de SLTS ainda nao foi
demonstrado incluem plantas, fungos, insetos e vertebrados (BITAR et al, 2013;
DERELLE et al, 2010; DOURIS; TELFORD; AVEROF, 2010; LASDA; BLUMENTHAL,

2011).

A porcentagem dos genes que sao sujeitos ao processamento por SLTS varia
entre as diferentes espécies. Em tripanosomatideos, por exemplo, 100% dos
transcritos sofrem trans-splicing (NILSSON et al., 2010). Ja em C. elegans e C.
intestinalis cerca de 70% (ALLEN et al, 2011) e 58% (MATSUMOTO et al.,, 2010)

dos genes sofrem trans-splicing, respectivamente.

1.5. OSLTSEMS. MANSONI

Em S. mansoni, Rajkovic e colaboradores (1990) mostraram que o SL do
parasito contém 36 nucleotideos derivados de um RNA ndo poliadenilado de 90
nucleotideos. O transcrito de 90 nucleotideos ndo possui similaridade de sequéncia
com outros organismos, sugerindo assim que o gene SL de S. mansoni seja espécie-
especifico. Foram identificadas 54 cépias do gene SL RNA, sendo 43 destas

idénticas, seis variantes distintas e cinco pseudogenes (Figura 3) (COPELAND et al,

2009).
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Neste parasito, o SLTS aparentemente nao estd relacionado a genes
especificos, localizagcbes subcelulares e/ou fases do ciclo de vida (DAVIS;
HARDWICK; TAVERNIER, 1995; DAVIS; HODGSON, 1997; MOURAO et al,, 2013).
Alguns estudos de caso demonstraram locais de inser¢do alternativa para o SLTS
no gene de 3-hidroxi-3-metilglutaril-Coenzima A (HMG-CoA) redutase e também
no gene da proteina de ligagdo ao complexo ubiquinol-citocoromo C redutase
(UbCRBP) (MOURAO et al., 2013; RAJKOVIC et al,, 1990). Utilizando a técnica de
RNA-Seq, Protasio e colaboradores (2012) identificaram 1.178 genes sujeitos ao
processamento por SLTS em diferentes fases do ciclo de vida de S. mansoni,
estimando-se que cerca de 10% dos genes sofrem esse tipo de processamento
(DAVIS; HARDWICK; TAVERNIER, 1995; PROTASIO et al, 2012). Os autores
observaram ainda, em alguns casos, um segundo sitio aceptor de SL, usualmente

entre 20-50 nt de distancia do primeiro sitio aceptor.
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Davis e Hodgson (1997) introduziram o modelo UbCRBP / enolase como
um possivel transcrito policistonico resolvido por SLTS em S. mansoni. Protasio e
colaboradores (2012) estenderam esse conjunto para 46 possiveis unidades
policistronicas, com distancia intergénica de até 200 pb. Entretanto, todos estes
estudos esbocam uma imagem limitada sobre o mecanismo de STLS neste parasito

e, portanto, estdo subestimando o verdadeiro impacto deste fendmeno.

1.6. SEQUENCIAMENTO DE TRANSCRITOS POR RNA-SEQ

Com o advento das novas tecnologias de sequenciamento, atualmente é
possivel avaliar a expressdo génica através do sequenciamento em massa de
moléculas de cDNA (GARBER et al,, 2011; WANG; GERSTEIN; SNYDER, 2009). Este
método, conhecido como RNA-Seq, possibilita o estudo abrangente de

transcriptomas, com alta sensibilidade, economia de tempo e custo.

Em experimentos de RNA-Seq, os fragmentos de cDNA sao sequenciados e
mapeados nos genes correspondentes, idealmente, em posi¢cdes Unicas.
Adequadamente normalizadas, as contagens de fragmentos podem ser usadas
como uma medida da abundancia relativa dos transcritos. Ainda, o RNA-Seq
permite a detec¢do de mutagdes pontuais nos transcritos, identificacao de fusao de
transcritos, descoberta de novas classes de RNA e novos eventos de splicing
alternativo, além da analise de expressao de alelos (COSTA et al, 2010; FLINTOFT,
2008; MARIONI et al, 2008; ROBERTS et al, 2011; WANG; GERSTEIN; SNYDER,
2009; WILHELM; LANDRY, 2009). O grande sucesso das novas tecnologias de
sequenciamento na transcriptomica se deve também ao fato de estas
possibilitarem a superacdo de uma das maiores limitacbes dos projetos de

sequenciamento cDNAs derivados de bibliotecas, que geram ESTs - a brusca
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reducdo no numero de sequéncias novas amostradas com o aumento na
quantidade de informacdo sequenciada (GARBER et al,, 2011; WANG; GERSTEIN;

SNYDER, 2009).

Assim, tendo em vista que o mecanismo de SLTS em S. mansoni ainda nao
foi bem caracterizado, estudos que visem a identificagio de transcritos
processados por SLTS em diferentes fases do ciclo de vida do parasito,
especialmente utilizando o sequenciamento em massa do transcriptoma para uma
analise em larga escala, podem auxiliar a determinar a importancia desse processo

na regulacdo pés-transcricional da expressao génica.
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2. OBJETIVOS

i. Objetivo geral:

Compreender as implicagdes biolégicas do mecanismo de SL trans-splicing
em S. mansoni através da identificacdo de transcritos que sdo processados por
SLTS em diferentes fases do ciclo de vida do parasito utilizando-se a técnica de

RNA-Seq.

ii. Objetivos especificos:

* Construcao e sequenciamento de bibliotecas de RNA-Seq enriquecidas em
transcritos que sofrem processamento por SLTS em diferentes fases do ciclo de
vida do parasito S. mansoni (miracidio, esporocisto, cercaria, esquistossomulo e

vermes adultos);

* Identificagdo e classificacao funcional dos genes processados por SLTS e busca
por possiveis fungdes e processos biolégicos diferencialmente representados

em genes processados por SLTS;

* Avaliacdo dos sitios aceptores de trans-splicing e sua correlacdo com a

ocorréncia de trans-splicing alternativo;

* Comparacdo do perfil de expressao e processamento de genes sujeitos a SLTS

entre diferentes fases do ciclo de vida do parasito.

16



3. MATERIAL E METODOS

3.1. CONJUNTOS DE DADOS UTILIZADOS NESSE TRABALHO

No decorrer das segdes seguintes descreveremos as trés abordagens
utilizadas neste trabalho para a analise de transcritos processados por SLTS em S.

mansoni (Figura 4).
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FIGURA 4 - REPRESENTACAO DA ESTRATEGIA EXPERIMENTAL UTILIZADA EM CADA UMA DAS TRES ABORDAGENS
DISTINTAS PARA IDENTIFICACAO DOS TRANSCRITOS PROCESSADOS POR SLTS EM S. MANSONI. A - RNA total de
cercaria foi utilizado para a produgdo de bibliotecas de cDNA para sequenciamento na plataforma Illumina Hiseq 2000
(RNA-Seq), utilizando uma metodologia modificada, na qual somente transcritos que se iniciam com a sequéncia do SL foram
sequenciados, produzindo o conjunto de dados denominado SL Trapping. B - RNA total das fases esquistossémulo,
esporocisto, miracidio e adulto foram utilizados para produzir cDNAs utilizando como iniciadores uma sequéncia
complementar ao SL e outra ao adaptador presente na cauda de poli-A. Os cDNAs enriquecidos em transcritos processados
por SLTS foram entdo utilizados para construcdo de bibliotecas de fragmentos para sequenciamento na plataforma lon
Torrent PGM, produzindo o conjunto de dados denominado SL Enriched. C -Reads contendo a sequéncia do SL foram obtidas
a partir de dados de RNA-Seq depositados no repositério publico SRA referentes a 3 fases do ciclo de vida de S. mansoni
(vermes adultos, cercarias e esquistossomulos), para produ¢do do conjunto de dados denominado RNA-Seq Filtered.
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3.2.  OBTENCAO DO MATERIAL BIOLOGICO

O material biologico (cercarias e miracidios, cepa LE de S. mansoni) foi
gentilmente cedido pela pesquisadora Liana K. ]J. Passos responsavel pelo
Moluscario Lobato Paraense no Centro de Pesquisa René Rachou - FIOCRUZ, Belo
Horizonte - MG, onde o ciclo de vida do parasito S. mansoni é mantido. Parte das
cercarias foi transformada in vitro em esquistossomulos por meio de estresse
mecanico, utilizando-se uma seringa para estimular a perda da cauda (BASCH,
1981) e os esquistossomulos foram cultivados por 7 dias em meio MEM-
Suplementado (2% de Soro Fetal Bovino e 1% de antibiético penicilina-
estreptomicina). Os vermes adultos foram obtidos através de perfusdo de hamsters
(Golden) infectados por 7-8 semanas (SMITHERS; TERRY, 1965), em parceria com
a pos-doc Silvia Dias. Para a obtencdo dos esporocistos, parte dos miracidios foi
cultivada em meio RPMI1640 suplementado (5% de soro fetal bovino e 100 pg/ml
de antibidtico penicilina-estreptomicina) por 48 horas em estufa tipo BOD a 27°C
para garantir a transformacgao destes em esporocistos primarios através da perda

das placas ciliares (KAWANAKA; SIDNER; CARTER, 1985).

3.3. EXTRACAO DOS RNAS

Para a extracao dos RNAs foram utilizados o reagente Trizol (Invitrogen) e
o kit RNeasy (Invitrogen), segundo normas do fabricante. Foi feita uma
eletroforese em gel desnaturante de agarose 1% para visualiza¢cdo da qualidade do
RNA extraido. O RNA total foi tratado com DNAse por 30 min a 37°C, utilizando o
kit Ambion® TURBO DNA-free™ (Invitrogen), segundo manual do fabricante, com

0 objetivo de remover DNA genO6mico. Posteriormente, a densidade éptica (OD
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260/280) do RNA tratado foi medida, utilizando-se o espectrofotometro NanoDrop

Spectrophotometer ND-1000 (Thermo Scientific).

3.4. PREPARO DAS BIBLIOTECAS DE CDNAS E SEQUENCIMANETO NO EQUIPAMENTO

ILLuMINA HISEQ 2000

Duas aliquotas de RNA total de cercaria (correspondentes a duas réplicas
bioldgicas) foram precipitadas na presenca de etanol absoluto e acetato de sédio
0,3 M e enviadas para a facility FASTERIS (Suiga, https://www.fasteris.com), onde
a qualidade do RNA total foi avaliada com o equipamento Agilent 2100 Bioanalyzer
(Agilent Technologies). O material foi processado para construgdo das bibliotecas e
posterior sequenciamento, segundo o protocolo descrito por Nilsson e
colaboradores (2010). Em suma, os mRNAs poliadenilados foram capturados
usando Dynalbeads oligo-(dT) (Invitrogen) de acordo com o fabricante. A sintese
da primeira fita de cDNA foi feita utilizando-se iniciadores randémicos de 6 nt e
Superscript Il reverse transcriptase (Invitrogen). A sintese da segunda fita foi
produzida utilizando a enzima Taq polimerase (New England Biolabs), e um
iniciador especifico ([BIOT]5’-
AATGATACGGCGACCACCGAGATCTACACTCTTGTGATTTGTTGCATG -3') que
contém parte do adaptador Illumina HiSeq 2000 e parte da sequéncia do SL de S.
mansoni marcada em negrito. O cDNA produzido foi purificado, utilizando-se o kit
Qiagen MinElute columm (Qiagen) e eluido em tampdo TE (Tris-HCl 10 mM, pH
8,0; EDTA 1 mM). A biblioteca foi entdo preparada para posterior sequenciamento
no equipamento Illumina HiSeq 2000, seguindo as recomendac¢des do fabricante
com a seguinte modificagdo: para o sequenciamento, um iniciador especifico foi

utilizado 5’GAGATCTACACTCTTGTGATTTGTTGCATG3’, de forma que somente os
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cDNAs que se iniciam com a sequéncia do SL foram sequenciados. Cada uma das
réplicas biolégicas foi sequenciada utilizando 1/8 da lamina, produzindo
sequéncias do tipo single de 100 pb. Essas bibliotecas foram denominada SL

Trapping (Figura 4A).

3.5. PREPARO DAS BIBLIOTECAS DE CDNA E SEQUENCIMANETO NO EQUIPAMENTO ION

TORRENT PGM

Dez pg de RNA total das fases miracidio, esporocisto, esquistossomulo e
vermes adultos foram purificados utilizando-se esferas magnéticas Dynalbeads C1
Streptavidin (Invitrogen) e oligos dT biotinilados para a captura dos mRNAs
através da complementariedade com a cauda poli-A. Apds a captura, a solu¢do
contendo o mRNA e as esferas serviu de substrato para a sintese de cDNA. Para
isso foi utilizado o kit SuperScript Il Reverse Transcriptase (Invitrogen), conforme
instrucoes do fabricante, e um iniciador complementar a cauda poli-A com uma
sequéncia estendida
5’CGGTATTTCAGTCGGTGTTCAAACCTTTTTTTTTTTTTTTTTTTV3’ V=A,G,C,
correspondente ao sitio para anelamento do iniciador reverso no passo seguinte
de amplificagdo. Os cDNAs foram entdo amplificados utilizando o iniciador
complementar ao SL de S. mansoni, o iniciador complementar a sequéncia
estendida dado oligo dT(BREHM et al, 2000) a concentracdo de 0.5 pM cada
iniciador e o kit GoTaq DNA Polymerase (Promega), seguindo recomendacgdes do
fabricante. As reacdes de PCR foram realizadas no termociclador (Bio-Rad),

seguindo o programa descrito a seguir:

* desnaturacao a 95°C por 5 min
* 5Sciclos de:
o desnaturag¢do a 95°C por 1 min
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o anelamento dos iniciadores a 60°C por 1 min
o extensaoa 72°Cpor1mine30s

* 5Sciclos de:
o desnaturagdo a 95°C por 1 min
o anelamento dos iniciadores a 59°C por 1 min
o extensdoa72°Cpor1mine30s

* 5Sciclos de:
o desnaturagdo a 95°C por 1 min
o anelamento dos iniciadores a 58°C por 1 min
o extensaoa 72°Cpor 1 mine30s

* 23ciclos de:
o desnaturag¢do a 95°C por 1 min
o anelamento dos iniciadores a 57°C por 1 min
o extensaoa 72°Cpor1mine30s

Os cDNAs produzidos foram analisados em gel de agarose 1% corados com
brometo de etidio apds corrida eletroforética e purificados utilizando-se o kit
MinElute PCR Purification Kit (Qiagen), segundo recomendag¢des do fabricante.
Inicialmente, 100 ng de cDNA foi fragmentado aleatoriamente por 8 min utilizando
o sistema Ion Shear™ (Life Technologies) e fragmentos em torno de 200 pb foram
recuperados utilizando-se o sistema E-Gel® SizeSelect™ Gels (Life Technologies).
Em seguida, as extremidades dos fragmentos de cDNA foram reparadas e ligadas a
adaptadores especificos fornecidos pelo kit de preparo de biblioteca Ion Plus
Fragment Library Kit (Life Technologies), conforme instrucao do fabricante. Os
fragmentos de cDNA ligados aos adaptadores foram equalizados quanto a sua
concentragdo para ~100 pM, utilizando-se o lon Library Equalizer™ Kit e entao, 4
ul da biblioteca equalizada foram amplificados através de PCR em emulsao, ligados
a esferas magnéticas, utilizando-se o kit Ion PGM™ Template OT2 200 Kit (Life
Technologies). As esferas magnéticas positivas foram posteriormente enriquecidas
e preparadas para deposicdo no Ion 316™ Chip Kit - lon Torrent™ (100Mb) (Life
Technologies) e sequenciadas em equipamento Ion Torrent PGM™ System (Life

Technologies) utilizando-se o lon PGM™ Sequencing 200 Kit (Life Technologies).
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Para cada uma das quatro fases analisadas foram produzidos dois
sequenciamentos, cada um correspondente a uma réplica biolégica. Essas

bibliotecas foram denominadas SL Enriched (Figura 4B).

3.6. BuscA POR DADOS DE RNA-SEQ DE S. MANSONI EM BANCOS DE DADOS

Foi realizada uma busca na base de dados publicos SRA (Sequence Read

Archive - NCBI, http://www.ncbi.nlm.nih.gov/sra) (LEINONEN; SUGAWARA;

SHUMWAY, 2011) por sequéncias geradas na plataforma Illumina HiSeq 2000
durante estudos de transcriptomica em diferentes fases do ciclo de vida do
parasito S. mansoni. As sequéncias foram convertidas para o formato fastq usando
o parser fastq-dump (SRA Toolkit) e o arquivo resultante foi dividido utilizando-se
um in house script em perl Split_paired_ends.pl para gerar os pares de reads. O
conjunto de sequéncias totais encontrados nos bancos de dados foi denominado

Total RNA-Seq.

3.6.1. IDENTIFICACAO DA SEQUENCIA DO SL NO CONJUNTO DE DADOS TOoTAL RNA-SEQ

A fim de se obter apenas as sequéncias dos transcritos que, de fato, foram
processados por SLTS no conjunto de reads obtidas no SRA, empregou-se o
algoritmo  SortPairedEnds (desenvolvido  por  Haibao Tang, em

http://github.com/tanghaibao/trimReads ) com o parametro -s 19 (escore

minimo para considerar a sequéncia valida, sendo considerado +1 ponto para cada
pareamento correto e -3 para pareamento incorreto, ou para a abertura e extensdo
de gaps) para identificar a sequéncia do SL de S.  mansoni:
5’AACCGTCACGGTTTTACTCTTGTGATTTGTTGCATG3’ (RAJKOVIC et al, 1990), ou

seu complemento reverso nas reads e separa-las das demais. Este programa
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classifica os pares de reads em um conjunto que contém a sequéncia de interesse e
em outro que ndo a contém. Os arquivos de saida contendo as reads com a
sequéncia do SL foram entdo submetidos ao programa trimReads (desenvolvido
por Haibao Tang, em http://github.com/tanghaibao/trimReads ) para remocdo
das sequéncias SL nas reads, utilizando-se as flags -s 19, -q 0 (para nao remover
sequéncias de bases pelas suas qualidades) e -m 0 (para ndo descartar nenhuma
sequéncia e manter as reads pareadas). A remoc¢ao da sequéncia do SL é necessaria
para que posteriormente ocorra o correto alinhamento das reads no genoma de
referéncia de S. mansoni. Em ambos os programas a sequéncia de interesse é
identificada utilizando-se o algoritmo Waterman-Eggert (WATERMAN; EGGERT;
LANDER, 1992). Em seguida, foi utilizado um in house script em perl
Split_paired_ends_SL.pl para gerar os arquivos paired-ends <*_1.fastq> e
<* 2.fastq>. O conjunto de dados constituido pelas reads que continham a

sequéncia do SL foi denominado RNA-Seq Filtered (Figura 4C).

3.7.  PIPELINE PARA ANALISE DOS DADOS DE RNA-SEQ GERADOS NA PLATAFORMA

ILLUMINA HISEQ 2000

3.7.1. ANALISE DE QUALIDADE , MAPEAMENTO E CONTAGEM DAS READS

A qualidade de todas as reads foi avaliada utilizando-se o programa FastQC

(WWW.dioinformatics.babraham.ac.uk/prppojects/fastqc), que possui diferentes

modulos de andlises para o controle de qualidade das sequéncias brutas
produzidas pelos equipamentos de NGS. Os graficos gerados pelo programa
permitem avaliar a qualidade geral das bibliotecas e tomar decisées importantes
que afetam as analises posteriores. Os arquivos de extensao .fastq dos conjuntos de

dados SL Trapping, Total RNA-Seq e RNA-Seq Filtered foram separadamente
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submetidos ao programa TopHat 2.0 (TRAPNELL; PACHTER; SALZBERG, 2009) a
fim de se obter o alinhamento das sequéncias no genoma de S. mansoni (versao 5,
obtido em ftp://ftp.sanger.ac.uk/pub/pathogens/Schistosoma/mansoni/),
utilizando os seguintes parametros: -i 10 (tamanho minimo do intron), -I 30000
(tamanho maximo do intron), --coverage-search (para a busca por jungdes exon-
exon baseada em cobertura) -j combined.juncs (alimenta o programa com um
conjunto de jungdes exon-exon conhecidas) e -G v5.07.08.12.chado.raw.gff. Esta
ultima opg¢do fornece ao programa um conjunto de anotagdes baseado no modelo
génico disponivel, para que a primeira etapa do alinhamento ocorra no
transcriptoma virtual do parasito (o arquivo utilizado foi obtido em

ftp://ftp.sanger.ac.uk/pub/pathogens/Schistosoma/mansoni/genome/Gene_mod

els/).

Métricas que descrevem os alinhamentos foram coletadas utilizando-se o
programa CollectAlignamentMetrics, do pacote de ferramentas Picard (LI et al,
2009). O alinhamento foi também verificado visualmente utilizando o visualizador
IGV 2.1 (THORVALDSDOTTIR; ROBINSON; MESIROV, 2013) (Broad Institute,
obtido em http://www.broadinstitute.org/software/igv/download/). Através de
uma filtragem realizada com a ferramenta Samtools versao 0.1.19 (LI et al., 2009)
(com os parametros view -bhq 20 -F 0x100), somente reads com alinhamento
unico e qualidade de alinhamento = 20 na escala Phred foram aceitas em analises

posteriores.

A contagem bruta do nimero de reads alinhadas para cada gene presente
no modelo génico de S. mansoni (v5.07.08.12.chado.raw.gff), disponivel no

repositério GeneDB (versao 5), foi obtida com o pacote HTSeq Python versdo
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0.5.3p3 (disponivel em http://www-
huber.embl.de/users/anders/HTSeq/doc/index.html). As contagens foram obtidas
para todos os trés conjuntos de dados (SL Trapping, Total RNA-Seq e RNA-Seq
Filtered), utilizando as opg¢des --stranded=yes e -mode=intersection-strict. Uma
abordagem semelhante foi utilizada para obter contagens para os exons, porém
utilizando um arquivo de anotagdo de genes modificado por um script em python
chamado dexseq_prepare_annotation.py do pacote DEXSeq (ANDERS; REYES;

HUBER, 2012) para o software R.

Para as bibliotecas do tipo SL Trapping, somente genes reproduzidos em
ambas replicatas bioldgicas e com média de reads = 10 contagens foram mantidos

nas analises posteriores.

Durante os ultimos anos, uma série de abordagens para a normaliza¢do dos
dados de sequenciamento de RNA surgiram na literatura, diferindo tanto no tipo
de estratégia estatistica adotada, quanto no viés acarretado na analise. No entanto,
como os dados continuam a acumular-se, ndo existe um consenso claro sobre o

método de normalizacdo apropriada a ser usado (DILLIES et al., 2013).

Neste trabalho nés focamos no uso do pacote estatistico DESeq2, que é
baseado em modelos lineares que seguem uma distribuicdo binominal negativa
para estimar dados de dispersao e o logaritmo do fold change. DESeq2 executa
para cada gene um teste de hipdtese para verificar se existem evidéncias
suficientes para decidir contra a hipotese nula de que nao existe qualquer efeito
das condig¢des sobre a expressao do gene e que a diferenca observada entre duas
condi¢des é causada apenas por uma variabilidade experimental. Para calcular a

significancia de um gene, o pacote utiliza a relagdo entre a variancia dos dados (ou
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dispersao) e a sua média. O resultado deste teste é relatado como um valor de p
que indica a probabilidade de que a diferenca observada entre as duas condicoes,
ou mesmo uma diferenca ainda mais acentuada, seria encontrada na situacdo
descrita pela hipdtese nula. Este valor de p-value é ajustado utilizando o método de
ajuste Benjamini-Hochberg (BH). Este método calcula para cada gene um valor p
ajustado que responde a seguinte pergunta: se todos os genes com valor de p
menor ou igual ao limiar de valor p deste gene foram considerados significativos,
qual seria a fracao de falsos positivos entre eles (a taxa de deteccao falsa, FDR)?
Estes valores, chamados de valores de pBH-ajustados, sdo utilizados para definir

um cutoff de significancia (ANDERS; HUBER, 2010).

Dessa forma, normalizacdo da contagem dos genes e obtencao de seus
valores de expressdo foi realizada através do pacote DESeq2 versao 1.2.5
(ANDERS; HUBER, 2010) para o software R, e uma normaliza¢do adicional por
tamanho de cada gene foi realizada no qual uma matriz contendo o comprimento
de cada um dos genes foi incluida no grupo de dados Total RNA-Seq. Os valores de
abundancia dos genes estimados pelo programa no grupo de dados Total RNA-Seq,
normalizados pelo seu tamanho, foram comparados com suas frequéncias de SLTS,

encontradas nas bibliotecas do tipo SL Trapping e RNA-Seq Filtered.

3.8.  PIPELINE PARA ANALISE DOS DADOS DE RNA-SEQ GERADOS NA PLATAFORMA ION

TORRENT

3.8.1. IDENTIFICACAO DA SEQUENCIA DO SL NO CONJUNTO DE DADOS SL ENRICHED

As sequéncias obtidas no sequenciador Ion Torrent PGM™ System (Life

Technologies) também foram analisadas quanto a presenca da sequéncia do SL. As
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reads contendo a sequéncia em questdo foram aparadas utilizando-se o algoritmo
fastg-mcf do pacote ea-utils (ARONESTY, 2013) com os parametros: -m 25
(nimero minimo de pb a ser identificado na read) -p 4 (porcentagem maxima de
discrepancia entre as sequéncias) -1 20 (tamanho minimo da sequéncia

remanescente).

3.8.2. TRATAMENTO DE QUALIDADE DAS READS

Como o sequenciador lon Torrent PGM™ System (Life Technologies)
trabalha com reads com qualidade de sequenciamento médio em torno de 20 na
escala Phred, as reads sofreram um tratamento criterioso de controle de qualidade
para que as bases de qualidade ruim fossem removidas, melhorando a qualidade
global dos dados. Nesta etapa utilizamos o algoritmo PRINSEQ (SCHMIEDER;
EDWARDS, 2011) com os parametros: -min_len 20 (tamanho minimo da read
remanescente) -min_qual_mean 18 (qualidade média minima da read) -ns_max_p
60 (porcentagem maxima nas sequéncias de nucleotideos desconhecidos -N) -
trim_ns_right 5 (apara cauda poli-N, com este comprimento minimo na
extremidade 3’) -trim_tail_right 5 (apara caudas poli-A/T com este tamanho
minimo na na extremidade 5’) -trim_tail_left 5 (apara caudas poli-A/T com este
tamanho minimo na extremidade 3’) -trim_qual_step 1 (tamanho do passo
utilizado para mover a janela deslizante) -trim_qual_right 20 (apara a sequéncia
pelo indice de qualidade minima a partir da extremidade 3’) -trim_qual_type mean
(tipo de calculo a ser utilizado no indice de qualidade) -trim_qual_rule It (regra de
comparacgdo para o indice de qualidade de valor calculado na janela deslizante) -

trim_qual_window 5 (tamanho da janela deslizante).

3.8.3. MAPEAMENTO E CONTAGEM DAS READS
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Apébs criterioso controle de qualidade, as reads remanescentes foram
utilizadas para alinhamento no genoma e transcriptoma de referéncia de S.
mansoni. Os arquivos de extensdo .fastq dos conjuntos de dados SL Enriched foram
separadamente submetidos ao programa TopHat 2.0 (TRAPNELL; PACHTER;
SALZBERG, 2009). Como as reads obtidas pelo sequenciamento na plataforma Ion
Torrent PGM™ System tem qualidade média 20 na escala Phred, permitiu-se um
maior numero de mismatches durante a fase de alinhamento das reads no genoma
de referéncia, comparando-se com o pipeline utilizado para as reads obtidas pelo
sequenciamento na plataforma Illumina HiSeq 2000, que tem qualidade média em
torno de 30 na escala Phred. Dessa forma, foram utilizados os seguintes
parametros: -i 10 (tamanho minimo do intron), -I 30000 (tamanho maximo do
intron), --coverage-search (permite a busca por jung¢des exon-exon baseado em
cobertura) -G v5.07.08.12.chado.raw.gff (fornece ao programa um conjunto de
anotacdes baseado no modelo génico disponivel, para que a primeira etapa do
alinhamento ocorra no transcriptoma virtual do parasito (o arquivo utilizado foi
obtido em
ftp://ftp.sanger.ac.uk/pub/pathogens/Schistosoma/mansoni/genome/Gene_mod
els/), -j combined.juncs (alimenta o programa com um conjunto de jun¢des exon-
exon conhecidas), --read-mismatches 4 (nimero maximo de mismatches permitido
nas reads alinhadas) --read-gap-length 4 (nimero maximo de gaps permitido nas
reads alinhadas) --read-edit-dist 4 (alinhamentos finais de reads com mais do que
esta distancia de edicao sdo descartados) -a 5 (comprimento “4ncora” para
encontrar jungdes exon-exon) -m 1 (nimero maximo de mismatches que podem

aparecer na regiao de “ancora” de um alinhamento que ocorreu numa jun¢ao exon-

28



exon) --max-insertion-length 5 (tamanho mdaximo de uma insercdo) --max-

deletion-length 5 (tamanho maximo de uma delecao).

Os arquivos unmmaped.bam contendo as reads ndao mapeadas nessa
primeira etapa foram convertidos para o formato .fastq utilizando-se a ferramenta
SamToFastq.jar do pacote Picard (LI et al, 2009). As reads ndo mapeadas foram
entdo submetidas a uma segunda rodada de alinhamento utilizando o alinhador
Bowtie2 (LANGMEAD; SALZBERG, 2012), com os parametros --local (neste modo,
Bowtie2 executa alinhamento local das reads, procurando por locais de
semelhanca entre as sequéncias sem ter de considerar todo o comprimento destas,
podendo ignorar alguns caracteres de ambas as extremidades das reads, caso isso
maximize a pontuacao de alinhamento da mesma.) e --very-sensitive-local (modo
projetado para que o programa seja executado de forma mais veloz, sensivel e
precisa). O arquivo de saida no formato .sam foi convertido para o formato .bam e
fundido com o arquivo de mapeamento obtido na primeira etapa com o programa
TopHat 2.0 (TRAPNELL; PACHTER; SALZBERG, 2009), utilizando-se o pacote

Samtools (LI et al.,, 2009).

As métricas dos alinhamentos foram coletadas utilizando-se o programa
CollectAlignamentMetrics do pacote de ferramentas Picard (Li et al, 2009). O
alinhamento foi também verificado visualmente utilizando o visualizador IGV 2.1
(Broad Institute, obtido em

http://www.broadinstitute.org/software/igv/download/).

As contagens brutas do numero de reads alinhadas para cada gene presente
no modelo génico de S. mansoni (v5.07.08.12.chado.raw.gff), disponivel no

repositério GeneDB ( versdo 5), foram obtidas com o pacote HTSeq Python versao
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0.5.3p3 (disponivel em http://www-

«

huber.embl.de/users/anders/HTSeq/doc/index.html), utilizando as opc¢oes “--

«

stranded=no” e “-mode=intersection-strict”. Para a contagem de reads em cada
exon, utilizou-se a mesma abordagem descrita para as sequéncias de Illumina

HiSeq 2000.

3.9. PROCESSAMENTO DOS DADOS

0 arquivo de anotacdo foi utilizado para obter o valor de comprimento dos
genes, exons e introns. O processamento de dados, assim como sua visualiza¢cdo
foram realizados empregando a versdo 3.0.2 do programa R (R Core Team, 2013).

Alguns graficos foram construidos usando o pacote ggplot2 para R, versao 0.9.3.1

3.10. ANOTACAO E ANALISE FUNCIONAL DAS SEQUENCIAS

Como a maioria dos genes que sofrem processamento por SLTS estdo
anotadas como "proteinas hipotéticas"”, nds re-anotamos as sequéncias de mRNA
previstos nos modelos génicos do parasito. Para a anotagdo funcional dos
transcritos foi feita uma colaboracdao com Dr. José Marcos C. Ribeiro, que possui
ampla experiéncia na andlise de dados e desenvolvimento de ferramentas para
anotacao de sequéncias geradas em experimentos de transcriptomica pelas novas
plataformas de sequenciamento. O Dr. Ribeiro é chefe da secdo de Biologia de
Vetores no Laboratory of Malaria and Vector Research, no NIAID (National Institute
of Allergy and Infectious Diseases) situado no NIH (National Institutes of Health)
Bethesda, Maryland, USA e supervisionou a anotagdo das sequéncias de S. mansoni

durante meu estagio no NIH.
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Todas as sequéncias de nucleotideos referentes aos genes contidos no
modelo génico de S. mansoni (versao 5) foram utilizadas para realizar buscas por
similaridade em diversos bancos de dados utilizando os programas BLAST
(ALTSCHUL et al., 1997): BLASTX, BLASTN ou RPS-BLAST, conforme realizado por

Karim e colaboradores (2011).

Os tipos de BLAST, as bases de dados e os parametros utilizados estao
listados na Tabela 1. As tradugdes preditas das proteinas foram submetidas ao
servidor SignalP (NIELSEN et al,, 1997) para ajudar a identificar os produtos de
traducdo que poderiam ser secretados, ao servidor TMHMM (SONNHAMMER; VON
HEIJNE; KROGH, 1998) para detectar as hélices transmembrana, ao servidor
NetOglyc para detectar possiveis O-glicosilacdes do tipo mucina (HANSEN et al,
1998) e ao servidor ProP (DUCKERT; BRUNAK; BLOM, 2004) para identificar
possiveis sitios de clivagem (contendo Arg e Lys) para a furinas, que sdo enzimas

conhecidas por converter pré-proteinas em seus produtos biologicamente ativos.

Tabela 1 - Tipos de BLAST, bases de dados e parametros utilizados para anotacao

dos transcritos.

Tipo DB Parametros
BLASTN | Mit-pla (Genbank) -IT -JT -v10 -b3 -ele-10 -FF
rRNA (GenBank) -IT -JT -v10 -b3 -ele-10 -FF
Rfam (Sanger) (GARDNER et al., -IT -JT -v10 -b3 -ele-10 -FF
2011)
BLASTX NR (Genbank) -IT -JT -v10 -b3 -e100 -FF -
CF
NR_Acelomata (Subset do GenBank) -IT -JT -v10 -b3 -e100 -FF -
CF
Swiss-Prot (UniProtKB) -IT -JT -v10 -b3 -e100 -FF -
CF
WormBase (HARRIS et al.,, 2010) -IT -JT -v10 -b3 -e100 -FF -
CF
Gene Ontology - GO (LEWIS; -IT -JT -v10 -b3 -ele-4 -FF -
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ASHBURNER; REESE, 2000) CF
KEGG Orthology (KANEHISA; GOTO, -v1-b1 -ele-5-FF
2000)
RPS- COG (TATUSOV etal., 2003) -IT -JT -v10 -b10 -e10 -FF -
BLAST pF
Pfam (PUNTA et al, 2012) -IT -JT -v10 -b10 -e10 -FF -
pF
CDD (MARCHLER-BAUER, 2002) -IT -JT -v10 -b10 -e10 -FF -
pF
SMART (SCHULTZ et al., 2000) -IT -JT -v10 -b10 -e10 -FF -
pF
TIGRFAMS (J. Craig Venter -IT -JT -v10 -b10 -e10 -FF -
Institute) pF
PRK -IT -JT -v10 -b10 -e10 -FF -
pF
TE-CLASS -IT -JT -v10 -b10 -ele-15 -FF
—pF

Os varios resultados foram tabulados em uma planilha Excel com
hyperlinks que permitiram a anotacdo das sequéncias de forma automatizada,
assim como sua classificacdo funcional, utilizando o programa Classifier, escrito em
Visual Basic pelo Dr. Ribeiro, que leva em consideragdo palavras-chave dos
matches de todos os resultados de BLAST, assim como os e-values, os resultados
para SignalP, dominios transmembranares e glicosilacio para classificar os
transcritos em aproximadamente 30 categorias funcionais. Em alguns casos foi
feita uma corre¢do manual da anotagdo nos resultados finais. O programa Class
Table Maker, também escrito pelo Dr. Ribeiro, foi utilizado para calcular a
frequéncia das classes funcionais dos transcritos nas bibliotecas, utilizando os
valores de contagens obtidos. Para identificar o enriquecimento de determinada
classe nos transcritos que sofrem SLTS, foi realizado um teste estatistico x2 (p
<0,05) para averiguar se a diferenca de frequéncia encontrada para cada classe é

estatisticamente significante entre o grupo de transcritos que sofre SLTS e os
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genes expressos na fase cercaria de S. mansoni. As classes funcionais dos genes
presentes em unidades policistronicas cujos transcritos sdo processados por SLTS
também foram comparadas as classes funcionais dos genes processados por SLTS,

em geral.

3.11. IDENTIFICACAO DAS VIAS METABOLICAS ONDE ATUAM AS PROTEINAS CODIFICADAS

PELOS TRANSCRITOS PROCESSADOS SLTS

Os identificadores UniProtKB/TrEMBL associados as proteinas de S.
mansoni cujos transcritos sao processados por SLTS foram combinados aos seus
respectivos valores de frequéncia de processamento (contagens do grupo SL
Trapping). O programa iPath (YAMADA et al.,, 2011) foi utilizado para representar
as diferentes vias metabodlicas de S. mansoni baseado no banco de dados KEGG
(KANEHISA; GOTO, 2000; KANEHISA et al., 2012), destacando as vias associadas a
proteinas codificadas por transcritos processados por SLTS, de acordo com a

frequéncia de processamento de cada transcrito.

3.12. IDENTIFICAGAO DE TRANSCRITOS POLICISTRONICOS EM S. MANSONI

Os grupos génicos pertencentes a um mesmo cromossomo, contidos na
mesma fita de DNA e com distancia intergénica de até 200 pb (isto é, a distancia
entre a extremidade 3’ de um gene upstream e a extremidade 5 de um gene
dowstream, Figura 5), foram detectados no modelo de anota¢do génica de S.
mansoni usando um script personalizado. Em seguida, foi avaliada a ocorréncia de
SLTS nos grupos de genes. Foram assinalados como possiveis transcritos
policistronicos aqueles grupos génicos que apresentaram o processamento por

SLTS pelo menos em todos os genes downstream.
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FIGURA 5 - DETECCAO DE TRANSCRITOS POLICISTRONICOS. Genes presentes em uma mesma fita de DNA e com
distancia intergénica de até 200 pb foram identificados. Em seguida averigou-se a ocorréncia do processamento por SLTS
nos genes downstream para identificagdo dos transcritos policistronicos.

3.13. IDENTIFICAGAO NO GENOMA DE GENES QUE CONTEM INSERCAO DA SEQUENCIA DO SL

Utilizando o algoritimo BLAT (KENT, 2002)( com os -t=dna -q=dna -
minldentity=90 -out=blast8 -maxGap=1 -fine), uma busca pela sequéncia do SL de
S. mansoni foi realizada no genoma do parasito. Os genes de SL RNAs foram
identificados e removidos do conjunto de resultados, que foram comparados com o
modelo génico do parasito para identificar os genes presentes nas coordenadas

onde a sequéncia do SL foi encontrada.

3.14. ANALISE DOS SiTI0S ACEPTORES DE SL

As sequéncias que flanqueiam os locais de insercdo da sequéncia do SL
correspondentes a 20 nt upstream e 4 nt downstream do sitio aceptor de splicing
foram obtidas utilizando a ferramenta BedTools v2.17.0 (QUINLAN; HALL, 2010) e
o software WebLogo 3.0 (CROOKS et al, 2004) foi utilizado para gerar a
representacao grafica dos padrdes encontrados em um alinhamento maultiplo das

sequéncias.

3.15. ANALISE DE SINAIS DE SPLICING

34



Com o intuito de investigar caracteristicas dos introns que sofrem cis- ou
trans-splicing, focamos em um grupo de genes que apresentam, pelo menos, um
exon interno com média > 10 contagens para SLTS, e com valores positivos em
ambas as bibliotecas. Nestes genes, o intron anterior ao exon com os valores mais
altos de SLTS foi identificado como sendo o alvo principal de SLTS e todos os
outros introns do mesmo gene foram considerados como introns que sofreram cis-
splicing em transcritos que sofrem trans-splicing. Um outro conjunto de tamanho
aproximadamente igual de genes que ndo sofrem trans-splicing e apresentaram
niveis semelhantes de expressado foi também utilizado para obter informacoes de
introns que sofrem somente cis-splicing. Os conjuntos de introns foram entdo
empregados para predicdo de potenciais sitios aceptores e doadores de splicing
utilizando os modelos de sitios de splicing do programa GenelD (BLANCO; PARRA;
GUIGO, 2007) (http://genome.crg.es/software/geneid/geneid.html), treinados a
partir de sitios de splicing anotados utilizando-se cadeias ocultas de Markov de
primeira ordem. Para avaliar as caracteristicas dos pontos de ramificagdo (branch
point), aplicamos as sequéncias intrénicas anotadas diferentes modelos integrados
no programa Support Vector Machine SVM-BPfinder (CORVELO et al, 2010)

(http://regulatorygenomics.upf.edu/Software/SVM_BP/ ).
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4. RESULTADOS E DISCUSSAO

4.1. OBTENCAO DO RNA TOTAL

A qualidade do RNA total extraido para as diferentes fases do ciclo de vida
do parasito foi verificada utilizando o equipamento Agilent 2100 Bioanalyzer

(Figura 6A) e por eletroforese em gel de agarose 1% desnaturante (Figura 6B).

A
S1 S2 C1 C2 E1 E2 A1 A2 M1 M2

4000 —
2000 —

1000 —

500 — — —

200 —

25 —

FIGURA 6 - PERFIL DE QUALIDADE DOS RNAs TOTAIS EXTRAIDOS DE DIFERENTES FASES DO CICLO DE VIDA DO
PARASITO S. mansoni. A - Gel virtual dos RNAs da fase esporocisto (S1 e S2) gerado pelo Agilent 2100 Bioanalyzer. B - Gel
de agarose 1% desnaturante corado com brometo de etidio dos RNAs totais extraidos das fases cercaria (C1 e C2),
esquistossomulo (E1 e E2), vermes adultos (A1l e A2) e miracidio (M1 e M2) do parasito S. mansoni. Apenas uma banda é
observada em todos os géis e esta representa a comigragdo dos fragmentos doe rRNA 28S (28S alpha e 28S beta) e rRNA18S.

0 perfil eletroforético do rRNA de S. mansoni apresenta apenas uma banda,
uma vez que o rRNA 28S sofre uma clivagem gerando dois fragmentos (28S alpha e
28S beta) de aproximadamente o mesmo tamanho do rRNA 18S. Dessa forma, nao
é possivel visualizar um banda maior e outra menor no gel de agarose 1%
(TENNISWOOD; SIMPSON, 1982). O RNA obtido, como pode ser verificado na
Figura 6, é de 6tima qualidade pois apresenta uma banda integra e pouco sinal de
degradacao (representado por uma alta quantidade de RNA de baixo peso

molecular).

36



4.2. OBTENCAO DAS BIBLIOTECAS DE CDNA ENRIQUECIDAS EM TRANSCRITOS

PROCESSADOS POR SLTS

Os RNAs totais das fases vermes adultos, esquistossomulo, miracidio e
esporocisto foram tratados com DNAse e amplificados, utilizando-se como
inicladores uma sequéncia complementar ao SL de S. mansoni e outra
complementar a uma extensdo da cauda de poli-A. Ap6s a amplificacdo, parte dos
cDNAs foram utilizados para visualizacao por eletroforese em gel de agarose 1%

desnaturante (Figura 7).

A1 A2 M1 M2 E1 E2

FIGURA 7 - PERFIL ELETROFORETICO DOS CDNAS GERADOS A PARTIR DE TRANSCRITOS QUE SOFREM
PROCESSAMENTO POR SLTS DE DIFERENTES FASES DE S. MANSONI. Observa-se no gel de agarose 1% desnaturante um
rastro ao fundo e algumas bandas mais proeminentes em cada amostra, uma vez que os transcritos amplificados apresentam
tamanhos variados, que compreendem de 1650 a 100 pb.

Para cada fase, foram produzidas duas réplicas bioldgicas contendo um
conjunto de cDNAs enriquecidos em transcritos processados por SLTS, produzindo
um padrao caracteristico no gel (Figura 7). Estes cDNAs foram utilizados para
produg¢do das bibliotecas do tipo SL Enriched e posterior sequenciamento em

Plataforma Ion Torrent PGM™ System (Life Technologies).
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4.3. OBTENCAO DAS READS NA PLATAFORMA ILLUMINA HISEQ 2000

Foram sequenciadas na plataforma I[llumina HiSeq 2000 duas réplicas
biolégicas da fase cercdria em dias diferentes, utilizando-se um protocolo
modificado para produc¢do dos conjuntos de dados SL Trapping, que contém
transcritos que se iniciam com a sequéncia do SL. O resultado das corridas esta

detalhado na Tabela 2.

TABELA 2 - DADOS GERADOS NA PLATAFORMA ILLUMINA HISEQ 2000.

Nome da Nimero de Fase Plataforma Tamanho Yo GC Niumero de

Biblioteca Acessol das reads ? reads
SL Trapping 1 | SRR1134198 Cercaria Illumina Hiseq 2000 100 pb 37 11.520.178
SL Trapping 2 | SRR1134204 Cercaria Illumina Hiseq 2000 100 pb 37 30.332.894

1 Numero de acesso do depdsito no banco de dados SRA(NCBI).

4.4, OBTENGCAO DAS READS NA PLATAFORMA ION TORRENT PGM™ SYSTEM

Foram sequenciadas na plataforma lon Torrent PGM™ System duas réplicas
bioldgicas das fases adulto, esquistossomulo, miracidio e esporocisto, utilizando-se
cDNAs enriquecidos em transcritos que sofrem processamento por SLTS,
resultando no conjunto de dados denominado SL Enriched. O resultado das

corridas nesta plataforma esta detalhado na Tabela 3 :

TABELA 3 - DADOS GERADOS NA PLATAFORMA ION TORRENT PGM™ SYSTEM.

Nome da Fase Tipo de Tamanho %GC Nimero

Biblioteca Biblioteca das reads de reads
SL Enriched A1 Adulto Single 12-353 pb 36 2.586.306
SL Enriched A2 Adulto Single 8-368 pb 37 2.802.032
SL Enriched E1 | Esquistossomulo Single 8-330 pb 35 2.562.467
SL Enriched E2 | Esquistossomulo Single 8-350 pb 35 3.372.875
SL Enriched M1 Miracidio Single 8-366 pb 36 3.402.016
SL Enriched M2 Miracidio Single 8-371 pb 35 2.792.890
SL Enriched S1 Esporocisto Single 8-372 pb 36 3.479.656
SL Enriched S2 Esporocisto Single 8-376 pb 36 3.127.173

4.5. AVALIAGAO DA QUALIDADE DAS READS GERADAS
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A qualidade das reads utilizadas nas analises foi avaliada segundo os
quesitos descritos a seguir:

a. Valores de qualidade por base

A Figura 8 mostra uma visdo geral dos valores de qualidade das bases em
cada posicao nos arquivos fastq gerados apds o sequenciamento das bibliotecas.
Em geral, um score de qualidade é considerado aceitavel quando é superior ao
valor 20 na escala Phred, o que indica a probabilidade de ocorréncia de 1 erro a
cada 100 pb. Para as bibliotecas sequenciadas na plataforma Illumina HiSeq 2000
(Figura 8A), a média da qualidade por base foi em torno de 30 na escala Phred. Ja
para as demais bibliotecas sequenciadas no equipamento lon Torrent PGM™
System (Figura 8B-E), a média foi em torno de 20. Essa diferenga era esperada,
uma vez que a taxa de erro descrita para a plataforma Illumina HiSeq 2000 é
menor do que para a plataforma lon Torrent PGM™ System (QUAIL et al, 2012).
Apesar de os valores de qualidade das reads sequenciadas na plataforma Illumina
HiSeq 2000 serem em geral maiores do que para a outra plataforma, é descrito na
literatura que para Ion Torrent PGM™ System, os valores Phred de qualidade
estimados para as bases sdo muitas vezes subestimados, uma vez que ao alinhar as
reads geradas no genoma de referéncia, observa-se muitas vezes uma maior
acuracia das bases (BRAGG et al, 2013; LOMAN et al.,, 2012; ROTHBERG et al,
2011). Além disso, nota-se que ha uma queda nos valores de qualidade na porgao
3’ terminal das reads, o que é um artefato dos sequenciadores utilizados (DOHM et

al, 2008).
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FIGURA 8 - VALORES DE QUALIDADE POR BASE. A linha vermelha central corresponde ao valor da mediana; as caixas
amarelas representam o intervalo inter-quartil (25-75%); as barras superior e inferior representam os 10% e 90% dos
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pontos; a linha azul representa a qualidade média das bases. A - Sequéncias geradas na plataforma Illumina HiSeq 2000, fase
cercaria, replicatas 1 e 2; B - Sequéncias geradas na plataforma Ion Torrent PGM™ System,fase adulto, replicatas 1 e 2; C -
Sequéncias geradas na plataforma lon Torrent PGM™ System, fase esquistossdmulo, replicatas 1 e 2; D - Sequéncias geradas
na plataforma Ion Torrent PGM™ System, fase miracidio, replicatas 1 e 2; E - Sequéncias geradas na plataforma Ion Torrent
PGM™ System, fase esporocisto, replicatas 1 e 2.

E possivel notar que a qualidade das reads obtidas pelo sequenciador Ion
Torrent PGM™ System € mais estavel, enquanto que na plataforma Illumina HiSeq
2000 a qualidade diminui consideravelmente apo6s 50 ciclos, o que pode ser
causado pelo decaimento do sinal de fluorescéncia com o aumento do tamanho da
sequéncia (LIU et al, 2012). Ainda é possivel observar pela Figura 8 que as leituras
obtidas no sequenciador Illumina HiSeq 2000 possuem tamanho tnico de 100 pb,
enquanto as leituras obtidas pelo equipamento Ion Torrent PGM™ System
possuem tamanho variado de 8 a 350 pb.

b. Valor de qualidade média por sequéncia

Esta andlise permite verificar se um subconjunto das sequéncias tem
valores de qualidade muito baixos, levando-se em consideracdo a média de
qualidade por base de cada sequéncia. Caso seja essa a realidade, ao invés de
realizar uma corte das sequéncias, o melhor a fazer seria descartar as sequéncias
de qualidade baixa. Na Figura 9, é possivel observar uma distribui¢ao unimodal do
valor de qualidade para todas as bibliotecas. No entanto, bibliotecas obtidas pelo
sequenciamento na plataforma Illumina HiSeq 2000 (Figura 9A) apresentam
menor variancia e uma média centrada em um valor de Phred 37, o que mostra que
a grande maioria das sequéncias apresenta alta qualidade. Por outro lado,
sequéncias obtidas no equipamento lon Torrent PGM™ System (Figura 9B-E) se
mostraram menos homogéneas, além de ter média centrada em torno de Phred 27,

0 que mostra que essas bibliotecas apresentam leituras com menor qualidade.
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FIGURA 9 - VALOR DE QUALIDADE MEDIA POR SEQUENCIA. A - Sequéncias geradas na plataforma Illumina HiSeq 2000,
fase cercaria, replicatas 1 e 2; B - Sequéncias geradas na plataforma Ion Torrent PGM™ System, fase adulto, replicatas 1 e 2;
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C - Sequéncias geradas na plataforma Ion Torrent PGM™ System, fase esquistossdmulo, replicatas 1 e 2; D - Sequéncias
geradas na plataforma Ion Torrent PGM™ System, fase miracidio, replicatas 1 e 2; E - Sequéncias geradas na plataforma Ion
Torrent PGM™ System, fase esporocisto, replicatas 1 e 2.

c. Conteudo de bases nas sequéncias

Em uma biblioteca aleatoria seria esperado pouca ou nenhuma diferenca na
proporc¢do (conteido) de bases por posicao na sequéncia, de modo que as linhas
nos graficos a seguir (Figura 10) devem ficar paralelas ao eixo das abscissas. E
possivel observar um pequeno grau de oscilagdo para cada uma das bases em
todas as bibliotecas, mas nada que indique um grande viés para uma posi¢do em
especifico das leituras, com exce¢do das bibliotecas geradas para esporocisto, nas
quais a oscilacdo do conteddo GC por posicao foi maior (Figura 10E). Além disso,
nos dois tipos de biblioteca avaliados, as sequéncias analisadas apresentam um
conteudo de A e T maior do que G e C, o que é esperado considerando que a
medida do contetido das bases costuma ser espécie-especifico, e em S. mansoni o
conteddo GC é de 36% (PROTASIO et al, 2012). Ainda é possivel observar um
amento de contetdo de algumas bases nas ultimas posi¢des das leituras geradas
pelo equipamento Ion Torrent PGM™ System, um artefato gerado pela tecnologia
usada.

Vieses no conteido GC podem ser introduzidos em varios passos durante o
preparo da biblioteca e posterior sequenciamento, como por exemplo, durante a
amplificacdo da biblioteca por PCR (fragmentos com conteido GC médio sdo
preferencialmente amplificados), ou amplificagcdo do cluster, durante a selegcao do
tamanho dos fragmentos, utilizando técnicas aquecem o gel para recuperagao do
DNA, que por consequéncia reduzem a quantidade de fragmentos de baixo
conteudo GC, e ainda durante o sequenciamento em si devido a preferéncias da

enzima utilizada (AIRD et al,, 2011).
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FIGURA 10 - CONTEUDO DE BASE AO LONGO DA SEQUENCIA. A figura mostra a proporgio de cada base por posi¢io nas
sequéncias geradas. A - Sequéncias geradas na plataforma Illumina HiSeq 2000, fase cercaria, replicatas 1 e 2; B -
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Sequéncias geradas na plataforma Ion Torrent PGM™ System, da fase adulto, replicatas 1 e 2; C - Sequéncias geradas na
plataforma lon Torrent PGM™ System, fase esquistossomulo, replicatas 1 e 2; D - Sequéncias geradas na plataforma Ion
Torrent PGM™ System, fase miracidio, replicatas 1 e 2; E - Sequéncias geradas na plataforma Ion Torrent PGM™ System, fase
esporocisto, replicatas 1 e 2.

d. Conteuido de GC em cada posi¢ao ao longo da sequéncia

Em uma biblioteca randomica, espera-se que o conteudo de GC ndo varie
consideravelmente ao longo das posicdes de uma sequéncia. A Figura 11 mostra a
proporg¢ao de G e C em cada posi¢do para todas as sequéncias geradas e é possivel
perceber que ha certa variagdo, principalmente para as primeiras e ultimas bases
nos dois tipos de bibliotecas, o que nao é incomum tratando-se da natureza dos
iniciadores utilizados na construcdo das bibliotecas nas plataformas Illumina
HiSeq 2000 (Figura 11A) e Ion Torrent PGM™ System (Figura 11B-E). No entanto,
no geral, observa-se uma tendéncia a manter o contetido GC constante ao longo da
read. Além disso, assim como esperado para o conteido de bases nas sequéncias, o

contetdo GC oscilou em torno do mesmo valor em todas as bibliotecas.
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FIGURA 11 - CONTEUDO GC POR BASE. A - Sequéncias geradas na plataforma Illumina,fase cercaria, replicatas 1 e 2; B -
Sequéncias geradas na plataforma Ion Torrent PGM,fase adulto, replicatas 1 e 2; C - Sequéncias geradas na plataforma Ion
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Torrent PGM, fase esquistossomulo, replicatas 1 e 2; D - Sequéncias geradas na plataforma Ion Torrent PGM, fase miracidio,
replicatas 1 e 2; E - Sequéncias geradas na plataforma Ion Torrent PGM, fase esporocisto, replicatas 1 e 2.

e. Distribuicao do contetido de GC por sequéncia

0 modelo de distribuicio do conteido GC por sequéncia é uma curva
normal onde o valor central correspondente ao teor global médio de GC do
genoma. Nas bibliotecas de cercaria, do tipo SL Trapping, (Figura 12A) observa-se
que a distribuicao real do conteido GC por leituras possui alguns picos de maior
conteudo GC, indicando a presenca de sequéncias super-representadas nesta
biblioteca, o que é de se esperar dado que a biblioteca gerada é enriquecida com
transcritos que sofrem processamento por SLTS. Ja nas bibliotecas do tipo SL
Enriched, geradas no equipamento Ion Torrent PGM™ System (Figura 12B-E),
observa-se que o pico de conteudo GC também foi maior do que o esperado a partir
da distribuicdo tedrica, novamente reforcando que essa pode ser uma
caracteristica das bibliotecas enriquecidas em transcritos contendo a sequéncia do

SL, entretanto, estas apresentam-se com uma distribuicdo mais uniforme.
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FIGURA 12 - CONTEUDO GC POR SEQUENCIA. O grafico representa a média do contetido de GC por read gerada comparado
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[llumina,fase cercaria, replicatas 1 e 2; B - Sequéncias geradas na plataforma Ion Torrent PGM,fase adulto, replicatas 1 e 2; C
- Sequéncias geradas na plataforma Ion Torrent PGM, fase esquistossémulo, replicatas 1 e 2; D - Sequéncias geradas na
plataforma Ion Torrent PGM, fase miracidio, replicatas 1 e 2; E - Sequéncias geradas na plataforma Ion Torrent PGM, fase
esporocisto, replicatas 1 e 2.

f. Sequéncias duplicadas

Esta analise é feita com um pequeno subconjunto dos dados, representativo
do conjunto de todos os dados gerados. Espera-se que nesse subconjunto apenas
uma pequena por¢do das sequéncias apresentem sequéncias duplicadas
(redundantes), advindas de amplificagdo por PCR. O aumento do valor observado
na porgao final dos dois graficos abaixo (Figura 13) nos permite inferir o grau de
redundancia nas duas bibliotecas. E importante notar que a biblioteca de cercéria
SL Trapping replicata 2 (Figura 13A) possui um alto grau de redundancia, em
torno de 85%, mostrando que muitas das sequéncias geradas vieram do
sequenciamento de produtos de PCR. Este fato se deve a maior profundidade da
biblioteca de cercaria SL Trapping, na qual cerca de 30 milhdes de leituras foram
geradas na replicata 2, enquanto na replicata 1 cerca de 10 milhdes de leituras

foram geradas.
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geradas na plataforma Illumina,fase cercaria, replicatas 1 e 2; B - Sequéncias geradas na plataforma Ion Torrent PGM,fase
adulto, replicatas 1 e 2; C - Sequéncias geradas na plataforma Ion Torrent PGM, fase esquistossdmulo, replicatas 1 e 2; D -
Sequéncias geradas na plataforma Ion Torrent PGM, fase miracidio, replicatas 1 e 2; E - Sequéncias geradas na plataforma
Ion Torrent PGM, fase esporocisto, replicatas 1 e 2.

4.6. IDENTIFICACAO E REMOCAO DO SL E TRATAMENTO DE QUALIDADE NAS READS

GERADAS NA PLATAFORMA DE ION TORRENT PGM™ SYSTEM

Buscou-se pela sequéncia do SL nas reads produzidas pelo equipamento lon
Torrent PGM, para posterior remoc¢do desta. Ainda, apés a avaliacdo da qualidade
das reads geradas na plataforma lon Torrent PGM™ System, foi realizado um
tratamento de qualidade para remocdo das bases de baixa qualidade e de reads
menores do que 20 pb. As reads que permaneceram apds o corte foram utilizadas
nos passos seguintes e corresponderam a 97,36% do total de reads geradas. O

resumo deste processo esta descrito na Tabela 4.

4.7. OBTENCAO DAS READS EM BANCOS DE DADOS PUBLICOS

Além das reads obtidas pelo sequenciamento em larga escala (plataformas
[llumina HiSeq 2000 e Ion Torrent PGM™ System), outras 12 bibliotecas de RNA-
Seq de diferentes fases do ciclo de vida do parasito S. mansoni foram encontradas
no repositério SRA e incluidas no estudo. As caracteristicas das bibliotecas estdo
listadas a seguir na Tabela 5.

A presenca da sequéncia do SL foi verificada nas reads e utilizada como
filtro no caso das sequéncias obtidas do SRA. Apenas uma pequena porcentagem
das reads obtidas (0,04% em média) nas bases de dados publicos apresentaram a
sequéncia do SL. Nas reads sequenciadas a partir da biblioteca SL Trapping, a
porcentagem foi ainda menor, 0,00002%, o que é esperado, dada a metodologia

utilizada para construcdo e sequenciamento das reads. A quantidade total de reads
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e a quantidade total de reads com a sequéncia do SL por fase do ciclo de vida do
parasito estdo apresentadas na Tabela 6.

As reads filtradas contendo a sequéncia do SL, correspondendo a um total
de 91.188 reads, foram aparadas para remocdo da sequéncia do SL e constituiram

o conjunto de dados RNA-Seq Filtered (Figura 4C).
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TABELA 6 - ESTATISTICA DA IDENTIFICACAO DA SEQUENCIA DO SL NAS READS DAS BIBLIOTECAS RNA-SEQ
ADVINDAS DO BANCO DE DADOS PUBLICO SRA.

Fase do ciclo de vida Nuimero total de Numero de reads % de reads com
do S. mansoni reads com SL Match SL Match
Adulto 21.042.510 15.856 0,07%
Cercéria 164.991.132 41.108 0,02%
Esquistossomulo 314.704.514 125.412 0,04%

4.8. MAPEAMENTO DAS READS NO GENOMA DE REFERENCIA

As reads dos conjuntos de dados SL Trapping, SL Enriched, RNA-Seq
Filtered e RNA-Seq foram mapeadas no genoma de referéncia de S. mansoni. Na
Tabela 7 sdo apresentadas todas as estatisticas dos alinhamentos com o programa
TopHat2 (sequéncias geradas nas plataformas Illumina e Ion Torrent PGM) e
Bowtie2 (sequéncias geradas na plataforma Ion Torrent PGM).

As reads geradas no equipamento Illumina HiSeq 2000 tiveram um
mapeamento em torno de 80% usando somente o programa TopHat2, sendo 6% a
porcentagem média de alinhamentos maultiplos, enquanto que as reads geradas na
plataforma Ion Torrent PGM™ System tiveram uma porcentagem bem menor, em
torno de 60%. As reads geradas na plataforma Ion Torrent PGM™ System ndo
mapeadas na primeira rodada com o programa TopHat2 foram re-mapeadas
utilizando-se o programa Bowtie2, alcancando-se dessa forma um mapeamento

geral em torno de 97% das sequéncias, com 4,6% de alinhamentos multiplos.
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4.9. COMPARACAO ENTRE 0S TRES METODOS UTILIZADOS PARA OBTENCAO DE

SEQUENCIAS PROCESSADAS POR SLTS

As trés metodologias utilizadas para obtencdo das sequéncias foram
comparadas com relagdo aos genes identificados que sofrem processamento por
SLTS.

A profundidade da biblioteca SL Trapping foi muito maior do que a
biblioteca final resultante da filtragem por sequéncias que continham o SL nas
reads advindas do SRA (RNA-Seq Filtered), mesmo utilizando uma quantidade
muito grande de reads durante a fase de triagem (das 503.979.020 reads inicias,
somente 182.376 reads continham a sequéncia do SL e foram consideradas na
analise posterior, contra 10.220.382 reads produzidas no sequenciamento da
biblioteca SL Trapping da fase cercaria). Ja para as bibliotecas do tipo SL
Enriched, foi produzido um numero total de 24.125.415 reads construidas a
partir das fases adulto, esquistossomulo, miracidio e esporocisto.

Um diagrama de Venn (Figura 14) ilustra a relacdo entre os transcritos
identificados em cada biblioteca. A biblioteca SL Trapping apresentou um
numero maior de transcritos exclusivos (3.280) em relacdo as demais, SL
Enriched (375) e RNA-Seq Filtered (41), como esperado, dadas as caracteristicas
das bibliotecas do tipo SL Trapping e a sua alta profundidade, uma vez que a
capacidade de detectar e quantificar uma maior diversidade de transcritos, assim
como transcritos raros, aumenta com o aumento da profundidade do
sequenciamento (TARAZONA et al, 2011). Dessa forma, fomos capazes de
identificar um nuimero maior de genes processados por SLTS utilizando a

metodologia SL Trapping na plataforma Illumina HiSeq 2000, representado pelo
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circulo verde. As trés diferentes bibliotecas compartilharam um grande ntimero

de transcritos (1.363), mostrando a alta reprodutibilidade das metodologias

utilizadas.
375 15
4 4
). -840
1363 |1
| - - > |
‘\ L 3459
\ / RNA-Seq Filtered
SL Enriched
\ 3280 SL Trapping

FIGURA 14 - DIAGRAMA DE VENN REPRESENTANDO OS GENES PROCESSADOS POR SLTS IDENTIFICADOS POR
METODOS DIFERENTES. O circulo em verde representa o conjunto de genes identificados na biblioteca SL Trapping. O
circulo em amarelo representa os genes que foram identificados utilizando-se as bibliotecas do tipo SL Enriched. O circulo
em lilas representa o conjunto de genes identificados na biblioteca resultante da filtragem das reads por sequéncias
contendo o SL (RNA-Seq Filtered).

Considerando todos os genes que sofrem SLTS observados, utilizando os
trés diferentes tipos de bibliotecas, nés identificamos 8.457 genes processados
por SLTS, representando 63% de todos os 13.322 genes anotados na 52 versao
do genoma de referéncia de S. mansoni. Essa propor¢do aumenta para 77% se
considerarmos apenas nos genes codificadores de proteinas (8.344 genes
processados por SLTS em 10.787 genes codificadores de proteinas). Esse valor é
substancialmente maior que os valores previamente estimados na literatura. Em
um estudo focando em um pequeno conjunto de genes, foi estimado que
aproximadamente 10% dos genes sofriam processamento por SLTS em

Schistosoma spp. (DAVIS; HARDWICK; TAVERNIER, 1995). Uma estimativa
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semelhante foi obtida por Protasio e colaboradores (2012), que empregaram a
técnica padrao de RNA-Seq.

Nossas observacdes elevam o mecanismo de SLTS em S. mansoni a outro
nivel de prevaléncia, o mesmo observado em estudos realizados no nematoide C.
elegans e no urocordado C. intestinalis, nos quais 70% (ALLEN et al,, 2011) e 58%
(MATSUMOTO et al., 2010) de todos os transcritos sdo processados por SLTS,
respectivamente. O conjunto de eventos de processamento por SLTS
apresentado aqui, apesar de extenso (compreende eventos nas fases cercaria,
adulto, esquistossémulo, miracidio e esporocisto), é incompleto, uma vez que a
baixa profundidade dos sequenciamentos gerados na plataforma Ion Torrent
PGM™ System ndo permitiu a detecgdo de transcritos de baixa expressdo. Dessa
forma, esperamos que este conjunto seja estendido no futuro, através do estudo
de transcritos processados por SLTS em outras fases/condi¢cdes experimentais,
utilizando tecnologias que forne¢a uma alta profundidade de sequenciamento,
uma vez que é sabido que a expressao génica varia com as condi¢cdes ambientais
e o processamento por SLTS varia entre as diferentes fases do ciclo de vida de S.
mansoni (MOURAO et al., 2013).

Para fins didaticos, dividirei o restante da secdo de resultados em duas
partes. Em um primeiro momento tratarei do estudo do mecanismo de SLTS no
parasito S. mansoni, utilizando as bibliotecas SL Trapping e RNA-Seq Filtered,
focando principalmente na fase de cercaria. Ja na segunda parte me concentrarei
na identificagdo da regulacao diferencial de genes processados por SLTS entre
diferentes estagios do ciclo de vida do parasito utilizando as bibliotecas SL

Enriched.
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4.10. O MECANISMO DE SLTS NO PARASITO S. MANSONI

4.10.1.GENES IDENTIFICADOS: COMPARAGCAO ENTRE AS REPLICAS BIOLOGICAS E 0S

DIFERENTES TIPOS DE CONJUNTO DE DADOS

Foi observada uma forte correlagdo qualitativa entre as replicatas
biolégicas SL Trapping. Na replicata SL Trapping 1 foram identificados 8.506 loci,
enquanto que na replicata SL Trapping 2, identificamos 7.495 loci, sendo que
70% desses estdo presentes em ambas as bibliotecas (Figura 15A). Uma
correlacdo quantitativa também foi identificada entre as replicatas (coeficiente
de correlagcdo de Pearson igual a 0,8 , Figura 15B), mostrando que os alvos de

SLTS sao altamente reproduziveis, o que enfatiza a qualidade dos dados gerados.

A
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SL Trapping 2 SL Trapping 1
Log10( Contagens SL Trapping 1)

FIGURA 15 - COMPARA(;AO ENTRE AS DUAS REPLICAS BIOLOGICAS DAS BIBLIOTECAS SL TRAPPING. A- Genes
detectados nas duas réplicas biolégicas. B - Correlagdo entre as réplicas biolégicas (PCC = 0,86).

JA& para a biblioteca gerada pela compilacdo de reads filtradas de
experimentos de RNA-Seq (RNA-Seq Filtered), obtivemos um numero muito

pequeno de transcritos (2.459, circulo rosa na Figura 16A) processados por
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SLTS, uma vez que o numero de reads recuperadas contendo o SL foi baixo
(<0,04% do total de reads de RNA-Seq).

Entretanto, apesar da origem heterogénea de ambos os tipos de
biblioteca, as bibliotecas SL Trapping abrangeram 95% dos transcritos
processados por SLTS contidos na biblioteca RNA-Seq Filtered (Figura 16A). Os
123 transcritos remanescentes, encontrados somente no conjunto de dados
RNA-Seq Filtered, podem ser explicados pela presenca de RNA das fases
esquistossomulo e adulto, além da fase cercaria, nesse conjunto de dados, ao
passo que o conjunto de dados SL Trapping contém somente transcritos
expressos na fase cercaria. Ainda, desses 123 transcritos, apenas 22 sao

expressos na fase cercaria (circulo lilas na Figura 16B).
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Log10( Contagens SL Trapping )

FIGURA 16 - COMPARACAO ENTRE 0S CONJUNTOS DE DADOS SL TRAPPING E RNA-SEQ FILTERED. A - Genes
detectados nos dois tipos de bibliotecas antes da curadoria da biblioteca SL Trapping; B - Genes exclusivos da biblioteca
RNA-Seq Filtered divididos por fases do ciclo de vida do S. mansoni; C - Comparagdo entre os dois conjuntos de dados
apos curadoria da SL Trapping; D - Correlagdo entre os dois conjuntos de dados (PCC = 0,5).

Para aumentar a confiabilidade dos nossos dados, fizemos uma curadoria
dos mesmos (loci devem ser reprodutiveis em ambas as réplicas e possuirem
média de contagens maior ou igual a 10 reads). De um total de 9.415 loci
identificados nas duas réplicas biolégicas de SL Trapping (Figura 15A),
restringimos para 5.443 genes processados por SLTS apds curadoria, circulo azul
na Figura 16C, para serem considerados nas analises posteriores. Dessa forma,
ap6s a curadoria, o conjunto de dados SL Trapping abrangeu 85% dos genes

processados por SLTS identificados no conjunto de dados RNA-Seq Filtered
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(Figura 16C). Os 2.081 eventos de SLTS (Figura 16C) em comum entre SL
Trapping and RNA-Seq Filtered representam genes que sofrem SLTS mais
frequentemente (mediana de contagens igual a 507 para eventos compartilhados
por ambos os conjuntos de dados versus mediana 44 para eventos detectados
exclusivamente no conjunto de dados SL Trapping). Ainda, quantitativamente, os
dois conjuntos exibem correlagdo moderada (PCC= 0,5, Figura 16D).

Mesmo com diferencas consideraveis na forma como as duas bibliotecas
foram originadas, a analise visual do mapeamento das sequéncias de ambas no
genoma confirma a confiabilidade e reprodutibilidade dos dados. Para um dado
gene, os picos de cobertura com reads advindas de ambos os tipos de bibliotecas
foram encontrados exatamente na mesma posicdo do gene, indicando
corretamente onde ocorre a insercao da sequéncia do SL. Como exemplo, nos
analisamos os sinais de SLTS no gene Smp_034190, que mostra sinais de SLTS
comuns aos dois conjuntos de dados nos exons terminais 5’ e 3’ do transcrito.
Apesar de o conjunto de dados contidos na biblioteca RNA-Seq Filtered mostrar
um sinal forte nos exons 2 e 3 e este sinal ndo ser reproduzido no conjunto SL
Trapping, essa situacdo pode ser explicada pela diversidade de transcritos
expressos nos estagios do ciclo de vida acessados em cada tipo de biblioteca
(cercaria versus cercaria, adulto e esquistossdémulo) ou pelo tipo de biblioteca
(single versus paired-ends). O conjunto SL Trapping, em contraste, apresenta um
sinal fraco no exon 5, que nao é reproduzido pelo conjunto RNA-Seq Filtered,

possivelmente por causa de sua baixa sensibilidade.
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12 kb

RNA-Seq Filtered

SL Trapping 1

SL Trapping 2

Smp_034190.1

FIGURA 17 - SITIOS DE INSERCAO DA SEQUENCIA DO SL NOS DIFERENTES TIPOS DE BIBLIOTECA. Esquema
produzido no IGV da estrutura exon-intron do transcrito Smp_034190.1 com as contagens de reads superpostas dos
conjuntos de dados RNA-Seq Filtered (faixa de cima), SL Trapping 1 (faixa do meio), e SL Trapping 2 (faixa de baixo).

Em conjunto, nossos resultados demostram que SL Trapping é uma
técnica poderosa e reprodutivel capaz de detectar sinais também identificados
pelo método de RNA-Seq convencional, entretanto com uma resolucao
incomparavelmente maior, capaz de capturar até mesmo eventos de SLTS que

ocorrem em baixa frequéncia.

4.10.2.IDENTIFICACAO DE SEQUENCIAS DO SL NO GENOMA DE S. MANSONI

Em 25% dos transcritos de dinoflagelados foi observada a presenca de
sequéncias SL adicionais em tandem nos transcritos, provavelmente resultado de
uma retro-transcri¢do eventual de um transcrito processado por SLTS que em
seguida foi incorporado ao genoma (SLAMOVITS; KEELING, 2008). Procurando
no genoma de S. mansoni pela sequéncia do SL, além dos 5 genes de SL RNA
anotados na 52 versao do genoma de referéncia do parasito e 7 outros genes de
SL RNA ndo anotados, nds detectamos 32 loci no genoma contendo a sequéncia
do SL. Destes, 11 sitios foram encontrados em genes previamente anotados,
sendo 6 deles identificados como elementos transponiveis (Tabela 8), os quais
sdo provavelmente cDNAs que sofreram processamento por SLTS e foram
retrotranscritos, sendo os retrotransposons os elementos mais comumente

repetidos no genoma (BERRIMAN et al,, 2009; DEMARCO et al., 2004).
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TABELA 8 - GENES CONCATENADOS COM A SEQUENCIA DO SL.

Cromossoma Spliced leader
Inicio Fim Inicio Fim Gene Comentario
Chr_1 8917800 8917767 1 34 Smp_123830.1 -
Chr_1 48421666 48421692 10 36 - -
Chr_1 57525190 57525163 8 35 - -
Chr_2 42605 42638 3 36 - Elemento Transponivel
Chr_2 48216 48189 3 30 - -
Chr_2 2838790 2838761 7 36 Smp_170980.1 -
Chr_2 3230664 3230638 1 27 Smp_133980.1 Elemento Transponivel

Chr_2 7626236 7626222 22 36 = =
Chr_2 15182842 15182810 36 Smp_105420.2 -

Chr_2 22148229 22148248 20 - -
Chr_3 8035976 8036000 25 - -
Chr_5 4122475 4122510 36 - Elemento Transponivel
Chr_5 6425379 6425348 36 - -
Chr_5 7448107 7448142 36 - -
Chr_6 378665 378700 36 - -
Chr_6 2654089 2654115 32 Smp_123190.1 -
Chr_6 7123848 7123883 36 - -
Chr_6 7149339 7149374 36 - =
Chr_6 9818358 9818390 36 - -

Chr_7 1011639 1011669
Chr_ W 2532171 2532139

36  Smp_127680.1 -
36  Smp_143010.1 -

Chr W 16217864 16217833 36 - -
Chr W 18163122 18163153 33 - -
Chrw 18199959 18199990 33 Smp_095000.2 Elemento Transponivel
Chr W 31525431 31525400 36 - -
Chr W 36429422 36429446 31 Smp_025150.1 -
Chr W 54185929 54185905 30 - -
SC_0097 343513 343544 36 - -

SC_0125 495991 495967
SC_0129 880047 880016
SC_0147 222428 222459
SC_0201 292767 292740

29 Smp_032150.1 -
36 Smp_212530.1 -

36 - Elemento Transponivel

Ul U1 U1 U1 Ul NN U NN UL RO R ROy R U R Rl s

32 - Elemento Transponivel

A figura a seguir (Figura 18) mostra uma regido no genoma onde é

possivel ver a sequéncia do SL concatenada a um elemento transponivel:
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4.122.100 bp 4.122.200 bp 4.122.300 bp 4.122.400 bp 4.122.500 bp 4.122.600 bp 4.122.700 bp 4.122.800 bp
1 | | | | | | | | |

- Elemento transponivel S

125bp

4.122.440 bp 4.122.460 bp 4.122.480 bp 4.122.500 bp 4.122.520 bp 4.122.540 bp
| L 1 | | 1 | | 1 |

c T CTATTTTGTAATAACTTITCCCCTTTTIGTATT CCGTCACGGTTTTACTCTTGTIGATTITGTTGCATGGTCGCTCCTGCTCCC TGAACGTC TACAACGT

Sequéncia do SL

FIGURA 18 - SL CONCATENADO A UM GENE NO GENOMA DE S. MANSONI. Foram encontradas sequéncias SL
concatenadas a diferentes genes no genoma do parasito, dentre eles, o elemento transponivel Jockey_Elel_ORF2, em
evidéncia na figura.

Os 17 sitios restantes estdo localizados em regides onde nao existem
genes anotados, indicando que loci adicionais contendo a sequéncia do SL podem
existir. Para todas as nossas andlises subsequentes, os genes identificados

contendo a sequéncia do SL concatenada ndo foram considerados.

4.10.3.IDENTIFICACAO DE TRANSCRITOS POLICISTRONICOS EM S. MANSONI

A adi¢do da sequéncia do SL em cinetoplastideos e em um subconjunto de
genes em outros organismos como nematdides, cordados e platelmintos, tem
como funcdo resolver mRNAs policistronicos em mRNAs monocistronicos
capeados. No caso do nematoéide C. elegans, primeiro animal onde foi descoberta
a presenca dos genes organizados em operons, uma sequéncia do SL diferente é
utilizada para resolver os transcritos policistronicos, denominada SL2 (SPIETH
etal, 1993).

Em S. mansoni foi reportada a presenca de um possivel transcrito
dicistronico: foi encontrado um gene intimamente ligado upstream ao gene da

enolase (que sofre trans-splicing). Este gene produz um mRNA que codifica uma
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proteina de ligagdo a ubiquinol, a UbCRBP, que é um componente do complexo
de ubiquinol-citocromo-C redutase. A distancia entre o sitio de poliadenilacao da
UbCRBP e o sitio aceptor de trans-splicing da enolase é excepcionalmente curta,
de apenas 54 nucleotideos (Davis e Hodgson 1997). Dessa forma esses dois
genes devem ser transcritos como um dicistron que é resolvido em 2
monocistrons por trans-splicing. Observamos a partir dos nossos dados que o
transcrito de enolase recebe o SL nos exons 1, 2, 3 e 4. Também observamos que

o proprio transcrito de UbCRBP ¢é alvo de trans-splicing (Figura 19).

39.430 kb 39.432 kb 39.434 kb
| | | | | |

" T NN

. iRl . B i

B Lo ) i |

| _ 1s .| 4 B A

7 3 5 4 3 2 | 1 -

[ | < < O m [ < |
Smp_024110.1 — Enolase Smp_024120.1 — UbCRBP

FIGURA 19 - INSERCAO DO SL NO DICISTRON ENOLASE E UBCRBP . A - cobertura da biblioteca RNA-Seq Filtered. B -
cobertura da biblioteca SL Trapping. As linhas e as caixas em azul indicam os modelos génicos e as setas o sentido da
transcrigdo - versdo 5 do genoma de S. mansoni.

Pelos nossos resultados e diferentemente do que ocorre em C. elegans,
parece que em S. mansoni a mesma sequéncia do SL é utilizada tanto no trans-
splicing de transcritos monocistrénicos quanto de policistronicos.

Protasio e colaboradores (2012), utilizando resultados do
sequenciamento em massa de transcritos do parasito também identificaram
outros 46 possiveis operons (com distancias intergénicas de até 200 pb) e
conseguiram validar a existéncia de 4 pela técnica de RT-PCR e sequenciamento
de Sanger.

Na tentativa de identificarmos mais transcritos policistronicos, foi

avaliada a ocorréncia do trans-splicing nos conjuntos de genes com distancia
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intergénica de até 200 pb. Ao examinar a distribuicio gendmica dos sitios
aceptores de trans-splicing, descobrimos muitos pares de genes vizinhos na
mesma fita, inesperadamente préximos: dentre os 139 grupos génicos
identificados com distancia intergénica de até 200 pb, nds identificamos 65
unidades dicistronicas e uma tricistronica (Error! Reference source not
found.) expressas em cercaria, incluindo 34 dos 46 policistrons identificados por
Protasio e colaboradores (2012).

Um exemplo de um transcrito dicistronico, resolvido por SL trans-splicing,

€ mostrado na Figura 20 abaixo:

12 kb

RNA-Seq Filtered

SL Trapping 1

SL Trapping 2

ud
L B
1 2 smp_173910.1 3 Smp_094470.1

FIGURA 20 - TRANSCRITO POLICISTRONICO EM S. MANSONI. Esquema produzido no IGV da estrutura exon-intron de
um transcrito dicistrénico contendo os genes Smp_173910 e Smp_094470. As linhas e as caixas em azul indicam os
modelos génicos e as setas o sentido da transcri¢do - versido 5 do genoma de S. mansoni. As contagens de reads dos
conjuntos de dados estdo superpostas: RNA-Seq Filtered (faixa de cima), SL Trapping 1 (faixa do meio), e SL Trapping 2
(faixa de baixo).

0 tamanho das distancias intergénicas em transcritos policistrénicos foi

analisada e foi encontrada média igual a 99 pb e mediana de 92 pb.
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Os policistrons putativos identificados estdo localizados principalmente
no chrl (25,75% de todos os policistrons), chrW (22,72%) e chr4 (15,15%), em
contraste com os demais genes que sdao processados por SLTS os quais estao
distribuidos ao longo dos cromossomos seguindo a mesma distribuicdo dos
genes expressos em cercaria, uma vez que em S. manoni o nimero de genes
encontrados em cada cromossomo é proporcional ao tamanho de cada
cromossomo. Os 133 genes constituintes das unidades policistronicas em
conjunto constituem apenas ~2% de todos os 5.821 genes processados por SLTS
identificados em cercdria, entretanto, nossas observagdes subestimam o
verdadeiro numero de unidades policistronicas, uma vez que anotagées
incompletas de transcritos, policistrons com distancia intergénica maiores que
200 pb, ou ndo expressos no nosso conjunto de dados podem estar
subestimando o niimero de policistrons.

A maior parte dos genes componentes dos policistrons é conservada e
23,33% sao transcritos monoexdnicos, 131 sao genes codificadores de proteinas

e dois sao rRNAs.

4.10.4.ANALISE FUNCIONAL DOS TRANSCRITOS PROCESSADOS POR SLTS

0 pequeno numero de genes previamente descritos como processados
por SLTS (DAVIS; HARDWICK; TAVERNIER, 1995; PROTASIO et al, 2012)
impossibilitaram pesquisadores de identificar fun¢des génicas relacionadas a
este mecanismo em S. mansoni. Com a grande profundidade da biblioteca gerada
por nds (SL Trapping), foi possivel investigar fun¢des bioldégicas comuns entre os

produtos génicos derivados de transcritos processados por SLTS.
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Para uma melhor compreensao do processo, as sequéncias codificadoras
CDS de S. mansoni foram tabuladas em planilha Excel com hyperlinks para varios
resultados de BLAST e valores de contagens. Das 4.793 sequéncias anotadas
anteriormente como “Hypothetical protein” na versao 5 do genoma, cerca de
42% foram re-anotadas nesse trabalho. Os resultados de BLAST foram utilizados
para atribuir uma classe a cada gene conhecido do parasito, incluindo aqueles
que sdo processados por SLTS.

Para atribuir fun¢des bioldgicas aos genes processados por SLTS foi feita
uma analise do enriquecimento de categorias génicas (KARIM; SINGH; RIBEIRO,
2011). Comparou-se a frequéncia das classes génicas encontradas nos 5.057
genes codificadores de proteinas processados por SLTS, nos 131 genes que
fazem parte de transcritos policistronicos, assim como nos 7.987 genes
codificadores de proteinas expressos na fase cercaria. Em seguida, um teste x2
foi realizado para averiguar se a diferenca de frequéncia entre o grupo trans-
splicing e o transcriptoma total expresso na fase cercaria, para cada classe, é
estatisticamente significante.

Quando comparamos a distribuicdo funcional dos genes que sofrem
processamento por SLTS com o transcriptoma expresso na fase cercaria, nds nao
encontramos muitas classes funcionais enriquecidas estatisticamente
significantes (p-value < 0.05, teste x2; Figura 21). As duas tnicas exceg¢des foram
as classes “Desconhecido” e “Fator de transcricdo” (p-value < 0,024 e p-value <
0,0003 respectivamente, teste x2; Figura 21). As mesmas classes nao foram
encontradas enriquecidas quando os transcritos da biblioteca RNA-Seq Filtered
foram analisados. Utilizando a metodologia de andlise de enriquecimento de

ontologias génicas (GO enrichment) em transcritos processados por SLTS em C.
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intestinalis, Matsumoto e colaboradores (2010) encontraram classes associadas
com membrana plasmatica / sistema de endomembranas, homeostase de CaZ* e
componentes do citoesqueleto/actina. J4 em C. elegans, genes envolvidos no
desenvolvimento e regulagdo bioldgica estdo super-representados no grupo que
sofre processamento por SLTS (ALLEN et al, 2011), mas essas andlises foram
feitas comparando-se os genes expressos que sofrem SLTS com todos os genes

do parasito como background.

Desconhecido -
Elemento Transponivel -

Transportador/estoque -
Maquinaria de Transcrigao -

Fator de Transcrigao -
Estoque -
Transdugao de Sinal, apoptose .

Transdugao de Sinal _
Secretado - -
Magquinaria de Sintese Proteica - -
Magquinaria de Modificagdo Proteica - -
Maquinaria de Exportag&o Proteica ~ -
Magquinaria do Proteassomo - -
Metabolismo Oxidativo/ Detoxificagéo - -
Regulagéo do Nucleo + I

Exportagado Nuclear - '
Metabolismo de Nucleotideo - .

Metabolismo de Lipideo - [
Metabolismo Intermediario - .
Metabolismo Energético- [N
Metabolismo de Carboidratos - l
Metabolismo de Aminoacidos - r

Classificacao Funcional dos Genes

Imunidade - - - Todos os genes expressos
Matrix extracelular/adesao celular - I . Genes processados por SLTS
Citoesqueleto - -
1 ) 1 1
0% 10% 20% 30%
Porcentagem

FIGURA 21 - CLASSIFICACAO FUNCIONAL DOS TRANSCRITOS DE S. MANSONI Em azul a frequéncia dos transcritos
que sofrem processamento por SLTS e em vermelho a frequéncia de todos os transcritos expressos na fase cercaria.

Adicionalmente, as proteinas codificadas por transcritos processados por
SLTS foram associadas as vias metabdlicas do parasito S. mansoni disponiveis no
banco de dados KEGG (Kyoto Encyclopedia of Genes and Genomes) (KANEHISA;

GOTO, 2000; YAMADA et al, 2011), sendo também associadas a frequéncia de
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processamento por SLTS (representado pela largura das linhas vermelhas na
Figura 22 ). Foi também visto que genes que sofrem SLTS ndo apresentam
enriquecimento significativo nas vias presentes no KEGG, demonstrando que as
proteinas derivadas de transcritos processados por SLTS podem atuar em
diversas vias metabdlicas centrais de S. mansoni.

Esta observacdo esta de acordo com o esperado, uma vez que o
mecanismo de SLTS em S. mansoni ndo parece estar associado com nenhum
tecido especifico, fase do desenvolvimento ou género, tdo pouco com genes
especificos ou familias génicas (DAVIS; HARDWICK; TAVERNIER, 1995; DAVIS,
1996; MOURADO et al.,, 2013). Nossos resultados também estdo em concordancia
com um estudo recente realizado em Eutreptiella sp., no qual foi reportado que
os genes que sofrem SLTS sdo funcionalemnte muito diversos, caracterizando
portanto este como um mecanismo ubiquo na alga euglenéide (KUO et al,, 2013).
Entretanto, os genes processados por SLTS componentes de policistrons sao
enriquecidos na categoria “Maquinaria de exportagdo proteica” (p-value < 0,002,

teste x2).

4.10.1.CARACTERISTICAS DOS GENES PROCESSADOS POR SLTS

Nés estimamos os niveis de expressao de todos os genes expressos na fase
cercaria em S. mansoni a partir de um experimento de RNA-Seq (obtido no banco
de dados do SRA) e investigamos a correlagdo entre a expressdo génica e a
eficiéncia do mecanismo de SLTS. Em geral, ndés observamos que genes
processados por SLTS sdo em média mais expressos do que os genes nao
processados (p-value < 1.304e-08, em um teste t para duas amostras - Welch),

uma vez que a média dos valores de expressdo normalizados dos genes que
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sofrem SLTS é ~3 vezes maior comparada com aqueles que ndo sdo processados
(760.9108 versus 2480.4370, Figura 23A)

Entretanto, na Figura 23B é possivel observar uma fraca correlagao entre
as frequéncias de SLTS e os niveis expressdo génica (fit= 0,204 coeficiente de
correlacao de Pearson, rank= 0,208 coeficiente de correlacdo de Spearman) e
que existem genes que sdo altamente expressos e pouco processados por SLTS e
vice-versa (quadrante abaixo a direita e quadrante acima a esquerda,
respectivamente na , Figura 23B). Assim como ja bem descrito na literatura
(BENGTSSON et al,, 2005; ISLAM et al., 2011), nossa analise ndo permite rejeitar
a hipdtese de que o logaritmo dos niveis de expressdo génica seguem uma
distribuicao diferente da normal (p-valor 0,62 , teste Kolmogorov-Smirnov,
histograma em rosa na Figura 23C). Entretanto, as frequéncias do SLTS
(histograma em azul na Figura 23C) desviam do comportamento normal (p-valor
< 0,11, teste Kolmogorov-Smirnov,), acumulando em genes com valores altos e
baixos de contagem, confirmando nossas observag¢des prévias da existéncia de
alguns genes em particular com frequéncias de SLTS muita alta (ou seja, com log
frequéncias > 2) ou muito baixa (ou seja, com o registro de frequéncias em torno
de 0). Apesar da sensibilidade para detectar eventos de trans-splicing aumentar
com o aumento da expressdo génica, nossos resultados mostram que a eficiéncia
do processamento por SLTS ndo é somente determinada pela taxa de transcricao
de um gene, sugerindo a existéncia de mecanismos particulares que facilitam ou

impedem o SLTS.
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Em seguida, buscamos avaliar a conexdo entre expressdo génica e
eficiéncia de SLTS ao investigar as caracteristicas que discriminam genes que
tem baixa expressdo e elevado numero de eventos de SLTS (o trans-splicing
dirige os eventos de SLTS - TSD) de genes que tem alta expressao com um
numero baixo de eventos de SLTS (a expressdo génica dirige os eventos de SLTS
- GED). N6s usamos 2.400 outliers (1.200 outliers pertencentes ao quadrante
inferior direito e 1.200 outliers pertencentes ao quadrante superior esquerdo na
Figura 23B), que correspondem a 33,5% do total de genes analisados
processados por SLTS. Como esperado, ndo existem preferéncias significativas
para uma certa localizagdo cromossdmica, nem por genes GED nem por genes
TSD quando estes sao comparados com a distribuicdo cromossdmica dos genes
expressos em cercaria com nivel de significancia de 0,01. (Figura 24A).

Ao avaliar o nimero de transcritos produzidos por splicing alternativo
nos genes GED e TSD, vimos que o nimero de isoformas diferentes produzidas
por cis-splicing alternativo decresce exponencialmente para os genes GED
(barras azuis na figura Figura 24B), assim como ocorre para o transcriptoma de
S. mansoni (barras vermelhas na Figura 24B). O conjunto GED apresenta mais
genes com maior nimero de transcritos alternativos por gene, apesar desta
diferenca ndo ter significancia estatistica (p-value= 0,96, barras azuis).
Entretanto, para os genes TSD, observamos um numero de cis-splicing
alternativo significantemente menor (barras rosas na Figura 24B, p-value= 0,08,
teste Kolmogorov-Smirnov para duas amostras), sendo que a maior parte deles
apresenta nao mais que 3 transcritos alternativos por gene.

De forma similar, avaliamos o nimero de exons existentes nos genes

pertencentes aos grupos GED e TSD, e vimos que o nimero de exons nos genes
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de S. mansoni diminui exponencialmente (barras vermelhas na Figura 24C).
Tanto o conjunto de genes GED quanto o de genes TSD contém menos elementos
monoexOnicos do que o observado no transcriptoma total do parasito, e um
numero significativamente maior de genes com numero de exons variando entre
valores moderados a altos (p-value= 0,0005 para ambos os grupos de genes GED
e TSD, teste Kolmogorov-Smirnov para duas amostras).

Nossos resultados mostram que ambos os conjuntos de genes GED e TSD
apresentam maior grau de complexidade de arquitetura génica, considerando o
numero de exons compreendidos em um locus. Entretanto, enquanto no
conjunto de genes GED a diversidade de exons também traduz-se em um
aumento do numero de splicing alternativos, nos genes TSD existe um acimulo
preferencial de genes com mais exons que exibem um numero restrito de
transcritos alternativos, o que pode sugerir uma maior eficiéncia do

processamento por SLTS na auséncia de estruturas complexas de cis-splicing.
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FIGURA 24 - ORIGEM CROMOSSOMICA, ISOFORMAS ORIGINADAS DE SPLICING ALTERNATIVO E NUMERO DE
EXONS DE TRANSCRITOS PROCESSADOS POR SLTS. A - Frequéncia relativa dos genes localizados em cada
cromossomo é comparada entre o conjunto de genes do transcriptoma inteiro de S. mansoni (barras em vermelho), genes
expressos em cercaria (barras verdes), assim como genes que tem alta expressdo com uma baixa frequéncia de eventos
de SLTS- GED (barras azuis) e genes que tem baixa expressdo e uma alta frequéncia de eventos de SLTS - TSD (barras
roxas). B - Distribui¢do de transcritos alternativos anotados por gene no transcriptoma total de S. mansoni (barras
vermelhas), no conjunto de genes expressos em cercaria (barras verdes), no conjunto de genes GED (barras azuis) e no
conjunto de genes TSD (barras rosas). C - Distribuicdo do nimero de exons por genes no transcriptoma total de S.
mansoni (barras vermelhas), nos genes expressos em cercaria (barras verdes), nos genes GED (barras azuis) e nos genes
TSD (barras rosas).

4.10.2.COMPETICAO ENTRE SLTS E CIS-SPLICING

Em contraste com a visao classica de que o primeiro exon é o substrato
exclusivo para a insercdo do SL (CONRAD et al,, 1991), n6s observamos muitos
eventos de processamento por SLTS ocorrendo nos demais exons, tanto no
conjunto de dados representado pela biblioteca SL Trapping, quanto pela
biblioteca RNA-Seq Filtered (Figura 25).

Em concorddncia com resultados prévios, uma andlise quantitativa

confirmou que os eventos de SLTS ocorrem de forma significativamente mais
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eficiente no primeiro exon, com uma média de contagens de eventos de SLTS
igual a 2.295 no primeiro exon versus uma média de contagens igual a 1.035 nos
demais exons que ndo o primeiro. Entretanto, apesar de a entrada da sequéncia
do SL ocorrer principalmente no primeiro exon, nds observamos que este evento
representa apenas 18% de todos os eventos, sugerindo que uma grande
variedade de eventos de insercao da sequéncia do SL ocorrem em sitios distantes

da porgdo 5’ do transcrito (Figura 25).
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FIGURA 25 - SITIOS DE SLTS ALTERNATIVO. Frequéncia de SLTS (eixo y) como fungio da posi¢io no transcrito, onde
os exons sdo ordenados no sentido 5->3’ (eixo x). A frequéncia foi calculada utilizando-se as contagens obtidas na
biblioteca SL Trapping (painel a esquerda) e RNA-Seq Filtered (painel a direita).

Interessantemente, os eventos de SLTS que ocorrem internamente nos
transcritos (em introns) exibem um maior grau de anotagdo do sitio de splicing
comparados com os sitios de trans-splicing que ocorrem no outron na por¢ao 5’
do transcrito (63% versus 7%, Figura 26A), e de forma coerente, exibem também
maiores sinais de sitios canonicos de splicing (Figura 26A). Sitios aceptores de
trans-splicing em introns (barras vermelhas) mostram uma fracao
consideravelmente maior do dinucleotideo candénico AG no sitio de splicing do

que sitios aceptores de trans-splicing em outrons (barras azuis). A conservacao
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do dinucleotideo no sitio aceptor reflete o grau de anotagao dos sitios mapeados
como alvos de SLTS. Trabalhos anteriores realizados em T. brucei (NILSSON et
al, 2010) mostraram que cerca de 20% do sitios aceptores de trans-splicing
alternativo contém dinucleotideos diferentes de AG, com o motivo GG ocorrendo
em 7% dos casos enquanto TG, AA, GA e AC foram encontrados em 2% do sitios.
Nossas observacdes concordam com trabalhos prévios (CONRAD et al,,
1991) que mostram o SLTS como um mecanismo mais eficiente, e
aparentemente mais facilitado, em sitios aceptores localizados préximos ao
inicio do transcrito, provavelmente devido a auséncia de competi¢do com outros

sitos doadores de splice em cis.
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FIGURA 26 - COMPARAGAO ENTRE OS SiTIOS DE TRANS-SPLICING OCORRENDO EM OUTRONS E INTRONS. A - Logo
das sequéncias preditas e anotadas do sitio aceptor de trans-splicing. As posi¢des resultantes do mapeamento da
biblioteca SL Trapping foram recuperadas e mapeamentos ocorrendo no primeiro exon de um transcrito ou além do
primeiro exon foram agrupados e respectivamente denominados como sitios aceptores de trans-splicing (painel superior,
N=9.613 com 7% dos sitios anotados) e sitios aceptores de cis/trans-splicing (painel inferior, N=28.831 com 63% dos
sitios anotados). Os 20 nt upstream e os 4 nt downstream aos sitios onde foram encontrados a inser¢do da sequéncia do
SL foram analisados; B - Conservagdo do sitio aceptor. Sitios que sofrem trans-splicing em introns sdo representados por
barras vermelhas e sitios aceptores de trans-splicing em outrons por barras azuis.

Ao agrupar os eventos de SLTS por posi¢cdo de entrada da sequéncia do SL
relativa ao exon de cada transcrito, observamos que existe uma preferéncia de
insercdo da sequéncia do SL nos exons das extremidades 5’ e 3’ do transcrito,

independentemente do tamanho do transcrito (painel a esquerda na Figura

90



27A). Como esperado, ndo observamos uma cobertura aumentada de reads de
RNA-Seq nestes exons da extremidade dos transcritos (painel a direita na Figura
27A), confirmando que as observacdes de frequéncia de SLTS nado sao
impactadas por artefatos de expressdo desigual dos exons. Foi também
observado nos transcritos que sofrem SLTS que o tamanho dos exons terminais
sao geralmente maiores (Figura 27B), e os introns alvos de SLTS sdo geralmente
maiores que os introns processados somente por cis-splicing (Figura 27C). Em
conjunto, estas observacdes mostram a existéncia de caracteristicas particulares
que governam o mecanismo de SLTS decorrente de uma geometria especial
entre exon-intron nas extremidades dos transcritos.

Para investigar as propriedades que discriminam os introns que sofrem
SLTS dos que nao sofrem, n6s empregamos a classificagdo proposta por Davis e
colaboradores (1995) de cis-spliced introns, cis-spliced introns em transcritos
processados por SLTS e trans-spliced introns.

Ao analisar a sequéncia de um subconjunto de regides intrénicas, foi
possivel confirmar registros prévios sobre uma maior frequéncia de
polipirimidinas em sitios aceptores de cis-splicing que podem atuar como
substratos para trans-splicing (sequéncia mais a direita de cada triplete na
Figura 28), ao comparar com a intensidade do sinal observado nos sitios
aceptores exclusivos de cis-splicing (sequéncia mais a esquerda de cada triplete
na Figura 28). O contetdo de uridinas é ainda mais forte préximo ao sitio aceptor

de splicing (AG).
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FIGURA 28 - MOTIVOS DOS SiTIOS DE SPLICING EM iINTRONS. As sequéncias a esquerda de cada triplete representam
introns que sdo exclusivamente processados por cis-splicing. As sequéncias do meio representam introns processados por
cis-splicing em transcritos que sio processados por SLTS. Ja as sequéncias a direita representam introns que atuam como
substrato para o mecanismo de SLTS.

O trato de polipirimidinas tem sido relacionado como um dos elementos
mais importantes no splicing (COOLIDGE; SEELY; PATTON, 1997) e, em
tripanosomatideos, este tem sido relacionado a eficiéncia de splicing (HUANG;
VAN DER PLOEG, 1991b). Em um estudo sobre o pre-mRNA policistronico de
tubulina (MATTHEWS; TSCHUDI; ULLU, 1994), a substituicdo de aminoacidos
em sua sequéncia gerou um bloqueio do correto splicing da molécula, mostrando
que o trato de polipirimidina no sitio aceptor 3’ é crucial para o correto trans-
splicing.

Ainda, para melhor entender a competicao que ocorre entre cis-splicing e
trans-splicing, fizemos uma distingdo adicional entre os tipos de introns em:
intron unico, introns iniciais, intermediarios, e introns finais e avaliamos o
tamanho desses intros, e dos exons que os flanqueiam. Como resultado,
observamos que os introns que atuam como substrato para SLTS (caixas roxas
na Figura 29A) sdo geralmente maiores que os introns que atuam como

substrato para cis-splicing (caixas verdes na Figura 29A), especialmente em
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introns de transcritos monointronicos e introns internos. Adicionalmente, o
comprimento dos introns decresce conforme percorremos o gene da posicao 5’
para 3. Os introns que sdo substratos para cis-splicing em transcritos
processados por SLTS se comportam da mesma forma, com a exce¢do dos
monointrénicos, nos quais o SLTS ocorre na por¢ao 5’ do pre-mRNA, no outron.
Esses resultados corroboram achados em C. elegans e a teoria de que a
maquinaria de splicing pode interpretar introns longos como outrons, uma vez
que a probabilidade de ocorrer SLTS dentro de um intron aumenta com o seu
tamanho (ALLEN et al, 2011; CHOI; NEWMAN, 2006). No caso de transcritos
monointronicos, vimos também que o exon upstream ao intron usado como sitio
de SLTS tende a ser maior (caixas roxas na Figura 29B), assim como os exons
dowstream ao intron usado como sitio de SLTS (caixas roxas na Figura 29C),

principalmente se estes representam o ultimo exon do transcrito.
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FIGURA 29 - TAMANHO DOS iNTRONS E EXONS DOS TRANSCRITOS DE ACORDO COM SUA CLASSIFICACAO E SUA
POSICAO RELATIVA NO TRANSCRITO. O Tamanho dos introns (A), assim como dos exons downstream (B) e upstream
(C) em relagdo ao tipo de intron foram avaliados (ou seja, introns que sdo substratos para cis-splicing - caixas verdes,
intros que sdo substratos para cis-splicing em transcritos processados por SLTS - caixas laranjas e introns que sio
substratos para SLTS - caixas roxas) de acordo com a posi¢do do intron no transcrito (ou seja, introns em transcritos
monointrénicos, primeiro intron, intron interno, e tltimo intron).

Ao conjunto de sequéncias intronicas previamente descritas aplicamos

um algoritmo de predigdo de potenciais sitios aceptores e doadores de splicing e
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vimos que a forg¢a dos sitios doadores de splicing aumenta ligeiramente de 5’
para 3, e esta forca é particularmente fraca no caso dos transcritos
monointronicos onde o intron sofre cis-splicing (caixa verde na Figura 30A). Ja
para os sitios aceptores, verificamos que estes sdao geralmente mais fortes nos
introns utilizados como substrato para SLTS do que nos introns utilizados no cis-
splicing, e essa diferenca diminui de 5’ para 3’. Essa for¢a é especialmente
reduzida nos transcritos monointronicos, onde o SLTS ocorre no outron (caixa

verde na Figura 30B).
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FIGURA 30 - CARACTERISTICAS DOS SiTIOS DE SPLICING SUBDIVIDIDAS DE ACORDO COM A CLASSIFICACAO DO
INTRON E SUA POSICAO RELATIVA NO TRANSCRITO. Distribuicio dos scores de sitios doares (A) e aceptores (B) de
splicing em relagdo ao tipo de intron (ou seja, introns que sdo substratos para cis-splicing - caixas verdes, intros que sdo
substratos para cis-splicing em transcritos processados por SLTS - caixas laranjas e introns que sdo substratos para SLTS
- caixas roxas) de acordo com a posi¢do do intron no transcrito (ou seja, introns em monointrdnicos, primeiro intron,
intron interno, e ultimo intron). Os boxplots mostram a distribui¢do dos log-odds scores, ou seja, a for¢a do sitio de splice,
computado por um modelo de Markov treinado para sequéncias de sitios de splice.

Para avaliar as caracteristicas dos pontos de ramificacdo (branch point),
aplicamos as sequéncias intronicas anotadas diferentes modelos integrados no
programa SVM-BPfinder e vimos que o score para os branch points nao variam
substancialmente entre as diferentes classes de introns (Figura 31A). Entretanto,

vimos que a distancia entre os branch points e o sitio de splice 3’ tendem a ser
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maiores nos introns processados por SLTS, especialmente se considerarmos
transcritos monointronicos e os primeiros introns (Figura 31B). Ainda, vimos
que introns que sofrem cis-splicing mostram uma zona de exclusdao AG reduzida
(caixa verde na Figura 31C), assim como o tamanho do trato de polipirimidina
(caixa verde na Figura 31D). Em introns processados por SLTS, o trato de
polipirimidina é mais préximo ao branch point (Caixa roxa na Figura 31E) e mais
rico em polipirimidinas (Caixa roxa na Figura 31F). Trabalhos prévios
mostraram que o tamanho do trato de polipirimidina é importante para a
ocorréncia de reagdes de splicing in vitro (BINDEREIF; GREEN, 1986) e Coolidge
e colaboradores (1997), utilizando experimentos com mutagdes sitio-dirigidas,
propuseram que tratos de polipirimidinas compreendendo 11 uridinas
continuas sdo tratos muito fortes, e que nestes casos, a posicao do trato de
polipirimidinas entre o sitio de ramificacdo e o sitio aceptor 3’ ndo é importante.
Em contraste, a diminuicdo do ndmero de uridinas para cinco ou seis residuos
faz com que haja a necessidade de o trato de polipirimidinas estar localizado
imediatamente adjacente ao AG para que haja uma maior eficiéncia. De forma
analoga, vimos uma alta frequéncia de uridinas em regides intronicas préximas
aos sitios aceptores de SLTS comparadas aos sitios aceptores de cis-splicing em
transcritos processados por SLTS ou aos sitios aceptores de cis-splicing em

transcritos processados por cis-splicing (Figura 28 e Figura 31).
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FIGURA 31 - CARACTERISTICAS DOS SITIOS DE RAMIFICACAO SUBDIVIDIDA DE ACORDO COM AS
CARACTERISTICAS DO INTRON E SUA POSICA0 RELATIVA NO TRANSCRITO. Considerando o primeiro branch point a
partir do sitio de splice 3’, caracteristicas diferentes relacionadas ao branch point sdo mostrads separadamente de acordo
com tipo de intron (ou seja, introns que sdo substratos para cis-splicing - caixas verdes, intros que sido substratos para cis-
splicing em transcritos processados por SLTS - caixas laranjas e introns que sdo substratos para SLTS - caixas roxas) de
acordo com a posi¢do do intron no transcrito (ou seja, introns em transcritos monointronicos, primeiro~, interno~, e
ultimo introns). A - Branch point score; B - Distancia do sitio de splice; C - Zona de exclusdo AG; D - Tamanho do trato de
polipirimidina; E - Distancia do trato de polipirimidina relativo a adenina; F - Contetido de polipirimidina.
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Essas informag¢des mostram que introns que sdo substrato para SLTS sdo
geralmente mais longos (Figura 29), exibem um indice aumentado na
identificacdo de sitios de splicing (Figura 30), e que os tratos de polipirimidina
estdo mais préoximos ao ponto de ramificacdo, assim como com um contetdo
mais rico de polipirimidinas do que os introns que sdo substratos para o cis-
splicing (Figura 31). As nossas observag¢des confirmam estudos semelhantes
realizados em T. brucei (SIEGEL; TAN; CROSS, 2005) que mostram que introns
que sofrem cis-splicing sdo mais curtos e com tratos de polipirimidinas menos

desenvolvidos. Os nossos resultados mostram que eventos de SLTS em sitios de
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splice além da por¢do 5’ do transcrito (SLTS em introns) ndo sao uma observacao
casual, mas apresentam caracteristicas particulares com implicagdes sobre o
mecanismo de trans-splicing.

Em organismos onde cis-splicing e trans-splicing co-existem, nao esta
claro como o sitio 5’ doador do SL RNA se associa de forma eficiente com o sitio
3’ aceptor no pre-mRNA e como é decidido quando um sitio de splicing sera
substrato para cis-splicing ou trans-splicing. A decisao pode depender da
presenca de sitios 5’ canonicos de splicing e pode ser modulada por fatores como
a U1 snRNP e certas proteinas SR em tripanosomatideos (LIANG et al., 2003). Em
Ascaris lumbricoides, estudos recentes identificaram duas proteinas SL RNP
especificas, sendo que uma delas interage com a SF1/BBP ( proteina ligadora do
branch point ) e a associacdo entre essas proteinas e o branch point, juntamente
com U2AF65, explica como a ponte entre o SL RNA e os pre-mRNAs é feita em
nematoides (DENKER; ZUCKERMAN, 2002). Dessa forma, o spliceossomo
poderia ser visto como uma maquinaria Unica carregando tanto Ul quanto SL
RNP, com a ocorréncia da competicdo de ligacio entre Ul e SL RNP como
principal determinante para selecionar cis ou trans-splicing (LIANG et al, 2003).
Esses dados corroboram nossos achados em S. mansoni, onde caracteristicas que
favorecem um determinado sitio 3’ aceptor de splicing como substrato para o

mecanismo de SL trans-splicing foram destacadas.

4.11. 0O MECANISMO DE SLTS EM DIFERENTES FASES DO CICLO DE VIDA DOPARASITO S.

MANSONI

4.11.1.GENES IDENTIFICADOS: COMPARACAO ENTRE AS REPLICAS BIOLOGICAS E 0S

DIFERENTES TIPOS DE CONJUNTO DE DADOS
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Para analisarmos se o mecanismo de SLTS pode ser regulado de forma
diferencial entre as fases do ciclo de vida de S. mansoni, n6s construimos
bibliotecas de duas réplicas bioldgicas de 4 diferentes estagios do ciclo de vida
do parasito (adulto, esquistossomulo, miracidio e esporocisto) enriquecidas em
transcritos processados por SLTS. Foi observada uma forte correlagdo
quantitativa entre as replicatas bioldgicas de adulto (PCC = 0,91, Figura 324A),
esquistossomulo (PCC = 0,98, , Figura 32B) e miracidio (PCC = 0,94, Figura 32C),
assim como qualitativa, pois tiveram respectivamente cerca de 59%, 53% e 48%
dos loci identificados compartilhados pelas réplicas bioldgicas. Ja as bibliotecas
de esporocisto (PCC = 0,89, Figura 32D) apresentaram somente 39% de
compartilhamento dos loci identificados. Esses dados enfatizam a qualidade dos
dados gerados.

Para avaliar a semelhanga global entre as amostras e averiguar a
qualidade das réplicas bioldgicas, utilizou-se a funcao plotPCA, disponivel no
pacote DESeq2 que emprega o algoritmo Andalise de Componentes Principais
(PCA). Para evitar que a medida de distancia seja dominada por genes altamente
variaveis, e que exista uma contribuicdo equilibrada de todos os genes,
utilizamos uma funcdo implementado pelo pacote DESeq2, denominada

transformacao de estabilizagao da variancia (VST).
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Apesar das duas réplicas biolégicas de cada fase agruparem-se em
conjunto, como pode ser visto na Figura 33, as réplicas biolégicas da fase
esporocisto sdo bastante diferentes entre si e se mostram heterogéneas das

demais, o que pode enviesar a analise.

Adulto

Miracidio
Esquistossémulo
Esporocisto

PC2

PC1

FIGURA 33- COMPARAGCAO ENTRE AS AMOSTRAS. -Anélise de componentes principais (PCA) entre as amostras ap6s
transformagio da estabiliza¢do da varidncia.

O diagrama de Venn a seguir na Figura 34 ilustra a relacdo entre o
numero de genes identificados nas diferentes fases do ciclo de vida do parasito.
O circulo em verde representa os transcritos identificados na biblioteca
correspondente a fase esquistossomulo (maior nimero de reads e, portanto,
maior numero de genes identificados), enquanto os circulos amarelo, vermelho e
azul representam respectivamente as fases esporocisto, miracidio e adulto. O

numero de genes em comum identificados entre as diferentes fases foi 1.384.
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EsquistossOmulo Miracidio
Adulto 845 421 Esporocisto

942 145

1384
217

106
62

FIGURA 34 - DIAGRAMA DE VENN REPRESENTANDO OS TRANSCRITOS IDENTIFICADOS NAS BIBLIOTECAS DAS
DIFERENTES FASES DO CICLO DE VIDA DE S. MANSONI. O circulo em azul representa o conjunto de transcritos
identificados na fase adulto. O circulo em verde, na fase esquistossdmulo em vermelho na fase miracidio e o circulo em
amarelo representa o conjunto de transcritos identificados na biblioteca esporocisto.

4.11.2.EXPRESSAO DIFERENCIAL DE GENES PROCESSADOS POR SLTS ENTRE

DIFERENTES FASES DO PARASITO

Para testar a expressdo diferencial dos genes que sofrem SLTS entre as
quatro diferentes fases, utilizamos o pacote estatistico DESeq2 (ANDERS;
HUBER, 2010). Utilizando um valor de cutoff de pBH-ajustado < 0,01 e de
|log2FoldChange| = 1 foram observados varios genes fase-especificos, assim
como genes que tiveram expressdo aumentada ou diminuida entre as fases,
indicando a importancia desse tipo de processamento pdés-transcricional na
regulacdo da expressdo génica do parasito em suas diferentes fases do ciclo de
vida. Foram encontrados 164 genes processados por SLTS diferencialmente
expressos (DEG) entre as fases adulto e miracidio, 72 entre as fases adulto e
esquistossomulo, 639 entre adulto e esporocisto, 40 entre esquistossomulo e
miracidio, 645 entre esquistossomulo e esporocisto e 418 entre esporocisto e

miracidio . A Figura 35 ilustra a relagdo entre o nimero de DEG entre as diversas
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condig¢des avaliadas, representados por pontos azuis e os demais, representados

por pontos vermelhos.

Adulto_vs_Esporocisto Adulto_vs_Esquistossomulo Adulto_vs_Miracidio

\-. .é' % » N -

Esporocisto_vs_Miracidio Esquistossomulo_vs_Esporocisto Esquistossomulo_vs_Miracidio

-log10 p-value adjusted

[ - 4 -

-10 0 10 -10 0 10 -10 0 10

log2 fold change

FIGURA 35 - GENES PROCESSADOS POR SLTS DIFERENCIALMENTE EXPRESSOS ENTRE AS DIFERENTES FASES DO
CICLO DE VIDA DE S. MANSONI. A expressao dos genes processados por SLTS foi avaliada em cada uma das quatro fases
do ciclo de vida do parasito e comparadas para determinar os DEG entre as fases, representados por pontos azuis. Eixo y
representa a significancia do teste estatistico (-log 10 p-value) enquanto o eixo x representa a razio entre os valores de
expressdo estimados em cada condig¢doo testada (log 2 fold change).

4,11.1.CLASSES GENICAS FUNCIONAIS DIFERENCIALMENTE REPRESENTADAS

ENTRE AS FASES

Os genes diferencialmente expressos (DEG) identificados em cada comparagao
entre as fases foram utilizados para verificar a presenca de fun¢des bioldgicas
enriquecidas: Na comparagdo entre as fases Adulto x Esquistossomulo e
Esquistossdomulo x Miracidio, nenhuma classe foi encontrada enriquecida (Figura
36D, respectivamente). Ja para as fases Adulto x Miracidio, a classe génica
“Transducdo de sinal” apresentou-se enriquecida (p-value < 0,003, (Figura 36A).
Na comparacdo entre Adulto x Esporocisto, vimos que as classes “Metabolismo

Intermediario” (p-value < 0,0006), “Metabolismo de Nucleotideos” (p-value <
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0,04), “Exportacao Nuclear” (p-value < 1,05086E-05), “Maquinaria de Sintese
Proteica” (p-value < 0,009), “Maquinaria de Transcricao” (p-value < 0,016),
“Elementos Tramponiveis” (p-value < 0,011) e “Desconhecidos” (p-value < 0,04)
encontraram-se enriquecidas (Figura 36C). As classes “Exporta¢do Nuclear” (p-
value < 0,0002), “Maquinaria de Sintese Proteica” (p-value < 5,98E-05),
“Secretados” (p-value < 0,015), “Maquinaria de Transcri¢do” (p-value < 0,001),
“Transportadores/Estoque” (p-value < 0,003) e “Desconhecidos” (p-value <
0,03) encontraram-se enriquecidas na comparacdo entre o0s genes
Esquistossomulo e Miracidio (Figura 36E). Para as fases Esporocisto x Miracidio
(Figura 36F) vimos que as categorias “Metabolismo Energético” (p-value < 0,02),
“Metabolismo intermediario” (p-value < 0,04), “Exportacdo Nuclear” (p-value <
1,099E-09), “Maquinaria de Sintese Proteica” (p-value < 0,005),
“Transportadores/Estoque” (p-value < 0,014) e “Elementos Transponiveis” (p-

value < 0,041) encontram-se diferencialmente representadas entre essas fases.

4.11.2.CATEGORIAS GENICAS E ANALISES DE AGRUPAMENTO

Com o objetivo de identificar genes que sdo processados por SLTS e co-
expressos, fizemos uma andlise de agrupamento com os padrdes de expressao
dos 1.000 genes com a maior média de contagem entre as fases. Para tanto, os
valores de contagens foram transformados utilizando o algoritmo VST
implementado no pacote DESeq2. Na Figura 37 é possivel observar um
dendograma na parte superior, mostrando o agrupamento das amostras. Este
procedimento também reflete a grande diferenca entre as amostras de
esporocistos com relagdo as demais. No canto esquerdo da figura é possivel

observar o agrupamento de genes que possuem padroes de expressao
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semelhantes. O dendograma foi aparado em trés grandes grupos génicos,
coloridos em vermelho, azul e verde (Figura 37). Como previsto, com base nas
alteragcdes morfologicas e ambientais encontradas nos diferentes estagios do
desenvolvimento de S. mansoni, existem diferencas claras no padrdao de
processamento de genes por SLTS entre os estagios (Figura 37).

As categorias significativamente enriquecidas nos diferentes grupos sao
descritas na Tabela 10:

O Grupo 1, representado em vermelho nas figuras 39 e 40, apresenta a
categoria “Maquinaria de sintese proteica” enriquecida. Esta classe génica esta
mais expressas em esporocistos em relacdo as outras fases. O estagio esporocisto
reside no caramujo (hospedeiro intermediario) e a fungao bioldgica chave desta
fase do ciclo de vida é apoiar a diferenciacdo e desenvolvimento de um grande
numero de cercdrias, que é a fase larval aquatica infectante do hospedeiro
mamifero. Durante a fase de esporocisto muitos dos transcritos mais expressos
estdo relacionados com produtos génicos que atuam na sintese de proteinas em
geral (subunidades ribossomais 40S e 60S, fator de alongamento), e no correto
dobramento das proteinas (JOLLY et al., 2007).

O Grupo 2 apresentam genes enriquecidos nas classes “Maquinaria de
sintese Proteica”, “Maquinaria de Transcricao” e “Metabolismo de Nucleotideos”
(representado em azul nas figuras 39 e 40). Estes genes encontram-se menos
expressos em esporocisto e expressos em maior intensidade na fase adulta.

Ja o Grupo 3, representado em verde nas figuras 39 e 40, encontra-se
enriquecido em genes relacionados com a “Maquinaria de modificacdo proteica”
e “Metabolismo oxidantes/detoxificacdo”, apresentando muitos genes de

proteinas relacionadas ao proteassomo, uma vez que na fase adulta o parasito
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passa por grandes estresses oxidativos causados pelo sistema imune humano e
pelo seu proéprio metabolismo, e o sistema proteassomal é responsavel pela

homeostase proteica durante o estresse oxidativo (DE PAULA et al., 2014).
TABELA 10- CLASSES ENRIQUECIDAS ENTRE 0OS CLUSTERS GENICOS. (p-value < 0.05, teste x2)

Grupol Grupo2 Grupo 3

Citoesqueleto

Matrix extracelular/ adesao celular
Imunidade X X
Metabolismo de aminoacido
Metabolismo de carboidrato
Metabolismo energético X
Metabolismo intermediario
Metabolismo de lipideos
Metabolismo de Nucleotideos X
Exportac¢do do nucleo
Regulag¢do do nucleo

Metabolismo oxidantes/detoxificacdo X
Maquinaria do Proteasomo X
Maquinaria de exportagdo proteica X
Magquinaria de modificacdo proteica X
Maquinaria de sintese proteica X X X
Secretado X X
Transducao de sinal X X
Transducao de sinal, apoptose X

Estoque

Fator de transcrigao

Maquinaria de transcricdo X X
Transportadores/ estoque X X X
Elementos transponiveis X X X

Desconhecido X
Desconhecido, conservado
Viral
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FIGURA 37 - HEATMAP MOSTRANDO A CLUSTERIZACAO HIERARQUICA ENTRE AS AMOSTRAS DE DIFERENTES
ESTAGIOS DE DESENVOLVIMENTO E 0S GENES. Foram utilizados 1000 dados dados de expressdo apés transformedo por
estabilizagdo de varidncia. Utilizando-se a ferramenta cutree separamos os dados de expressdo em quatro grandes clusters
génicos de co-expressdo, identificados pelas cores amarelo, verde, rosa e roxo. Genes super-expressos sdo mostrados em

vermelho e genes de baixa expressdo em azul. As linhas em branco representam auséncia de uma regulagdo de ativagido ou
inibicdo.
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FIGURA 38 - CLASSIFICACAO FUNCIONAL DOS DOS GENES AGRUPADOS EM DIFERENTES GRUPOS DE ACORDO COM
0 SEU PADRAO DE EXPRESSAO NOS ESTAGIOS DE DESENVOLVIMENTO DO PARASITO.

4.11.3.SLTS ALTERNATIVO ENTRE 0S DIFRENTES ESTAGIOS DE

DESENVOLVIMENTO DO PARASITO.

Com o intuito de ESTUDAR a entrada alternativa da sequéncia do SL nos
transcritos processados por SLTS, nés avaliamos a expressao de cada exon nos
genes processados por SLTS, utilizando o pacote do bioconductor DEXSeq
v1.10.6. De forma surpreendente, vimos que o SLTS alternativo é regulado
diferentemente entre os estagios distintos do parasito. Na Figura 39A é possivel
observar a entrada alternativa do SL em relacdo as diferentes fases usando como

exemplo os genes Smp_006680 e Smp_008660. No gene Smp_006680 a entrada
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da sequéncia do SL ocorre no terceiro exon tanto para a fase adulta (linha em
verde) quanto para esquistossomulo (linha em laranja). Entretanto, na fase
esquistossomulo é possivel também observar a entrada da sequéncia do SL no
ultimo exon (exon 6), logo ap6s um intron longo (caracteristicas do mecanismo
de SLTS em S. mansoni ja discutidas anteriormente). Entretanto, na Figura 39B
podemos observar que o gene Smp_006680 é mais expresso na fase adulto do
que na fase esquistossomulo(PROTASIO et al, 2012), mostrando que ndo existe
uma correlacdo direta entre os niveis de expressao e a frequéncia de SLTS. Ja no
segundo exemplo, é possivel observar o processamento de SLTS ocorrendo no
exon 6, tanto na fase esquistossomulo (linha em laranja) quanto em esporocisto
(linha em azul), com entrada alternativa no ultimo exon para esquistossémulo.
Correlacionando com dados de expressdao génica (PROTASIO et al, 2012), é
notério que este gene encontre-se mais expresso em adulto do que em
esquistossomulo. Entretanto, o mesmo gene, apesar de muito expresso em
adultos, nao é processado por SLTS nesta fase. O SLTS alternativo tem sido
observado em diversos organismos: um estudo realizado em Leishmania major
(RASTROJO et al,, 2013) mostrou que 50% dos genes no parasito possuem sitios
de inser¢do de SL adicionais e observacdes similares ja foram reportadas em
estudos de RNA-Seq para T. brucei (NILSSON et al., 2010), C. elegans (ALLEN et
al, 2011) e C. intestinalis (MATSUMOTO et al., 2010). Entretanto, as fun¢des do
SLTS alternativo ainda ndo sao muito bem conhecidas. Existe um caso
documentado de SLTS alternativo do gene LYT1 em T. cruzi, cuja maturacdo
alternativa pela entrada da sequéncia do SL permite a expressdo de uma
isoforma proteica que apresenta propriedades funcionais e localizagcdo celular

diferentes (BENABDELLAH; GONZALEZ-REY; GONZALEZ, 2007). Outras func¢des
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propostas para o SLTS alternativo sdo: inibicdo da traducgao, devido a falta da
AUG, mudanca de alvo devido a perda de peptideo sinal, sinal de localizacdo
celular ou sinal de ancoramento de membrana, exclusdo ou inclusdao de
elementos regulatérios como uORFs, que poderiam atuar na eficiéncia da
traducdo e estabilidade do transcrito e ainda uso alternativo de ORFs (NILSSON

etal,2010; SAITO et al, 2013).
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5. CONCLUSOES

Neste trabalho, nés apresentamos o primeiro estudo aprofundado do
mecanismo de SLTS no S. mansoni, no qual foram empregadas trés diferentes
metodologias para geracdo de dados. Isso permitiu um estudo minucioso dos
eventos de SLTS em cinco diferentes fases do ciclo de vida do parasito. Nossas
investigacbes demonstram que a técnica de SL Trapping permite a detec¢do de
uma ampla gama de transcritos e, principalmente, permite estudar os sitios de
insercdo da sequéncia SL. Ainda, foi observado que os dados aqui gerados
puderam ser reproduzidos empregando as outras metodologias utilizadas nesse
trabalho, RNA-Seq Filtered e SL Enriched, pois houve uma grande sobreposicao
dos transcritos identificados nesses conjuntos de dados, além da confirmacao de
resultados prévios obtidos utilizando-se a técnica de RNA-Seq. Adicionalmente,
esta técnica estendeu o limite de resolucdo do transcriptoma processado por
SLTS em uma profundidade sem precedentes, permitindo-nos explorar uma
pluralidade de eventos raros de SLTS, que ndo foram contemplados em estudos
prévios. Dessa forma, nossas andlises indicam que cerca de 77% dos genes
codificadores de proteinas em S. mansoni podem sofrer processamento por SLTS
em alguma fase de seu ciclo de vida. A geracao das bibliotecas de SL Trapping
também permitiram a deteccdo de novos genes candidatos, destacando a
relevancia desta abordagem como uma fonte de informa¢do para melhorar a
anotacao do genoma do parasito.

Em nosso estudo identificamos 32 loci no genoma contendo a sequéncia
do SL, sendo que 11 desses sitios puderam ser associados a genes que

possivelmente sofreram uma retro-transcrigio eventual apds processamento por

113



SLTS e posterior insercdo no genoma. Ainda, extendemos o nimero de 46
policistrons (PROTASIO et al., 2012) para um total de 65 transcritos dicistrénicos
e uma unidade tricistronica conhecidos atualmente no parasito. Foi também
observado que a mesma sequéncia do SL é utilizada no processamento tanto dos
transcritos monocistronicos quanto dos policistronicos. Como esperado, nao
observamos preferéncias para uma categoria funcional ou origem cromossémica
para os genes processados por SLTS, sugerindo que o SLTS é um mecanismo
ubiquo, capaz de atuar em genes envolvidos em diferentes vias metabodlicas em S.
mansoni.

Os resultados apresentados aqui mostram que a deteccdo de SLTS é
tecnicamente facilitada em genes de altos valores de expressdo, entretanto
observamos que genes de baixa expressao podem ser processados por SLTS com
uma frequéncia relativamente alta, ndo sendo possivel estabelecer uma
correlacdo direta entre a expressao génica e a frequéncia de SLTS em S. mansoni.
Mostramos também que genes que exibem maiores numeros de isoformas
decorrentes de splicing alternativo apresentam frequéncias menores de SLTS,
enquanto que genes com alto nimero de exons, mas com baixo nimero de
isoformas de cis-splicing comparativamente sao mais sujeitos ao processamento
por SLTS, sugerindo uma maior eficiéncia do spliceossomo na auséncia de
estruturas complexas de splicing competindo em cis. Apesar de a entrada da
sequéncia SL ocorrer principalmente no primeiro exon, foi apontado nesse
estudo que uma proporg¢do substancial dos eventos de SLTS em S. mansoni
ocorrem em introns e nossas investigacdes revelaram que existe uma
preferéncia de inser¢do da sequéncia SL nos introns que flanqueiam os exons das

extremidades 5’ e 3’ do transcrito, independentemente do tamanho do
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transcrito. Ainda foi possivel observar que o aumento do tamanho dos introns
pode favorecer a predisposicdo para o trans-splicing e que introns sujeitos ao
processamento por SLTS apresentam sitios aceptores mais fortes assim como um
trato de polipirimidina mais longo e com um contedldo mais rico em pirimidinas,
mostrando que varios fatores desempenham um papel fundamental na decisao
de quando um sitio de splicing sera substrato para cis-splicing ou trans-splicing.

Foi também ressaltada a existéncia de uma regulacdo diferencial do
mecanismo de SLTS entre os diferentes estagios de desenvolvimento de S.
mansoni. Esta regulacdo envolve a entrada alternativa da sequéncia do SL nos
transcritos gerando isoformas diferentes em diferentes fases, suportando a idéia
de que o trans-splicing alternativo tem uma fun¢ao importante na regulacdao do
desenvolvimento do parasito. Entretanto, o impacto do SLTS alternativo nos
produtos proteicos gerados em S. mansoni permanece desconhecida.

Por fim, esse trabalho mostra a importancia do mecanismo de SLTS na
regulacdo génica de S. mansoni, um parasita humano causador de uma doenga
importante e negligenciada. Compreender o mecanismo de SLTS pode auxiliar no
desenvolvimento futuro de uma ferramenta de intervencdo terapéutica

direcionada para os componentes especificos desse mecanismo em S. mansoni.
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Abstract
Background

Spliced leader dependent trans-splicing (SLTS) is a pre-RNA maturation
process that occurs in diverse organisms, including the trematode parasite
Schistosoma mansoni. Several functional roles have been assigned to SLTS, but for S.
mansoni specifically, its importance as a post-transcriptional regulatory mechanism

has not been determined.

Results

Using a focused strategy to capture transcripts that harbor the SL sequence and
retrieving SL-containing reads from RNA-Seq experiments, we generated a broad
dataset of SLTS genes. From the results presented herein, we estimate that 56% of the
protein-coding genes expressed in the S. mansoni cercariae stage undergo SLTS. The
expression levels of the identified trans-spliced genes span several orders of
magnitude, which indicates that the mechanism is not particularly biased to a specific
set of genes based on their expression patterns. In addition, SL-containing reads
mapped to genes over a wide spectrum of functional classes emphasizes the notion
that the SLTS does not act on a particular gene category. Our analysis shows extensive
heterogeneity of SL acceptor sites along transcripts and intron attributes that can

distinguish them from cis-spliced introns.

Conclusions

Our results show that, in this parasite, SLTS does not selectively affect specific
gene categories and that gene expression is not the only determinant of SLTS
efficiency. Particularly for introns where SLTS competes with splicing in cis for the

acceptor substrate, we identified discriminating features that might impact the type of
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splicing used and serve as a basis for future studies on the trans-splicing mechanism.

Keywords

RNA-Seq, Spliced Leader Trans-Splicing, Alternative Trans-Splicing,

Schistosoma mansoni

Background

In contrast to conventional splicing in cis, trans-splicing joins exons of two
different primary transcripts from a priori unrelated genomic origins. One prominent
variant of trans-splicing, spliced leader trans-splicing (SLTS), has been reported in
several eukaryotic organisms of the rotifera, chordata, cnidaria, dinoflagellata,
euglenozoa, nematoda and platyhelminthes phyla [1]. Both cis- and trans-splicing
processes are catalyzed by the spliceosome, which is an aggregate of molecules
composed of small nuclear RNAs (snRNAs) that are associated with proteins [2].
Compared with cis-splicing, in SLTS, the spliced leader (SL) RNA substitutes for the
snRNA Ul function in the spliceosome [3, 4], which, in cis-splicing, recognizes a
special RNA signature, the splice donor site. SLTS is oriented and joins the SL exon
(as the 5’ splice donor counterpart) to the 3’ splice acceptor sequence in the target
RNA molecule. Therefore, mRNA produced by SLTS begins with the SL sequence
and lacks the original 5° UTR, which is referred to as the outron (reviewed in [1, 5,
6]). To form the intermediate Y-branch and lariat products, which are necessary for
SLTS and cis-splicing, respectively, both mechanisms require a branch point that is
located upstream of the acceptor site and is accompanied by an accessory

polypyrimidine tract to attract the splicing machinery.
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In recent years, several functions have been described for SLTS, such as
increased transcript stability by adding a specialized cap to mRNA, which is required
for transport and translation (reviewed in [5—7]); increased flexibility of the 5' end
transcript structures [8]; and regulation of gene expression by substituting start codons
during outron removal, which takes advantage of the alternative trans-splice sites [9].
Finally, the first and best characterized function of the SLTS, as described in
trypanosomatids [10], is the resolution of polycistronic transcripts into monocistronic
molecules for independent translation [11-14]. The same function was reported in
different organisms of other taxa; the best documented case is the nematode
Caenorhabditis elegans (reviewed in [15, 16]). Although polycistronic units may exist
in most organisms in which the SLTS mechanism is present, in many cases, most

trans-spliced mRNAs are not from polycistronic transcripts (reviewed in [5]).

Traditional reports on the SLTS mechanism suggest that it always occurs at the
5’-terminal exon of a gene based on the premise that the presence of cis-splicing
signals, such as upstream donor sequences, can disturb the SLTS process. However,
recently published articles have reported SLTS at sites distal to the 5’-end of
transcripts [16, 17], which suggests that the splicing machinery can interpret long
introns as outrons, because the likelihood of SLTS in an intron increases with its size
[16]. Reporter gene assays in 7. brucei indicate specific attributes of the
polypyrimidine tract and branch point associated with SLTS [18], and in Ciona
intestinalis, substantial proportions of the SLTS targets are described as cryptic sites

near the respective main trans-spliced acceptor [19].

The flatworm S. mansoni is the predominant etiologic agent of the neglected
tropical disease schistosomiasis in Africa and Brazil. The disease is classified as the

second most socioeconomically devastating in the world (after malaria), and it affects
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over 243 million people in 78 countries [20, 21]. SLTS in S. mansoni uses a 36 nt SL
exon derived from non-polyadenylated 90-nt-long SL RNA [22] and is not clearly
associated with a specific gene category, subcellular localization or life-cycle stage
[17,23]. Particular case studies demonstrate alternative trans-splice sites in the 3-
hydroxy-3-methylglutaryl CoA reductase gene transcript and, more recently, in the
ubiquinol-cytochrome C reductase complex ubiquinol binding protein (UbCRBP)
gene transcript [17, 23]. Davis and Hodgson [24] introduced the UbCRBP/enolase
gene model as a proof-of-principle for the presence of polycistrons that undergo trans-
splicing in S. mansoni, which Protasio and colleagues [25] extended to 46 potential
polycistronic units with intergenic distances up to 200 bp based on analyses of whole-
transcriptome RNA-Seq experiments. These studies suggest a limited scope for the
SLTS mechanism in S. mansoni and seem to underestimate the true impact of this
phenomenon on schistosome biology considering its complex life cycle, which
requires intricate transcription and post-transcription gene regulation mechanisms

[26].

To better characterize the SLTS mechanism in S. mansoni and account for its
importance as a regulatory mechanism in this parasite, we performed a comprehensive
study by combining two different strategies, mainly focusing on transcripts from
cercariae, adult worms and schistosomulae. To the best of our knowledge, our SLTS
data are the most representative for S. mansoni and were extensively analyzed, which
supports the conclusions on the role of the SLTS mechanism in this organism. Such
observations may be further extended to organisms from other taxa for which the
SLTS mechanism has been characterized and may contribute to constructing a more

thorough understanding of SLTS evolution and function in eukaryotes.
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Results and Discussion

Directed capture of SL-containing transcripts was used to provide a

comprehensive landscape of SLTS in S. mansoni

To explore the functions of the SLTS mechanism in S. mansoni, we used two
approaches. (i) From the publicly available RNA-Seq experiments, which include
approximately 250 million reads from different S. mansoni life-cycle stages, we
retrieved 91,188 reads containing the 36-nucleotide SL sequence, herein referred to as
the RNA-Seq Filtered dataset (Additional file 1: Table S1). (ii) We produced two
biological replicates of a SL Trapping experiment performed using RNA from the
cercariae stage and targeting transcripts containing the SL sequence (herein referred to
as “Trapping 1” and “Trapping 2” datasets with 11,520,178 and 30,332,894 reads,
respectively). From these data, 34,929,746 reads (83%) were uniquely mapped to the

. th .
S. mansoni reference genome (5 version).

We observed a marked reproducibility between the SL Trapping datasets: 70%
(6,586) of the 8,506 genes detected in Trapping 1 and 7,495 genes from Trapping 2
overlap (Additional file 1: Fig. S1A). Additionally, the SLTS genes in the two datasets
exhibit a strong quantitative correlation (0.86 Pearson correlation coefficient - PCC,
Additional file 1: Fig. S1B). We expected the SLTS signals from filtering the RNA-
Seq data to be much weaker (<0.04% of the total RNA-Seq reads contain the SL
sequence), and accordingly, we only retrieved 2,459 SL-containing transcripts from
the whole-transcriptome RNA-Seq datasets. However, despite their distinct origins,
the Trapping datasets combined include 95% of the trans-spliced transcripts contained
in the RNA-Seq Filtered dataset (Fig. 1A). The absence of the remaining 5% (123) of
transcripts (Fig. 1B) in the SL Trapping datasets can be explained by the presence of

RNA from 2 other stages (schistosomulae and adult worms) in the RNA-Seq Filtered

6
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dataset, whereas the Trapping datasets only contain cercariac RNA. Merely 22
transcripts exclusively from the RNA-Seq Filtered dataset are expressed in cercariae

(Fig. 1B).

For further analyses, we curated the data and considered only the loci
identified in both Trapping replicates with at least 10 counts. From the total number of
9,415 loci, 5,443 remained after the curation (Fig. 1C), which represents
approximately 58% of the loci. Despite the heterogeneous origins of the experimental
material (cercariae versus cercariae, schistosomulae and adult mixed genders), the
final Trapping datasets cover approximately 85% of the RNA-Seq Filtered dataset
(Fig. 1C). An interesting observation is that the 2,081 genes (Fig. 1C) shared by both
the Trapping and RNA-Seq Filtered datasets are frequently trans-spliced genes (507
read counts on average among the genes shared by the Trapping and Filtered datasets
versus a 44 read counts on average for the genes exclusively detected in the Trapping
datasets), which reinforces the importance of the SL Trapping strategy as a method for
capturing rare trans-spliced transcripts. Quantitatively, the Trapping and Filtered
datasets exhibit a moderate correlation (PCC= 0.5, Fig. 1D), and in general, the genes
identified in both datasets share the same SL insertion sites (Fig. 2A and B). For
example, we analyzed the SLTS signals through the [GeneDB:Smp_034190.1] gene
(Fig 2A), which shows consistently strong trans-spliced signals at the 5’- and 3’-
terminal exons in all datasets. While the RNA-Seq Filtered dataset exhibits a strong
signal for exons 2 and 3, the signal was not reproduced in the SL Trapping dataset,
most likely due to the limited types of life-cycle stages assessed. In contrast, the SL
Trapping datasets exhibit a weak trans-splicing signal in exon 5, which was not
observed in the RNA-Seq Filtered dataset, most likely due to its limited sensitivity.

Additionally, all of the datasets exhibit a weak trans-splicing signal in exon 4. Taken



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

together, our results demonstrate that SL Trapping is a powerful and reproducible
technique that detects signals similar to the signals produced using classical RNA-Seq
approaches, but at an incomparably higher resolution. This approach can also detect

additional, important, and low-frequency SLTS events.

In assessing the frequency of the SLTS mechanism, we identified 5,443 SL-
containing transcripts in cercariae, representing 43% of the 12,659 genes expressed in
cercariae. The proportion increases to 56% when protein-coding genes are considered
(4,467 trans-spliced genes from a total of 7,987 protein-coding genes expressed in
cercariae). These numbers are substantially higher than previous estimates that
indicate approximately 10% trans-spliced genes in schistosomes by Davis and
colleagues [23], who focused on a small subset of genes, and by Protasio and
colleagues [25], who exclusively employed a standard RNA-Seq approach. Our
observations are consistent with studies in the nematode C. elegans and in the
urochordata C. intestinalis, wherein 70% [16] and 58% [19] of all transcripts undergo
SLTS, respectively. The catalogue of S. mansoni SLTS events presented herein is
expected to be further extended as we focused predominantly on the cercariae stage
and the expression of trans-spliced genes is known to vary according to changes in

environmental conditions [17] and along the parasite life-cycle [26].

Among the trans-spliced genes identified, 749 are putatively novel genes (20%
of which are shared by both datasets) because they do not match the currently
annotated gene models. Additionally, 17 of the trans-spliced genes are ncRNAs,
primarily rRNAs. Taken together, these results demonstrate that in addition to
providing a comprehensive understanding of the SLTS mechanism in the parasite, the

SL Trapping approach serves as a complementary tool for transcriptome annotation.

Features of the SLTS mechanism in S. mansoni
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In dinoflagellates, it has been shown that certain genes acquired multiple in
tandem SL sequences that may have arisen from the reverse transcription of
previously trans-spliced transcripts and the subsequent reinsertion of the
corresponding cDNA in the genome [27]. By scanning the S. mansoni genome for the
SL sequence, in addition to the five SL RNA genes annotated in the 5™ version of the
S. mansoni genome and seven non-annotated putative SL RNA genes, we detected 32
additional loci in the genome that include either full or partial SL sequences. Of these
loci, 11 matched previously annotated genes, and after we re-annotated the S. mansoni
transcriptome, we associated 6 genome-encoded SL sequences to transposable
elements (Additional file 1: Table S2). Presumably, these transposons correspond to
trans-spliced retro-transcribed elements because 40% of the S. mansoni genome is
composed of repetitive regions, such as retrotransposons [28], and these elements are
particularly active at the cercariae and schistosomulae stages [29]. Seventeen genes
that contain the spliced-leader portion on their genomic sequences are not currently
annotated as S. mansoni genes, which indicates the existence of additional gene loci
that contain the SL sequence. Through subsequent analyses of the SLTS mechanism,

we discarded the aforementioned genes that contain genome-encoded SL sequences.

Next, to investigate whether certain S. mansoni trans-spliced transcripts
originated from the processing of polycistronic units, we assessed the transcriptome
annotation to search for putative polycistron components that may be resolved
through SLTS. Of the 139 proposed polycistrons (gene clusters with intergenic
distances up to 200 bp in the S. mansoni transcriptome), we identified 65 bona fide
dicistronic and one tricistronic units (including 34 of the 46 previously identified
polycistrons, Additional file 2) with the SL sequence as evidence that they were trans-

spliced [25]. Putative polycistronic units are predominantly located at chrl (25.75%
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of all polycistrons), chrW (22.72%) and chr4 (15.15%), in contrast to the remaining
trans-spliced genes, which reflect the overall chromosomal distribution of all genes
expressed in cercariae and the chromosome sizes. Although the 133 polycistronic unit
gene components account for approximately 2% of the 5,821 trans-spliced genes, our
observations should be considered a lower boundary on the actual number of
polycistronic clusters because polycistron gene components with incomplete 5’ or 3’
transcript annotations that are separated by unusually large spacers or not expressed in
our dataset would have escaped our observations. Moreover, our threshold is
supported by the average distance between the genes, which is 99 bp (min= 1 bp,
max= 200 bp). Most polycistron gene components are conserved; 23% are
monoexonic transcripts, 131 are protein-coding genes; and two are rRNAs. Figure 2B
shows an example of a putative polycistron [GeneDB:Smp_173910.1 and
GeneDB:Smp_094470.1], which was identified as a dicistron based on the intensity
and distribution of trans-spliced signals at the 5’-end of the downstream gene
[GeneDB:Smp_094470.1].

To further analyze the characteristics that discriminate genes subject to SLTS
from all protein-coding genes expressed in the cercariae stage, we analyzed the gene
function of 5,057 protein-coding, trans-spliced genes and compared the functions to
the 7,987 protein-coding genes expressed in cercariae. Employing a clustering
algorithm to a customized set of protein functional categories, we found that in
general, the different functional categories for the trans-spliced genes do not differ
significantly from all protein-coding genes expressed in cercariae, except in the
“Unknown” and the “Transcription factor” functional categories (p-value < 0.024 and
p-value < 0.0003, respectively, Chi-square test; Fig. 3). Additionally, the trans-spliced

genes did not exhibit significant enrichment in a specific KEGG (Kyoto Encyclopedia
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of Genes and Genomes) pathway [30], which demonstrates that SLTS-derived gene
products act on essential pathways (Additional file 1: Fig. S2). This result is expected
because SLTS in S. mansoni is not likely associated with a particular tissue,
developmental phase or gender or with specific genes or gene families [17, 23, 31].
Our findings are consistent with recent transcriptomic studies in Eutreptiella sp.,
wherein the authors reported that the trans-spliced genes are functionally diverse and
thus characterized the SLTS as a ubiquitous mechanism in this euglenoid algae [32].

Attributes of trans-spliced genes

In C. elegans, gene expression positively correlates with trans-splicing
frequency [16]. Accordingly, we assessed the correlation between gene expression and
SLTS mechanism efficacy and estimated the expression levels of all trans-spliced
genes identified in the S. mansoni cercariae RNA-Seq experiment. We observed a
trend of higher expression of trans-spliced genes since the median normalized
expression value of the trans-spliced genes is approximately 5-fold greater than the
expression of non-trans-spliced genes (32.3 versus 161.2, p-value < 2.2 x 10-"%in a
two-sample Kolmogorov-Smirnov Test, Fig. 4A). However, Figure 4B shows highly
expressed genes that are rarely trans-spliced, and vice-versa (lower-right and upper-
left quadrants, respectively). Our analysis reveals log-normally distributed gene
expression levels for the overall transcriptome (pink histogram in Fig. 4C), but the
frequencies of transcripts undergoing trans-splicing deviate from a log-normal
distribution (blue histogram in Fig. 4C), which confirms our observations that certain
genes present particularly high/low SLTS frequencies. In summary, although the
frequency for trans-splicing events increases as expected with a rise in gene
expression, our results show that the efficiency of the SLTS process is not solely

determined by the transcription rate of a gene, which suggests that particular
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mechanisms facilitate or hinder trans-splicing.

To further investigate the connection between gene expression and SLTS
frequency, we investigated the features that discriminate genes with low expression
and an associated high number of SLTS events (trans-splicing-driven — TSD) from
genes with high expression and a low number of SLTS events (gene-expression-
driven — GED). Thus, we selected 2,400 outliers (1,200 outliers from the upper-left
quadrant and 1,200 outliers from the lower-right quadrant of Fig. 4B). As observed,
there are no significant preferences for a certain chromosomal location in either GED
or TSD genes compared with the overall gene expression by chromosomes (Fig. 5A).
Based on an analysis of the entire S. mansoni transcriptome, most genes are expressed
as a single isoform or a few isoforms with alternative cis-splicing, and only a few
genes originate multiple transcript isoforms. The same phenomenon was observed for
GED genes (Fig. 5B). In contrast, we observed significantly less alternative cis-
splicing in TSD genes (p-value= 0.08, two-sample Kolmogorov-Smirnov Test), most
of which exhibited no more than three alternative isoforms per gene. Similarly, most
S. mansoni transcripts throughout the transcriptome were derived from genes with one
or few exons (Fig. 5C). GED and TSD include fewer single-exon genes than the entire
transcriptome, and these two categories exhibit more genes with a moderate to high
number of exons (p-value= 0.0005 for both, GED and TSD genes). Therefore, our
results show that both GED and TSD genes are highly complex considering the
number of exons that comprise a gene. However, while the higher number of exons in
GED genes correlates to more alternative splice isoforms, TSD genes include fewer
alternative transcripts compared to the number of exons, which suggests a higher

SLTS frequency in the absence of strong signals to drive alternative cis-splicing.

Comparisons between SLTS and cis-splicing
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In contrast to the classical notion that the first exon is the only substrate for
SLTS [15], we observed many SLTS sites located far downstream of the annotated
transcription start sites. We observed that merely 18% of all SLTS events occur at the
first exon acceptor site and that the other 82% of events occur at other exons
(Additional file 1: Fig.S3). A quantitative analysis confirmed that SLTS events in the
first exons are significantly more frequent, with a mean reads count of 2,295 SLTS
events in the first exon versus a mean count of 1,035 events for other exons in the SL
Trapping dataset. Interestingly, the SLTS acceptor sites in introns exhibit greater
sequence conservation compared with SLTS acceptor sites in the 5’-end transcript
region (outrons) (Additional file 1: Fig.S4A). Remarkably, the frequency of canonical
AG dinucleotides in the outron/exon border was lower in SLT'S sites, and another
dinucleotide (TG) was also observed at this position (Additional file 1: Fig.S4B). Our
observations are consistent with previous reports [15], which suggest that trans-
splicing is less constrained than cis-splicing in internal exons and more permissive at
acceptor sites around the transcription start sites, most likely due to the absence of
competition with splice donor substrates in cis. Previous reports on 7. brucei [9] show
that 20% of the minor trans-splice acceptor sites contained a dinucleotide other than
AG. The dinucleotide GG occurred in 7% of these sites, while TG, AA, GA and AC

were observed in 2% of the minor splice sites.

Upon further analysis, we also observed an abundance of SLTS events at
different introns of transcripts, which is highly consistent with the annotated acceptor
sites and reflects canonical splice site signals reasonably well. Grouping SLTS events
by exon position within the transcripts revealed a preference for SLTS at the terminal
exons located either on the 5’ or 3’ end of the transcript (left panel in Fig. 6A). As

expected, we did not observe enhanced RNA-Seq coverage at the 5’- or 3’-end exons
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(right panel in Fig. 6A), reinforcing that these SLTS observations are not particularly
affected by artifacts with unequal expression. We further found that the terminal
exons are longer (Fig. 6B) and the trans-spliced introns tend to be to some extent
longer (Fig. 6C) than their non-trans-spliced counterparts. These observations support
the existence of particular SLTS mechanistic features resulting from a special exon-

intron architecture in the trans-spliced transcripts.

The polypirimidine tract is one of the most important sequence elements in
splicing [33], and in trypanosomes, it is related to splicing efficiency [34]. In a study
on tubulin polycistronic pre-mRNA in trypanosomes [35], block substitutions
indicated that the polypirimidine tract at the 3' acceptor site is crucial for correct
trans-splicing. Furthermore, the length of the polypirimidine tract is important for in
vitro splicing reactions [36], and Coolidge and collaborators [33] proposed that
polypyrimidine tracts comprising 11 continuous uridines are stronger, regardless of
their position between the branch point and the AG dinucleotide at the splice site.
Conversely, the authors also showed that when the number of continuous uridines is
decreased to values as low as five, they must be located immediately adjacent to the
AG for higher efficiency. Thus, we observed uridines at a higher frequency in intronic
regions proximal to the trans-splice acceptor sites compared with cis-splice acceptor
sites in trans-spliced transcripts or cis-splice acceptor sites in cis-spliced transcripts.

The uridine content is even greater proximal to the AG splice site (Fig. 7).

To investigate properties that discriminate trans-spliced from non-trans-spliced
introns, we employed the classification system generated by Davis and colleagues
[23] for cis-spliced introns (CS), cis-spliced introns in trans-spliced transcripts (CTS)
and trans-spliced introns (TS). By further distinguishing introns based on their

annotated transcript structure into single, first, intermediate, and last introns, we
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derived the following rules for competition between splicing types. TS introns are
typically longer (Fig. 8 A), exhibit increased acceptor splice site scores (Fig. 8B) and
include polypyrimidine tracts that are longer (Fig. 8C). Our observations support the
hypothesis that long introns can be interpreted as outrons by the splicing machinery
[15, 37] and confirm similar studies on 7. brucei [18], which report that cis-spliced
introns are shorter with less pronounced polypyrimidine tracts. Taken together, our
results show that SLTS events at acceptor sites other than outrons are not a random
observation but exhibit particular characteristics with implications for the splicing

mechanism.

Conclusions

Here, we present the first thorough survey that employs the SL Trapping
protocol [9] to study SLTS events in S. mansoni. Our investigation demonstrates that
the SL Trapping technique is reproducible and confirms previous RNA-Seq results in
two biological replicates. Additionally, this approach extends the transcriptome
resolution limit to an unprecedented depth and facilitates the exploration of rare SLTS
events that were previously undetected in standard RNA-Seq experiments. Generating
the SL Trapping dataset also facilitated the detection of putative new genes, which
highlights the relevance of this approach for enhancing genome annotations. We also
identified 32 genes with the spliced leader sequence as a constituent of the gene body
and extended the 46 known polycistrons [25] for a total of 65 dicistronic units and one
tricistronic unit. As expected, we did not observe a preference for a functional
category or chromosomal origin in the trans-spliced genes, which suggests that the
SLTS is a ubiquitous mechanism in the parasite.

The results herein show that SLTS detection is easier in genes with higher
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expression rates, but we also observed certain low-expressed genes that are frequently
trans-spliced. We also report that genes exhibiting comparatively higher levels of
alternative cis-splice isoforms are reduced in their trans-splicing activity, whereas
long genes with comparatively low alternative cis-splicing activity are more subject to
SLTS, which suggests the higher efficiency of the trans-splicing machinery in the
absence of complex splicing structures that compete in cis. We showed that a
substantial proportion of SLTS events occur in introns, and our investigation revealed
that increased intron length may enhance their predisposition for trans-splicing.
Furthermore, our data demonstrate that trans-spliced introns have stronger acceptor
sites as well as longer and richer polypyrimidine tracts. Overall, our results
demonstrate that several splicing features play a key role in committing an intron to

cis- or trans-splicing.

Methods

Dataset compilation of RNA-Seq reads from SRA

Publicly available RNA-Seq datasets from different stages of the S. mansoni
life cycle were included in this study. The dataset characteristics are listed in
Additional file 1: Table S1. Twelve raw files that were generated using Illumina
platform were downloaded from the SRA repository
(http://trace .ncbi.nlm.nih.gov/Traces/sra/sra.cgi) [38] and converted into the fastq
format. The trans-spliced sequences were filtered according to whether the 36 nt
sequence of the S. mansoni spliced leader was present using the program Illumina
reads adapter screening utilities / sortPairedReads (with -Q 33 -f sl_smansoni.fasta -s
19 parameters). Next, the SL sequence was trimmed from the reads using the program

Illumina reads adapter screening utilities / trimReads (with -f sl_smansoni.fasta -s 19 -
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m 0 -q 0 -Q 33 parameters); these reads were compiled in a file referred to as the

RNA-Seq Filtered dataset.

RNA isolation, library preparation and sequencing

The S. mansoni (LE strain) life cycle was maintained at the Centro de
Pesquisas René Rachou (CPqRR), Fundag@o Oswaldo Cruz, Brazil. The total RNA
from S. mansoni (cercariae stage harvested from the intermediate host Biomphalaria
glabrata snails- Barreiro de Cima strain) was isolated using the TRIzol® Reagent
(Invitrogen) and RNeasy Kit (Qiagen) and then treated with Ambion® RNase-free
DNase I (Invitrogen). The RNA samples were quantified using the Nanodrop ND-
1000 (Thermo Scientific), and all samples showed an A260/A280 ratio higher than
1.8. In addition, the RNA integrity was verified using the Agilent 2100 Bioanalyzer.
The libraries were constructed and sequenced by the FASTERIS facility
(https://www fasteris.com) following the protocol described by Nilsson and
colleagues [9] with the following modifications. The primer specific to the S. mansoni
SL sequence ([BIOT]5 -
AATGATACGGCGACCACCGAGATCTACACTCTTGTGATTTGTTGCATG -3°)
was used to produce the second strand cDNA, and sequencing using the Illumina
HiSeq 2000 platform was performed with a specific sequencing primer (5°-
GAGATCTACACTCTTGTGATTTGTTGCATG -3’). Two libraries from independent
biological replicates were each sequenced using a 1x100 bp run and are referred to as

the SL Trapping datasets.

Data processing and mapping of the reads to the S. mansoni genome

The statistics and quality analyses of the reads were generated using the

FastQC software version 0.10.1
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(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/) by Barbhaham
Bioinformatics. To identify the SLTS targets, RNA-Seq Filtered reads trimmed by the
SL sequence and SL Trapping reads were aligned to the genomic sequence of S.
mansoni (3 version), which was downloaded from the GeneDB site
(ftp://ftp.sanger.ac.uk/pub/pathogens/Schistosoma/mansoni/), using the TopHat2
mapper [39] version 2.0.9 (with -1 10 -1 30000 -p 8 --library-type fr-unstranded
parameters). Reads that were mapped to the 5’-end of the annotated exons and novel
exons or to 5’-exon flanking regions were considered. Subsequently, all SRA RNA-
Seq reads from the cercariae stage were aligned to the genome using the same
approach before filtering for the SL sequence to estimate the expression levels of the
cercariae genes based on the GeneDB transcriptome annotation (5" version). The
mapped reads were filtered by quality with the threshold of Phred [40, 41] score 20
and unique mapping using Samtools version 0.1.19 [42] (with -bhq 20 -F 0x100

parameters).
Gene expression and SLTS counts normalization

The raw counts for each gene in the S. mansoni GeneDB gene annotation (5"
version) were obtained for all datasets using the HTSeq Python package version
0.5.3p3 [43] and the “—stranded=yes” option, as well as the “—mode=intersection-
strict” option for exon-intersection counting. The exon counts were produced using a
similar approach but with a modified gene annotation file using the Python script
dexseq_prepare_annotation.py from the DEXSeq R package version 1.10.4 [44]. As a
cutoff, only genes/exons with >10 counts and represented in both Trapping datasets
were considered for further analyses. Normalization of the gene/exon counts and their
expression values was performed using the DESeq2 R package version 1.2.5 [43],

including a matrix with the gene lengths for normalization.
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Functional annotation

As most of the trans-spliced genes were annotated as “hypothetical proteins”,
we re-annotated the predicted mRNA sequences of S. mansoni gene models by
employing an established pipeline described in [45]. In brief, we performed blastx,
blastn, or rpsblast [46] searches for the coding DNA sequences against several
databases, including Swissprot [47], Gene Ontology [48], KOG [49], pfam [50], and
SMART [51], and a subset of the non-redundant protein database from NCBI that
contained vertebrate proteins. Further manual annotation was performed as required.
The results were used to assign a functional classification to the protein sequences
through the Classifier program (developed by Dr. José Marcos Chaves Ribeiro,
NIAID/NIH), which is based on a vocabulary of nearly 250 keywords found in
matches to all of the databases used, as well as their e-values, to produce nearly 30
functional categories. We performed a Chi-squared test (p-value < 0.05) to identify
significant enrichment of a given transcript class that undergoes trans-splicing
compared with the total S. mansoni transcriptome. The UniProtKB/TTEMBL
identifiers of S. mansoni protein gene models were associated with their respective
counts in the SL Trapping and RNA-Seq Filtered datasets. The program iPath [52]
was used to generate the S. mansoni metabolic pathways using the KEGG database
[30], and the pathways containing trans-spliced genes were represented by red lines;

with thickness reflecting the number of normalized read counts per gene.

Identification of polycistronic units

Gene groups located in the same chromosome and DNA strand with intergenic
distances of up to 200 bp (i.e., the distance from the 3’ end of the upstream to the 5’
end of the next downstream annotated gene) were detected in the S. mansoni gene

model annotation using our customized script. We suggest the existence of bona fide
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polycistronic units through assessing the occurrence of SLTS in their upstream genes.
Alleged polycistronic clusters were required to exhibit SLTS in at least one gene
downstream of the first gene in the polycistronic unit. Certain predictions were

visually verified using IGV 2.1 (Broad Institute) [53].
Identification of gene loci containing the SL sequence

We performed a BLAT [54] search (with -t=dna -q=dna -minldentity=90 -
out=blast8 -maxGap=1 -fine parameters) on the S. mansoni genome for the 36 nt SL
sequence. SL genes encoding the SL RNA were identified and removed from the
results. After removing the SL genes, the genome was intersected with the gene model

annotation to identify genes containing embedded SL sequences.

Identification of SLTS signals

Sequences surrounding the splice sites where the SL sequence was inserted
were retrieved from genes using BedTools version 2.17.0 [55] and visualized as
sequence logos using the WebLogo 3.0 software [56]. To investigate feature changes
between the cis- and trans-spliced sites, we used a conservative approach that focused
on a set of trans-spliced genes with at least one trans-spliced exon at >10 counts to an
internal exon and positive values in both SL Trapping libraries. In these genes, the
intron with the highest count at its 3’-end was identified as the main target for trans-
splicing; all other introns for the same gene were considered cis-spliced introns in the
trans-spliced transcripts. A balanced set of genes not subject to trans-splicing but with
similar expression levels yielded a comparable number of introns spliced in cis. Using
these intron sets, we then employed the GenelD [57] splice site models to score
potential donor and acceptor sites, which represent the first order Markov chains

trained on annotated splice sites. To assess the branch point features, we applied
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different models integrated into the Support Vector Machine SVM-BPfinder [58] to

the annotated intronic sequences.

Additional analyses

The annotation file generated was used to obtain the biotype of each gene and
the corresponding gene, exon and intron lengths. All data processing and visualization
was performed using R version 3.0.2 [55]. Certain plots were constructed using the

ggplot2 package for R, version 0.9.3.1.
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Additional data files

The following additional data are available with the online version of this
paper. Additional file 1 (PDF format) contains Supplementary Figures S1 to S4 as
well as Supplementary Tables S1 and S2. Additional file 2 (XLSX format) is a table
that lists the polycistronic genes identified through analyzing the trans-spliced S.

mansoni transcriptome.

Data availability

The RNA-Seq data for this study were obtained from the SRA archive; the
accession numbers are described in Additional file 1: Table S1. The SLTS trapping
experiments are available in the SRA archive, accession numbers [SRA:SRR1134198

and SRA:SRR1134204].
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Figure Legends

Figure 1 - Comparison between the SL Trapping and the RNA-Seq
Filtered datasets. A — A Venn Diagram representation of the SLTS events in the
Trapping and the RNA-Seq Filtered datasets before the Trapping dataset curation; B —
Genes exclusively detected in the RNA-Seq Filtered dataset among three compiled
stages; C — SLTS events in the Trapping and the RNA-Seq Filtered datasets after the
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Trapping dataset curation; and D - Expression correlation between the trans-spliced
genes in the SL Trapping and RNA-Seq Filtered datasets (Pearson correlation
coefficient = 0.5).

Figure 2 — Visualization of the SL insertion sites in genes. A genome
browser view of the gene structure for two example genes with the read counts from
the RNA-Seq Filtered dataset (top track), the SL Trapping 1 dataset (middle track),
and the SL Trapping 2 dataset (bottom track) superimposed. A — Gene structure of the
trans-spliced transcript [GeneDB:Smp_034190.1]. B — Structure of the genes
[GeneDB:Smp-173910.1 and GeneDB:Smp_094470.1] presenting a genomic distance
of 87 bp from each other.

Figure 3 - Functional classification of the trans-spliced genes. Functional
annotations for the trans-spliced genes (blue bars) are quantitatively compared with
the background of all expressed genes (red bars). The bars represent the percentage of
transcripts classified into each functional category.

Figure 4 — Comparison between gene expression and trans-splicing
frequency. A — Normalized log-expression levels of non-trans-spliced genes
(estimated from the RNA-Seq dataset obtained from the SRA) are compared with the
log-expression levels of trans-spliced genes (estimated from the SL Trapping
datasets). B — Normalized expression for the trans-spliced genes (estimated from the
RNA-Seq dataset obtained from the SRA) is compared with the normalized SLTS
frequency (estimated from the SL Trapping datasets). Dashed black lines denote the
average levels of both indicators (163 for gene expression and 106 for SLTS
frequency), segregating the genes with relatively low SLTS frequency (lower-right
quadrant) from genes with relatively high SLTS frequency (upper-left quadrant) and

comparing their expression levels. C — The probability distribution of the gene
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expression levels (pink curve) and SLTS frequencies (blue curve).

Figure 5 — Chromosomal origin, alternative splicing isoforms and number
of exons in the trans-spliced genes. A — The relative distribution of trans-spliced
genes with high expression levels (GED, blue bars) and trans-spliced genes with low
expression levels (TSD, purple bars) in each chromosome is compared with the
chromosome distribution of genes expressed on the entire S. mansoni transcriptome
(red bars) and genes expressed only in the cercariae transcriptome (green bars). B —
The relative distribution of alternative splicing transcript isoforms per gene in the
entire S. mansoni transcriptome, in the cercariae transcriptome, in the subset of GED
genes and in the subset of TSD genes. C — The relative distribution of transcripts from
genes with single or multiple exons in the entire S. mansoni transcriptome, in the
cercariae transcriptome, in the subset of GED genes and in the subset of TSD genes.

Figure 6 — Correlations between trans-splicing occurrences, exons
position in gene bodies and both exon and intron lengths. A — The distribution of
trans-splicing frequencies (estimated from SL Trapping) (left panel) is compared with
the expression levels of exons according to their position (estimated from the RNA-
Seq experiment obtained from the SRA) (right panel). Groups of genes were divided
according to their number of annotated exons. Only genes with three, four, five and
ten exons are shown. B — The distribution of exon lengths in trans-spliced and non-
trans-spliced genes that present 3,4, 5 and 10 exons. C — The distribution of introns
lengths immediately upstream of the splicing event in trans-spliced and non-trans-
spliced genes presenting 3,4, 5 and 10 exons.

Figure 7 — Comparisons among acceptor splice site motifs in introns.
Intron/exons boundaries represented by the region from -24 to +3 nucleotides and

containing acceptor splice sites in genes were analyzed based on their sequence
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composition. Introns of genes that are exclusively cis-spliced correspond to sequences
on the left side of the triplets, cis-spliced introns in transcripts that undergo trans-
splicing correspond to sequences in the middle of the triplets, and the trans-spliced
introns that correspond to sequences on the right side of the triplets.

Figure 8 — Analyses of intron lengths, strength of acceptor sites and
polypyrimidine tracts based on the intron positions. A — The intron lengths are
plotted based on the intron position in genes (single, first, internal, and last introns) of
three distinct groups: CS - cis-spliced introns - green boxes, CTS - cis-spliced introns
in trans-spliced transcripts where the intron is not the primary SLTS target - red
boxes, and TS trans-spliced introns - blue boxes. B — The strengths of acceptor splice
sites (log-odds scores, as computed by a Markov model trained for the splice site
sequence) are plotted according to the intron position in genes of the same three
distinct groups. C — Length of the polypyrimidine tract in nt relative to the acceptor
sites (computed using different models integrated in the SVM-BPfinder) are plotted

according to intron position in genes of the same three distinct groups.
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8. ANEXO 2 : THE SPLICED LEADER TRANS-SPLICING MECHANISM IN

DIFFERENT ORGANISMS: MOLECULAR DETAILS AND POSSIBLE BIOLOGICAL

ROLES.
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The spliced leader (SL) is a gene that generates a functional ncRNA that is composed of
two regions: an intronic region of unknown function (SLi) and an exonic region (SLe), which
is transferred to the 5" end of independent transcripts yielding mature mRNAs, in a process
known as spliced leader trans-splicing (SLTS). The best described function for SLTS is to
solve polycistronic transcripts into monocistronic units, specifically in Trypanosomatids. In
other metazoans, it is speculated that the SLe addition could lead to increased mRNA
stability, differential recruitment of the translational machinery, modification of the 5’
region or a combination of these effects. Although important aspects of this mechanism
have been revealed, several features remain to be elucidated. \We have analyzed 157 SLe
sequences from 148 species from seven phyla and found a high degree of conservation
among the sequences of species from the same phylum, although no considerable
similarity seems to exist between sequences of species from different phyla. When
analyzing case studies, we found evidence that a given SLe will always be related to a
given set of transcripts in different species from the same phylum, and therefore, different
SLe sequences from the same species would regulate different sets of transcripts. In
addition, we have observed distinct transcript categories to be preferential targets for the
SLe addition in different phyla. This work sheds light into crucial and controversial aspects
of the SLTS mechanism. It represents a comprehensive study concerning various species
and different characteristics of this important post-transcriptional regulatory mechanism.

Keywords: spliced-leader, trans-splicing, non-coding RNAs, RNA sequence analysis, RNA secondary structure

INTRODUCTION

Splicing has been known for a long time as a post-transcriptional
process for regulation of gene expression [reviewed by Gilbert
(1978); Padgett et al. (1986) and further by several other authors].
To date, there are different known variants of both cis and
trans-splicing mechanisms (Figure 1A). Cis-splicing differs from
trans-splicing on the genomic origin of the transcripts involved.
While cis-splicing is concerned with transcripts from a single
gene, trans-splicing mechanisms act by connecting transcripts
of otherwise unrelated genes (Figurel). In the spliced leader
trans-splicing (SLTS) mechanism, the exonic portion of the
spliced leader (SLe) transcript is transferred to the 5 end of
unrelated transcripts to yield a mature mRNA (Boothroyd and
Cross, 1982) and reviewed by Liang et al. (2003) (Figure 1B).
As first observed in trypanosomatids, its best described func-
tion is to resolve polycistronic transcripts into monocistronic
units (Sather and Agabian, 1985) and reviewed by Preufler et al.
(2012). Subsequently, SLTS was demonstrated to occur in other
euglenozoans (Tessier et al., 1991) and several organisms, such
as rotifers (Pouchkina-Stantcheva and Tunnacliffe, 2005), cnidar-
ians (Stover and Steele, 2001), chordata (Vandenberghe et al.,
2001), nematoda (Krause and Hirsh, 1987), platyhelminthes
(Rajkovic et al., 1990), and dinoflagellates (Lidie and Van Dolah,
2007). Different biological roles have been proposed for this

mechanism, such as: (i) enhancing translation of trans-spliced
transcripts by providing a specialized (hypermethylated) 5" cap
structure for trans-spliced transcripts, (ii) stabilizing the mRNAs,
and (iii) removing regulatory elements from the outron, what
has been called 5 UTR sanitization (Hastings, 2005; Matsumoto
et al., 2010). In a recent work Nilsson and collaborators (Nilsson
et al., 2010) discuss possible functions for the SLTS mechanism
in Trypanosoma brucei. According to the authors, the differen-
tial insertion of the SLe sequence in alternative acceptor sites
of genes could lead to: (i) translation blockage when the SLe
insertion is upstream the protein start codon; (ii) alteration of
protein subcellular location, when signaling sequences are elimi-
nated by SLe insertion; (iii) inclusion or exclusion of uORFs or
other regulatory elements from 5 end of transcripts; and (iv)
translation of alternative ORFs. It has also been speculated that
SLe addition could lead to increased mRNA stability, differential
recruitment of the translational machinery, modification of the
5" UTR or a combination of those effects [reviewed by Hastings
(2005); Stover et al. (2006); Lasda and Blumenthal (2011)]. From
a recent study concerning the SLTS mechanism in the flatworm
Schistosoma mansoni (Mourao et al., 2013), our group identified
transcripts under trans-splicing regulation in different life-cycle
stages, suggesting that the SLTS could account for differential
protein levels and protein repertories in different stages and/or

www.frontiersin.org

October 2013 | Volume 4 | Article 199 | 1



Bitar et al.

The spliced-leader trans-splicing mechanism

A
T 1
Cis TRANS
|
[ |
i SL-independent
B
Genome | | ; | [ | |~
1 ] I 1 I I I 1 1
| | I | I | | | |
fsle\Sn/ " Exon1 ! ! Exon2 ! 1 Exon3 |
Transcripts .
SLi intron intron
Spliced leader Unrelated transcript
s AN A = i =
3 N
. Goua S0/ AG AUG AAAAA

Transcripts

donor acceptor

Trans-splicing

Splicing

hypermethylated

cap
' start
G AUG

[}
2]

AG
Y-shaped

outron

FIGURE 1 | Different splicing mechanisms. (A) Variations of cis- and
trans-splicing processes. (B) The spliced leader trans-splicing

mechanism. This panel depicts the overall SLTS mechanism, in which
an invariant exon (the SlLe) is added to an unrelated, independently

\anzp

intron intron

Cis-splicing

AAAAA

produced transcript, vyielding a mature mRNA. Cis-splicing is also
represented for comparison. The SLe molecule contains a
hypermodified cap, whereas the SLi usually harbors an Sm-protein
binding site.

environmental conditions. Although important aspects of the
SLTS mechanism in this parasite were elucidated, several other
questions regarding this mechanism in S. mansoni and other
organisms remained unanswered. These questions surround the
existence of conserved motifs within SL sequences from differ-
ent species, the possible emergence of SLTS in more complex taxa
as plants and mammals, the role of the SLTS mechanism in dif-
ferent organisms, the peculiarities of the set of transcripts under
the control of a given SLe and the structural aspects of the SL
molecule.

We performed analyses on a great number of SL sequences,
searching for answers to such questions. All those answers lead
to one final question, which has been debated in the literature
for a long time: “what is the origin of the SLTS mechanism and
how has it evolved?” This work is devoted to the proposition of
hypotheses based on observed features of this mechanism that
may guide the composition of a future final answer to this ques-
tion. As for now, although there is no conclusive statement, there
are important observations that can help the characterization
of the mechanism, its biological role, phylogenetic features and
molecular details. In the course of this study, we have compiled
a comprehensive dataset of SL sequences from several species
of various phyla. This was the starting point for several com-
putational analyses that explored different aspects of the SLTS

mechanism. To the best of our knowledge, no studies of this
magnitude have been previously performed, regarding so many
distinct features of this poorly understood mechanism in so
many different species. Therefore, this work can largely con-
tribute to a general overview of the SLTS in different biological
contexts.

MATERIALS AND METHODS
SEQUENCE RETRIEVAL AND DATABASE GENERATION
We performed manual searches in the National Center for
Biotechnology Information (NCBI http://www.ncbi.nlm.nih.
gov) database to identify previously annotated SLe sequences. The
searches were guided by sequence features, especifically consider-
ing entries under the “miscellaneous RNA” sobriquet. The exact
expression informed in the search field was “misc_RNA[Feature
key]spliced leader” Once sequences were retrieved, a manual
curation was carefully performed to exclude false positives and
reduce redundancy. A consistent preliminary database (hereafter
named SEED database) was then compiled containing manually
curated and annotated sequences. Notably, only sequences from
species in which the SLTS mechanism was previously described
were included.

Using the sequences from the former mentioned SEED
database as queries, we performed searches using BLAST
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(Altschul et al, 1990) to expand the set of SLe sequences,
and thereby generate a secondary dataset (hereafter named
EXTENDED database). Searches were performed in the
nucleotide collections (nt) database from NCBI using the blastn
program (local version) with parameters automatically adjusted
to address short sequences and allow for the retrieval of up to 500
matches for each query sequence. The results were then analyzed
to identify SLe sequences based on information from the SEED
database.

Several criteria were used to characterize a sequence as SLe to
generate the EXTENDED dataset. As objective criteria, we only
considered annotated sequences that displayed 90% or higher
nucleotide identity and a query coverage exceeding 90% when
compared to the respective query. More subjectively, for matches
meeting the objective criteria, we have analyzed the presence of
such sequences in the 5" end of transcripts from these species.
As an additional step, all uncharacterized sequences from organ-
isms in which the presence of the SLTS mechanism was not
previously demonstrated were not included in the datasets at
first. Uncharacterized sequences were further analyzed to con-
firm or disprove those as SLe based on literature and sequence
annotation.

Along with the retrieval of SLe sequences from the NCBI
database, SL gene candidates were also retrieved to com-
pose a separate database. SL gene candidates were identified
based on sequence annotation and further analyzed for exclu-
sion of false positives and redundancy reduction. Whenever
duplicated sequences from a given species were identified,
only one copy was kept to eliminate redundancy. After man-
ual curation, the sequences were compared to the SLe from
the same species present in the EXTENDED database and
only candidates containing the entire SLe sequence followed
by an intronic region were further considered to be SL
genes.

SEQUENCE SIMILARITY ASSESSMENT

During the construction of the previously mentioned databases,
when more than one SLe sequence was retrieved for a given
species, Clustal (Larkin et al., 2007) alignments were per-
formed to guide redundancy reduction and false positive discov-
ery. Subsequent manual alignments were performed to cluster
sequences from the EXTENDED dataset. Sequence alignments
were visually analyzed for the identification of duplicated
sequences, such as completely identical sequences, partially iden-
tical sequences with missing residues and similar sequences
presenting up to 5% (1 in every 20 positions, which is
around the average size of the SLe sequences of most phyla)
substitutions, deletions, or insertions. Notably, missing infor-
mation at the 5 end of SLe sequences is most likely to
occur due to incomplete sequencing. For this reason, when-
ever data were missing for multiple 5 end positions (more
than 5%) in a sequence for a given species, conservation of
such positions in the phylum was measured considering only
the remaining sequences. To better observe consensus regions
within SLe sequences, alignments were also used as input for
the generation of sequence logos using the WebLogo suite
(Crooks et al., 2004).

TRANS-SPLICED TRANSCRIPTS RETRIEVAL

Once the SLe EXTENDED database was built, its sequences were
used as queries to search for transcripts from the respective
species bearing the SLe in the 5" end. BLAST searches were per-
formed using the same parameters as described above, the same
program (blastn) and reference database (nt). The results were
manually curated to yield lists of transcripts that undergo SLTS
in a given species. Those lists were joined together in a compre-
hensive set to allow further inspection of transcript conservation
among species. All transcripts annotated as “hypothetical pro-
tein” or “unknown protein” were excluded from further analysis.
Transcripts coding for identical proteins in different species were
clustered together in a database to allow the assessment of conser-
vation between species and across phyla of transcripts under SLTS
regulation.

In parallel, data from the recently published work of Protasio
et al. (2012) were used to yield a preliminary database of S. man-
soni SLe-containing sequences. Fasta-format sequences for pro-
teins coded by SLe-containing transcripts were retrieved from
GeneDB (Logan-Klumpler et al., 2012), in which transcripts that
undergo trans-splicing were associated with the gene ontology
(GO) ID number 0000870. In both cases described above, after
retrieval, GO terms were assigned to each transcript sequence
using the GoAnna and GoSlim (McCarthy et al., 2006), tools from
the AgBase web portal (McCarthy et al., 2010). Subsequently,
manual annotation and classification according to the main bio-
logical function was performed for all transcripts (except those
retrieved from the S. mansoni database) based on literature data.

SECONDARY STRUCTURE GENERATION

To analyze structural conservation and topological features of
the entire SL RNA molecule, all formerly mentioned SL gene
sequences were submitted to RNAfold (Hofacker, 2003), a pro-
gram from the Vienna package for RNA structure generation
and energy assessment. Structures were then visually analyzed to
search for conserved features in sequences from different species.

GENOMIC LOCATION OF SL SEQUENCES

The genomic location and copy number of the SLe sequences
from two Caenorhabditis species were retrieved using BLAT (Kent,
2002) results and further analyzed. One hundred nucleotides
downstream of each sequence were also retrieved to putatively
represent the entire SL gene and allow for sequence comparison.

ONE NOTE REGARDING AUTOMATIZATION

All steps were aided by simple shell and/or perl scripts to auto-
matically manipulate files, organize and categorize data, recognize
specific patterns within the text and perform searches in a file.
A methodological workflow is presented in Figure 2 to illustrate
each step of this study.

RESULTS

SEQUENCE RETRIEVAL AND DATABASE GENERATION

In the course of this work, we have assembled a comprehen-
sive database of spliced leader sequences from several phyla.
When a simple pattern-matching search was performed in NCBI’s
database to retrieve SLe sequences, 1161 matches were found.

www.frontiersin.org

October 2013 | Volume 4 | Article 199 | 3



Bitar et al.

The spliced-leader trans-splicing mechanism

SEED
Database

NCBI Nucleotide
collection (nr/nt) database

| Database

GAATTCAGAATTCAG

LI 1

GGA-TC-GCAT-C-G
Sequence
analyses

EXTENDED Uniques

GAATTCAGAATTCAG
e
GGA-TC-GCAT-C-G

Phylogenetic
analyses

S. mansoni
SL-containing
transcripts database

Structural
analyses

Sequence
analyses

CONSENSUS
Database

NCBI Nucleotide
collection (nr/nt) database

Species 1
L - =
:\ - -
GAATTCAGAATTCAG X \ —
s -G : ) Species 2
GGA-TC-GCAT-C-G / 2 =
Sequence v - =
analyses N
Ontology . -
analyses Spliced-leader repertoire analyses

Among those, the majority (757) were from kinetoplastids and
almost half (544) were specifically from Trypanosoma spp. The
rest included sequences from nematodes (182), flatworms (98),
dinoflagellates (95), cnidarians (4), rotifers (2), and chordates (1)
phyla, in which the SLTS mechanism was previously described.
Sequences from organisms of other phyla were also retrieved,
but not included in the datasets because of the lack of previous
consistent evidence supporting the presence of SLTS or because
no transcripts were found bearing the sequence in the 5 end.
After redundancy reduction, false positive exclusion and valida-
tion by manual curation, a SEED database was defined containing
only sequences with consistent evidence to be considered as SLe.
This initial database was comprised 69 sequences from the seven
different eukaryotic phyla (Supplementary Table 1): rotifera (2),
chordata (1), cnidaria (2), dinoflagellate (8), euglenozoa (33),
nematoda (18), and platyhelminthe (5).

These sequences were subsequently used as queries to extend
the database based on BLAST similarity searches. The retrieved
sequences were analyzed according to previously described cri-
teria and a final EXTENDED database was generated that was
comprised of 157 sequences from 148 different species (repre-
senting 81 genera) from the same seven phyla (Supplementary
Table 2). Notably, all 157 sequences are, in fact, replicates of
only 48 unique sequences, which were further clustered into 30
groups of highly similar sequences. This result indicates the high
degree of sequence conservation, particularly between species

FIGURE 2 | Methodological workflow. The figure schematically describes the main steps performed in this work as a fluxogram.

from the same phylum (as will be further discussed). These 30
SLe sequences originated a third database which we named the
CONSENSUS database (Table 1).

In addition to the phyla previously represented within the
SEED database, sequences from other phyla have also met
the requirements to be considered SLe but were not included
in the EXTENDED database. Species of arthropods, cilio-
phora, echinodermata, mollusca, mycetozoa, apicomplexa, plants
and even a bacterial species presented putative SLe sequences
(Supplementary Table 3), although most of these phyla have never
been proven to harbor the SLTS mechanism. No obvious deci-
sion on whether they are real SLe sequences could be reached,
and those were therefore excluded from our dataset.

DESCRIPTION OF THE EXTENDED DATABASE

In this section, we present a short description of sequences in the
EXTENDED database according to phyla, which is fully available
as a supplementary file (Supplementary Table 2) and graphically
summarized in Figure 3. There are three species of rotifera in
the dataset that share an identical 23 nucleotide SLe sequence
that is enriched in adenines. All seven chordata species share an
identical SLe sequence, apart from missing residues. The consen-
sus is a 25 nucleotide sequence enriched in thymine nucleotides.
Cnidarians are also represented by seven sequences from five
species of the same genus (Hydra). All species share the exact
same SLe sequence and, among those, two of the species present
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Table 1 | CONSENSUS Database.

Consensus name Consensus sequence Length (composition) Plenty
Rotifera 1 GGCTTATTACAACTTACCAAGAG 23 (8A/5C/4G/6T) 3/3
Chordata 1 GATTGGAGTATTTGGTTGTATTAAG 25 (6A/8G/11T) 7/7
Cnidaria 1 ACTTTTTAGTCCCTGTGTAATAAG 24 (6A/4C/4G/10T) 5/7
Cnidaria 2 CAAACTTCTATTTTCTTAATAAAG 24 (9A/4C/1G/10T) 2/7
Dinoflagellate 1 WCCGTAGCCATTTTGGCTCAAG 22 (4A/6C/5G/6T/1W) 23/23
Nematoda 1 GGTTTAATTACCCAAGTTTGAGGG 22 (6A/3C/5G/8T) 45/53
Nematoda 2 GGTTTAATTACCCAAGTTTAAG 22 (7A/3C/4G/8T) 2/53
Nematoda 3 GGTTTTAACCCAGTTAACCAAG 22 (7A/5C/4G/6T) 2/53
Nematoda 4 AGGTATTTACCAGATCTAAAAG 22 (9A/3C/4G/6T) 1/53
Nematoda 5 TACCGTTCAATTAATTTTGAAG 22 (7A/3C/3G/9T) 1/53
Nematoda 6 GTAATAAGAAAACTCAAATAAG 22 (13A/2C/3G/4T) 1/53
Nematoda 7 GGTTTTTACCCAGTATCTCAAG 22 (5A/5C/4G/8T) 1/53
Platyhelminthe 1 AACCGTCACGGTTTTACTCTTGTGATTTGTTGCATG 36 (6A/7C/8G/15T) 3/10
Platyhelminthe 2 AACCTTAACGGTTCTCTGCCCTGTATATTAGTGCATG 37 (8A/9C/7G/13T) 2/10
Platyhelminthe 3 AACTATAACGGYTCTCTGCCGTGTATATTAGTGCATG 37 (9A/7C/8G/12T/1Y) 2/10
Platyhelminthe 4 CACCGTTAATCGGTCCTTACCTTGCARTTTTGTATG 36 (6A/9C/6G/14T/1R) 3/10
Euglenozoa 1 AACTAACGCTATATAAGTATCAGTTTCTGTACTTTATTG 39 (12A/6C/5G/16T) 21/54
Euglenozoa 2 AACTAACGCTATTATTGATACAGTTTCTGTACTATATTG 39 (12A/6C/5G/16T) 12/54
Euglenozoa 3 AACTAACGCTATTATTAGAACAGTTTCTGTACTATATTG 39 (13A/6C/5G/15T) 4/54
Euglenozoa 4 AACTAAAGTTATTATTGATACAGTTTCTGTACTATATTG 39 (13A/4C/5G/17T) 2/54
Euglenozoa 5 AACTAAAGCTWTTATTAGAACAGTTTCTGTACTATATTG 39 (13A/5C/5G/15T/1W) 2/54
Euglenozoa 6 AACTAAAATTATTTATAATACAGTTTCTGTACTATATTG 39 (15A/4C/3G/17T) 1/54
Euglenozoa 7 AACTAAAGATTTTATTGTTACAGTTTCTGTACTATATTG 39 (12A/4C/5G/18T) 1/54
Euglenozoa 8 AACTTACGCTATAAAAGTCACAGTTTCTGTACTTTATTG 39 (12A/7C/5G/15T) 2/54
Euglenozoa 9 AACTAACGCTATTATTGTTACAGTTTCTGTACTTTATTG 39 (10A/6C/5G/18T) 3/54
Euglenozoa 10 AACTAACGCTAWAAAAGWTACAGTTTCTGTACTTTATTG 39 (13A/6C/5G/13T/2W) 2/54
Euglenozoa 11 AACTAACGCATTTTTTGTTACAGTTTCTGTACTTTATTG 39 (9A/6C/5G/19T) 1/54
Euglenozoa 12 AACTAACGCTATATTTGTTACAGTTTCTGTACTWTATTG 39 (10A/6C/5G/17T/1W) 1/54
Euglenozoa 13 AACTAACGCTATTCTAGATACAGTTTCTGTACTTTATTG 39 (11A/7C/5G/16T) 1/54
Euglenozoa 14 AACCAACGATTTAAAAGCTACAGTTTCTGTACTTTATTG 39 (13A/7C/5G/14T) 1/54

*Total number of sequences in the phylum/Number of sequences matching consensus.

an additional SLe sequence, which is identical in both species.
The two consensus sequences are composed of 24 nucleotides, of
which, 10 are thymines. All 23 species of dinoflagellates in the
database share an identical 22 nucleotide SLe sequence that is
only degenerated in the first position (either A or T), with a bal-
anced nucleotide composition. Notably, this is the only phylum in
which, the SLe sequence itself carries the Sm-protein binding site
(a T-rich element, which like in C. elegans and many other species
is a AT4_¢G motif). There are 53 sequences from the nematoda
phylum within the database. Among these, 45 are identical apart
from a repetition of the nucleotide G of variable lengths at the
3’ end. Among the remaining eight sequences, two are identical
pairs and four are unique, one of which harbors an Sm bind-
ing site (the other two sequences present a putative inverted Sm
binding motif). Most sequences have 22 nucleotides (apart from
the variable repetition of guanines), and the majority are slightly
richer in A and T nucleotides. Among the platyhelminthes, there
are 10 species from seven different genera represented in the
dataset. All SLe have a high percentage of thymines and are 36
or 37 nucleotides long. The sequences can be divided into four

different groups of two or three virtually identical sequences
each. Notably, each group contains species of a unique order.
A classical Sm-protein binding site was found in one of such
groups, and another group presents a putative inverted binding
site. Euglenozoans are unique organisms in this context because
in these species all transcripts are processed by SLTS. This phylum
is represented by 54 sequences of 39 nucleotides from 14 different
genera. The sequences can be clustered together in 8 groups of
identical sequences plus 6 isolated sequences that are not identical
to any other sequence. In summary, the terminal regions (first 6
and last 20 nucleotides) are conserved in all sequences, whereas
the central region is variable. All 16 Leishmania species share
the exact same sequence, whereas the 22 Trypanosoma species
were divided into 4 groups with identical sequences and 2 iso-
lated sequences. Alternatively, with less stringency, SLe from this
phyla could be clustered into three groups according to spe-
cific signatures within the last 20 nucleotides: (i) Trypanosoma
species; (ii) Leishmania, Leptomonas, Wallaceina, and Chritidia
species (with identical sequences); and (iii) the remaining genus,
which presents more diverse sequences (the data presented in
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FIGURE 3 | Sequence logos generated from the alignment of all SLe
sequences from each phylum showing lengths in numbers
and the frequency of the four nucleotides in each position.

this section are shown in Figure 3, Table 1 and Supplementary
Tables).

SLe SEQUENCE COMPARISON AMONG PHYLA

When analyzing the EXTENDED dataset of SLe sequences, a high
sequence conservation within each phyla was revealed, but a very
low conservation among different phyla was found. One interest-
ing feature we highlight as a general tendency is that sequence
length is more conserved than sequence composition itself in any
given phyla. There are some clear differences between sequences
from euglenozoa and platyhelminthes and those from other
phyla. Such differences include the sequence length and terminal
residue identity. Whereas sequences from all other phyla range
from 22 to 25 nucleotides in length, sequences from eugleno-
zoans and platyhelminthes are 39 and 36-37 nucleotides long,
respectively. As for the nucleotides at the 3’ end, in which SL
exon-intron cleavage occurs and the SLe is incorporated into
mRNAs, euglenozoans and platyhelminthes have TTG and ATG
patterns, respectively, whereas sequences from other phyla have
an AAG pattern (except for one nematoda consensus sequence
and the sequences from rotifera that end in GAG). Regarding
the 5’ end, 17 of the 18 consensus SLe sequences from eugleno-
zoa and platyhelminthe present a conserved AAC pattern as the
first nucleotide triad. For all other phyla, there is no conserva-
tion of nucleotides in the 5 end. Notably, all but five sequences
from the CONSENSUS dataset present a TTT triplet, which in
all dinoflagellates and three species from the other phyla, are part
of the Sm binding site (in five other species it is part of a hypo-
thetical inverted Sm binding motif) (Table 1). When considering
all sequences in the CONSENSUS database, there is an evident
enrichment in adenine (~30% of all nucleotides) and in thymine

(~40% of all nucleotides) in comparison to guanine and cytosine
(which together comprise only ~30% of all nucleotides).

SL GENE SEQUENCE COMPARISON AMONG ALL PHYLA

Several candidate SL gene sequences were identified through
manually analyzing the retrieved sequences from the NCBI
database. Within the preliminary dataset, we performed a manual
curation to reduce redundancy and exclude false positives, and we
also mapped the available SLe sequence to the initial portion of
the putative genes of the same species. As a result, 30 sequences
remained and were further separated according to phyla and
analyzed. Gene length was relatively variable, from 75 to 123
nucleotides; although most sequences were approximately 100
nucleotides long (mean length is 107). The most evident patterns
within sequences are the cleavage site in the exon-intron boarder
and the presence of the Sm-protein binding site, which is usually
in the intronic portion of the gene. Nevertheless, there is some
degree of SLi sequence conservation among species from a given
phylum, although it is much lower than for the SLe sequence
alone. Differing from the exonic portion, the intronic nucleotide
composition has an almost equal distribution of nucleotides with
24% adenine, 24% cytosine, 26% guanine, and 26% thymine.

SL GENOMIC LOCATION AND COMPOSITION IN TWO
CAENORHABDITIS SPECIES

Regarding the genomic position, it is already known that most
SL genes are located near the 5S ribosomal RNA gene and com-
prises multiple copies in tandem (apud Hastings, 2005). We have
used BLAT to map SLe sequences in the genomes of C. elegans
and C. remanei. Both species have two different SLe sequences in
the database, and these sequences are identical between species.
One sequence [hereafter named as SLel and identical to the SL1
sequence from Ross et al. (1995)] is shared among the majority of
the nematoda species (45 of the 53 sequences from this phylum),
and the other [hereafter named SLell, closely related to the SL2
first described by Huang and Hirsh (1989) and identical to SLf
as described by Ross et al. (1995)] is only common to these two
Caenorhabditis species in our database.

In C. elegans, the SLel sequence is repeated 13 times in chro-
mosome V, twice in chromosome I and once in chromosome III
(thus totaling 16 copies). The SLell sequence is repeated twice
in chromosome I and has only one copy in chromosomes III
and IV (thus totaling four copies). The genome of C. remanei is
more highly populated by SLel sequences, which are represented
by 135 copies. The SLell sequence on the other hand seems to
have only nine copies. The karyotype is not available in BLAT
for the later species and therefore, it was not possible to map
sequences onto chromosomes. Notably, the SLel sequence, which
is widespread among nematoda species, is always more repre-
sented in the genomes of these two species (16 vs. 4 copies in
C. elegans and 135 vs. 9 copies in C. remanei).

Regarding the intronic portion of the putative SL gene
sequences, we have analyzed all occurrences of the C. elegans
SLel in chromosomes V, III, and I. We observed that 10 repe-
titions have identical introns (all in chromosome V) and that
the other putative SLel gene sequences are very divergent from
one another. Notably, these 10 identical sequences are the only
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ones to present classical Sm-protein binding site. When evaluat-
ing the intronic portion of the four putative genes with the SLell
sequence in C. elegans, a high similarity is observed, although
the sequences are not identical. These sequences also present Sm
binding sites, although three of these have five thymine within
the repetition, whereas the additional sequence has four. We have
noticed a conserved GTTAG pattern in the four putative SLell
gene sequences that is also present at a different position in the
10 identical sequences and is absent in all other six putative SLel
gene sequences (two other short patterns—ACAA and GGAA—
are also present in the 14 sequences, but are not exclusive to these
sequences). Among the nine sequences of the putative SLell genes
in C. remanei, eight are identical (apart from one substitution in
two sequences) and the other contains approximately 10% substi-
tutions. All nine sequences contain classical Sm-protein binding
sites. In addition, these sequences are closely related to the puta-
tive SLell gene sequences of C. elegans, although not identical.
When analyzing the set of 135 putative SLell gene sequences in
C. remanei, several clusters of highly similar or identical sequences
are observed. One important observation is the lack of Sm bind-
ing sites in most of the sequences. Only 27 sequences bear Sm
binding site motifs. These can be divided into groups of identical
or nearly identical sequence; one of which is also closely related
to the main group of C. elegans putative SLel gene sequences. We
have reconstructed a phylogenetic tree with all the SL sequences
from both species (data not shown) and observed a more ran-
domized distribution of SL genes not bearing Sm binding sites
in comparison to sequences that contain this motif. We then
narrowed our analysis to consider only Sm binding-containing
sequences, and the corresponding tree is shown in the supple-
mentary material (Supplementary Figure 1). The tree is divided
into three main groups: (i) a group of SLel gene sequences con-
taining all C. elegans and approximately half the C. remanei SLel
gene sequences, (ii) a group of all SLell gene sequences and (iii)
a more distant group of C. remainei SLel gene sequences. Each
group can be further clustered into smaller groups with closely
related sequences.

SL GENE STRUCTURAL COMPARISON

We have assigned secondary structures to all 30 SL gene sequences
with RNAfold from the Vienna package. As a result of this struc-
tural analysis, a tendency for SL RNAs to form a Y shaped
molecule was observed (Figure 4). The topology is the result of
three stem-loops and a branch point and seems to be conserved
in nearly all analyzed species, although the branch point posi-
tion and stem-loop length are variable. The average free energy
(AG) value for gene structures in fixed secondary structures was
—30.6 Kcal/mol (ranging from —14.4 to —51.80 Kcal/mol).

ANALYSIS OF TRANSCRIPTS TRANS-SPLICED TO SPECIFIC SLe

To assess whether the sets of trans-spliced transcripts from dif-
ferent organisms harboring the same SLe sequence are similar,
we conducted BLAST searches in the nr/nt database using two
different sequences as queries: (i) a sequence shared by differ-
ent dinoflagellate species and (ii) a sequence shared by different
nematoda species (other than C. elegans). For each SLe, we have
allowed retrieval of up to 500 transcripts from different species

of each phylum (dinoflagellate and nematoda). We have excluded
C. elegans from our survey because in this organism the addi-
tion of different SLe sequences in different transcripts has been
investigated by high throughput sequencing (Allen et al., 2011)
and could not be included here without introducing a substan-
tial bias to the analyzed data. Among all retrieved dinoflagellate
sequences, 133 remained after false positive exclusion and redun-
dancy reduction. From these, 63 (over 47%) transcripts were
shared by more than one species (totaling 30 different transcripts,
from which many code for ribosomal proteins). The remaining 70
are specific to only one species. From the nematoda transcripts,
after manual curation, we analyzed 158 transcripts from which
54 (over 34%) are shared by different species. We then decided to
analyze whether in one given species two different SLe sequences
would regulate different sets of transcripts. To this end, we used
BLAST and searched the nr/nt database for transcripts from H.
vulgaris bearing any of the two different SLe sequences. As a result
we have identified 30 transcripts trans-spliced with one sequence
and 13 with the other, none of which were related to both SLe
sequences.

ANALYSES OF TRANS-SPLICED TRANSCRIPTS FROM ALL SPECIES

In a similar context, a more overall analysis was performed
with the unique sequences of the EXTENDED database of SLe
sequences as queries for BLAST searches (with the blastn pro-
gram) within the nr/nt database. Search results and manual
curation resulted in a final set of 455 transcripts (Figure5
and Supplementary Table 4), among which five were anno-
tated as “alternatively spliced.” From this set, we have previ-
ously excluded transcripts from euglenozoa species because in
these organisms, SLe addition is ubiquitously used to solve
polycistronic transcripts. Among these 455 transcripts, 237 are
present in only one species and 218 are shared by more than
one species (totaling 60 unique sequences). Additionally, 138
are common to species from different phyla (totaling 32 unique
sequences). Enolase, calmodulin, gluthatione S-transferase, ATP
synthase subunits, cyclins, eukaryotic translation initiation fac-
tors, superoxide dismutase, ras-related proteins, and ribosomal
proteins are among the most ubiquitous trans-spliced pro-
teins, as these are found in species of at least three different
phyla.

We have automatically assigned GoSlim terms to all tran-
scripts and the results revealed no clear bias to any specific
gene category. This was true for the entire set of transcripts
and also for each individual phylum (data not shown). Because
this protocol was not curated and has classified transcripts into
generic and less informative classes, we have decided to manu-
ally annotate and classify all transcripts aiming to achieve a more
specific, reliable and informative result. We have therefore sep-
arated transcripts according to their main biological function,
generating a total of 30 different functional classes with dif-
ferent representations. The result was unexpected and revealed
unique classes composed of transcripts that seem to more fre-
quently undergo trans-spliced in each phylum, although this was
not true for the entire set of transcripts, in which no specific
category seemed to be dominant (Figure5 and Supplementary
Tables 4, 5).
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conserved Y-shape for the SL molecule. The backbones of the structures are displayed to the right for a simpler view.

In parallel, using data available from the work of Protasio et al.
(2012), we have generated a set of 1411 SLe-containing transcripts
from S. mansoni. Preliminary analyses after GO assignment and
GoSlim retrieval revealed no clear bias regarding the biological
processes under the control of the SLTS mechanism, although the
number of transcripts in a few biological processes was higher,
such as whole-cell functions, metabolic processes, and organismal
development (data not shown).

DISCUSSION

ARE SLe SEQUENCES CONSERVED AMONG DIFFERENT SPECIES?

One of the most discussed topics related to the SLTS mecha-
nism is its evolutionary origin. There is previous evidence for
a unique origin in a common ancestor but there is also evi-
dence for multiple unrelated origins (Nilsen, 2001; Stover and
Steele, 2001; Hastings, 2005). From the 157 sequences comprising
the described EXTENDED database, it is possible to observe few
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features that could universally define a SLe. Almost all sequences
have a conserved WWG at the 3’ end and a TTT pattern. As
for the latter, we suggest it may be the vestige of a Sm binding
site motif that was once present within the SLe and was further

lost or transferred to the intronic portion. Notably, there is a
high sequence conservation rate within phyla, specifically to the
level of subfamilies, although only the two aforementioned fea-
tures are conserved among unrelated phyla. In addition to the
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sequence itself, the SLe length is even more conserved within
phyla, indicating this as a crucial characteristic of the molecule.

There are important characteristics that differentiate eugleno-
zoa and platyhelminthe consensus SLe sequences from other
sequences, such as the length and composition of the 5" and 3’
ends. This could reflect a distinct role of the SLTS mechanism in
such species. Regarding trypanosomatids, the SLTS mechanism
has a crucial role because in these organisms large regions of the
genome are transcribed as polycistronic units and SLe incorpo-
ration is crucial for their resolution into monocistronic units.
In platyhelminthes, the mechanism is supposed to be acting as
an expression regulator for approximately 10% of all genes. A
unique feature of the SLe sequence in this phylum is the pres-
ence of an ATG as the last nucleotide triad. This could account
for an intrinsic start codon, that could generate an alternative
open reading frame (ORF) in which the SLe insertion occurs
within the transcript sequence, thus giving rise to alternative
forms of the resulting protein. Nevertheless, the relationship
between sequences from platyhelminthes and euglenozoans is not
clear nor it is phylogenetically expected because these two phyla
come from different eukaryotic kingdoms (animalia and excavata,
respectively).

ARE SL GENE SEQUENCES CONSERVED AMONG DIFFERENT PHYLA?
Similarity between SL gene sequences from different phyla is
less evident, but some features are conserved. Specifically, the
last nucleotide of all SLe sequences is a guanine (G). This is
because the cleavage site between the exon and intron is a highly
conserved GGTA motif, from which the first nucleotide (G)
is the last nucleotide of the exon and the other three (GTA)
are in the beginning of the intron. Another conserved motif is
the binding site for the Sm protein (usually a AT4_¢G motif).
This conserved binding site is usually present in the intron,
with the exception of the dinoflagellate sequences (and a few
sequences from other phyla), in which the Sm binding site is
located in the exon. The consequences of this exonic localization
of the Sm binding site are not completely understood. Notably,
intronic nucleotide composition is homogeneous (not biased for
a specific nucleotide type), indicating a tendency for a lack of
selective pressure in this region, except for the presence of the
Sm binding site. From all analyzed phyla, euglenozoa species
present the longest SLe sequences, with 1.5 times the size as com-
pared to SLe from other species (which average 23 nucleotides).
This discrepancy may indicate an independent origin of SLTS in
euglenozoa, which may in turn be related to the unique tran-
scription strategy adopted by such organisms and the role of SLe
insertion in the post-transcriptional processing of polycistronic
transcripts.

HOW CONSERVED ARE PUTATIVE SL GENES IN SPECIES OF
CAENORHABDITIS?

There are two different SLe sequences in each of the two
Caenorhabditis species in the EXTENDED dataset (we have inter-
nally named these as SLel and SLell). These sequences were
mapped with BLAT on the genomes of the respective organisms,
and the retrieved sequences of the putative SL genes (the SLe
sequence plus 100 nucleotides downstream) were analyzed. The

results show a differential abundance of each SLe in the genomes,
with the SLel sequence being the most abundant in both species.
Notably, this SLe is shared with the majority of the nematode
species represented in the database. In each species, regarding
sequence similarity, putative genes of identical SLes seem to be
more related to one another than to putative genes of other SLe.
Although not all sequences are identical for a given SLe, sequence
alignments present groups of closely related introns.

In their 1987 article, Krause and Hirsh (1987) reported the
existence of more than 100 SLel genes in C. elegans, which is much
higher than we have observed. This discrepancy can be explained
by the methodology used for SL gene identification, which con-
sidered sequences that were a 90% match to the SLe (20 out of
22 nucleotides) and was performed by Southern blot analysis.
By contrast, in this study, we considered only 100% matches in
the genome, thus restricting the number of retrieved sequences.
Unfortunately, because the C. elegans genome was not available in
1987, we cannot compare our results to the previously published
results.

When analyzing putative intronic sequences of different SLe,
sequence conservation is more clear among species. There are
only 10 SLel gene sequences in C. elegans bearing the Sm binding
site, and these are closely related to one group of SLel sequences of
C. remanei, in which only 27 sequences contain Sm binding sites.
All of the remaining sequences (not bearing the Sm binding site)
do not seem to be related to one another. The scenario is simpler
for the SLell sequences because there are fewer in both species. All
four C. elegans SLell sequences contain Sm binding sites and are
similar. The nine C. remanei SLell sequences are nearly identical,
contain Sm binding sites and are closely related to the C. elegans
SLell sequences.

When we analyze the phylogenetic tree in the supplementary
material (Supplementary Figure 1), we see two main groups: one
comprising approximately half C. remanei SLel gene sequences
and another containing all other sequences. The latter is fur-
ther divided into two groups, one with the SLell gene sequences
and another with SLel gene sequences. This seems to indi-
cate the existence of a more ancient SLe from which the SLel
and SLell genes have arisen by duplication, most likely before
speciation between C. elegans and C. remanei (given the sim-
ilarity among intronic sequences of both species). The second
group of SLel genes from the later species may have arisen by
duplication after speciation or (most likely given the divergence
among sequences in this group) may be a result of duplication
from a common ancestor prior to speciation and was then lost
by the former species. Taken together, these results show that
the orthologous SLe gene sequences (identical SLes in differ-
ent species) are more related to one another than to paralogous
genes (other SLe in identical species). This most likely indi-
cates that divergence between SLel and SLell took place before
speciation.

ARE DIFFERENT SLe SEQUENCES FROM ONE UNIQUE SPECIES
INCORPORATED INTO DIFFERENT TRANSCRIPTS?

This study observed that a given species may have more than
one SLe sequence, supporting the literature [as in the classic
case of C. elegans first reported in Huang and Hirsh (1989)].
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This could account for the differential expression of transcripts
or the production of different protein repertories under certain
environmental conditions or developmental stages. We have iden-
tified two different SLe sequences from Hydra vulgaris and ana-
lyzed the set of transcripts related to each in public databases.
Although this cannot be considered a fully conclusive analy-
sis, it gives an indication of the possible roles for different
SLe sequences. Considering the two distinct SLe from H. vul-
garis, whereas one was found in 30 annotated transcripts, the
other was found in less than half of these (only 13 transcripts).
There was no superposition of the two sub-groups, indicat-
ing that each SLe sequence could be trans-spliced to a distinct
set of transcripts. Notably, the SLe that was added to a higher
number of transcripts is the most conserved when compared
to other species from identical genera. This result is in agree-
ment with the recent work of Allen et al. (2011), where the
authors conclude that in C. elegans the trans-splicing to SLel
or SLell are mechanistically separate and distinct phenomena.
On the other hand, the fact that in the consulted database
both SLe sequences were related to the same number of tran-
scripts is not expected given the higher prevalence (of >80%)
of SLel trans-splicing in C. elegans as reported on Allen et al.
(2011).

ARE IDENTICAL SLe SEQUENCES IN DIFFERENT SPECIES
INCORPORATED INTO DIFFERENT TRANSCRIPTS?

The analysis of transcripts bearing SLe sequences that are shared
by different organisms from a same phylum indicated that these
SLe sequences may control similar transcript repertories. The
first SLe sequence that was analyzed is the one conserved in
all dinoflagellate species in the database. As a result, from the
retrieved matches, 133 transcripts remained after curation with
almost half (63) shared by more than one species. The other ana-
lyzed SLe is common to several nematode species. In this case,
from the retrieved matches, 158 transcripts remained after man-
ual curation, 54 of which are shared by different species from the
same phylum. In the latter case, we have excluded C. elegans from
our search, since in this organism it is already known that SLel
and SLell have different roles and are therefore added to different
sets of transcripts (Allen et al., 2011). Taken together, these results
may indicate that identical SLes in different species from the same
phylum are incorporated into the same transcripts. The observa-
tion that not all transcripts are common to all species harboring
identical SLe sequences could be a result of the restricted number
of annotated transcripts deposited in publicly available databases.
Sets of transcripts from different species that are regulated by
the same SLes, have between 34 and 47% common elements,
potentially indicating an overall tendency for each SLe to regu-
late specific transcripts, regardless of the species. If this is true,
then a given SLe will always be related to a given set of transcripts
in all species (except maybe for species-specific genes), and there-
fore, different SLe from identical species would regulate different
sets of transcripts. Indeed, Allen and collaborators have shown
that, in C. elegans, spliced leader sequence SLel is added either to
monocistronic genes or to the first gene of a polycistron, while the
SLell sequence is added to internal genes of a polycistron. These
two trans-splicing events are therefore mechanically unrelated

and may be functionally different. This observation alone could
account for the lack of overlap between the sets of transcripts
regulated by each SLe sequence in this species and maybe other
species that carry genes in an operon structure. Additionally, the
authors show that some genes can actually be trans-spliced to
both SLel and SLell and these are internal genes in the poly-
cistron for which there are independent promoters. Results show
that, for genes preferably trans-spliced to SLell sequences, some
level of SLel addition may still be observed. According to the
authors, this may be due to the 10-fold excess of SLel in the
cells in comparison to SLell or it may be that SLel is added to
transcripts in a constitutive frequency, while SLell addition could
be more specific. Unfortunately, there are limited data on trans-
spliced transcripts of other species with multiple SLe sequences
and therefore it was not possible here to reproduce the same
observation in other species, apart from a limited analysis of H.
vulgaris transcripts, in which we have found 30 SLel-containing
transcripts and 13 SLell-containing transcripts, with no overlap
among these sets.

ARE TRANSCRIPTS REGULATED BY THE TRANS-SPLICING

MECHANISM COMMON TO DIFFERENT SPECIES AND PHYLA?

We have analyzed over 450 transcripts bearing SLe sequences
from all species in our EXTENDED database except eugleno-
zoans (because this species add SLe to all transcripts). Of those
species, almost half (48%) contain transcripts shared by at
least two different species and almost one third (30%) con-
tain transcripts of species from different phyla (136 transcripts,
representing 32 unique sequences). Among the 32 transcripts
represented in multiple phyla, most are conserved in all eukary-
otes, and the related proteins perform basic functions in the
cell, including involvement in ribosomal activity, cell structure,
ATP synthesis, glucose metabolism, protein folding, antioxidant
defense, DNA replication and translation. This may reflect a ten-
dency of the SLTS mechanism to regulate ancient and conserved
functions.

To thoroughly investigate the relationship between trans-
spliced transcripts from different species and phyla, we have
manually annotated and classified all 455 transcripts according
to their biological function. In a surprising result, we have iden-
tified a dominant class of transcripts in each phylum, with no
overlap among phyla. This could indicate that each phylum may
have a preference to add the SLe to a specific gene category.
We did not perform analyses to investigate if this is true at the
species level, although previous data from studies in S. mansoni
suggests it is not true (Mourdo et al., 2013 and our previously
described GO annotation of SLe-containing S. mansoni tran-
scripts). There is no overall tendency when we observe the set
of transcripts from all phyla. This is expected because each phy-
lum has a bias to a different class. Notably, we have not identified
genes related to host-parasite interactions undergoing SLTS in the
parasitic organisms. We consider this to be an expected obser-
vation if one considers that the SLTS mechanism was derived
early in the eukaryotic lineage. On the other hand, photosynthesis
is the major class of trans-spliced transcripts for the dinoflag-
ellate species (from which only two Perkinsus species are not
photosynthetic) and this is a phylum-specific class in our study
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because no species out of this phylum perform photosynthe-
sis.

We cannot confirm that the observed bias to specific func-
tional categories is not expected for a given phylum because we
did not perform the same annotation and classification proto-
col for the entire set of transcripts for each species. For example,
it is reasonable to expect that energy metabolism would be a
broadly represented class in the transcriptome of most organ-
isms and, accordingly, it is the major class among platyhelminthe
transcripts that undergo trans-splicing. However, in nematodes
there is a bias for transcripts involved with neurotransmission to
undergo trans-splicing. This is not an expected result. Despite
the evidence above, there remains a limited number of SLe-
containing transcripts in public databases, therefore, no final
conclusions can be reached.

ARE THE TRANSCRIPTS UNDERGOING TRANS-SPLICING IN A GIVEN
ORGANISM RELATED TO ONE ANOTHER?

As we have observed in a previous study regarding the SLTS
mechanism in S. mansoni (Mourao et al., 2013), we found no
bias for any specific functional gene category to have tran-
scripts undergoing SLTS. In a preliminary survey using a recently
published S. mansoni SLe-containing cDNA dataset (Protasio
et al.,, 2012), we have used GO annotations to assess whether
specific gene categories could be found among the 1411 SLe-
containing transcripts. The most abundant biological processes
are whole-cell processes (as cell differentiation, cell cycle, cell
death, cell communication, cell proliferation, cell growth, cell
recognition, and cellular homeostasis), cellular component orga-
nization, transport, response to stimulus, signaling, protein
function, protein expression, metabolic processes and organis-
mal development, notably multicellular organismal development
(which is the class with the highest number of related tran-
scripts).

Taken these observations together, we can conclude that the
SLTS mechanism does not regulate any specific biological process
category. Nevertheless, some categories are slightly more repre-
sented than others and those categories are crucial processes for
the metabolism of the cell and the organism. We can then specu-
late that the SLTS mechanism is of fundamental importance and
that the disruption the mechanism should lead to serious con-
sequences for the organism. This represents a notable result that
places the SLTS mechanism in an important place for organismal
development and survival.

ARE SL RNA STRUCTURES CONSERVED AMONG DIFFERENT
SEQUENCES?

A structural RNA analysis was performed to identify possible
structural conservation despite the lack of sequence similar-
ity across phyla. Structures were generated for the 30 SL gene
sequences mentioned previously, and the results do not show
a clear conservation, although some features may be observed.
Because SL gene sequences vary in length, structure complexity
is also diverse. An almost universal topological identity can be
observed among the different SL structures, with few exceptions.
SL RNA structures have three stem loops and a bifurcation point.
This topology can be defined as a Y shaped structure. Although

the bifurcation point location and stem-loop length may vary, the
overall topology may be the only common aspect providing the
SL RNA structure, which is a feature that is shared by all species.

CONCLUSIONS

In the course of this study, we have investigated several char-
acteristics of the SLTS mechanism in different species from
various phyla. Analyses of the conserved features revealed a
close relationship between SLe sequences from the same phy-
lum. However, sequences from different phyla do not share
many common features. SL structures show a certain level of
topological conservation across phyla with an overall Y-shaped
structure.

Transcripts controlled by the SLTS mechanism are, to a cer-
tain extent, shared among different species and organisms from
different phyla, although different biological functions are the
focus of SLTS in different phyla. Keeling et al. (2005) have pub-
lished a consistent classification for eukaryotes that includes
five different “supergroups,” namely excavates, rhizaria, unikonts,
chromalveolates, and plantae. Those phyla in which the SLTS
mechanism was previously characterized are located in three of
such supergroups: unikonts (rotifera, chordata, cnidaria, nema-
tode, and platyhelminthe), excavates (euglenozoa), and chro-
malveolates (dinoflagellates). The widespread presence of the
mechanism could place a unique origin in an ancestor com-
mon to all eukaryotes (or at least to these groups). The outcome
of this hypothesis, if supported, is the previous existence of
the SLTS mechanism in all eukaryotes, although the progres-
sive loss of relative importance reduces the chance of identi-
fying SLe-containing transcripts in more complex organisms.
It may even be true that some species have completely lost
the SLTS mechanism when more robust regulatory mecha-
nisms emerged. Despite speculation, no final answer can be
reached and this is partly due to the restricted data cur-
rently available. Although we have covered here all species in
which SLe sequences are annotated and deposited at NCBI,
more data (specifically of species from other phyla) is needed
to more precisely place the origin of this mechanism among
eukaryotes.

Notably, there is also a clear bias in this study regarding the
demonstration of the SLTS mechanism in new species. Each SLe
sequence in the extended database has to be related to at least
one sequence in the seed database. This indicates that we will
most likely not incorporate new phyla into this database unless
a new methodological approach is used. In this study, we have
initiated an important characterization of the SLe identity, which
can be further used to unravel the presence of the SLTS mecha-
nism in new phyla. We reported that (i) all SLe sequences have
a WWG pattern at the 3’ end; (ii) a Sm binding site is always
present, either in the exon or in the intron of the SL gene; (iii) the
sequences are 22-25 or 36—39 nucleotides long; (iv) a SLe TTT
pattern is present in almost all sequences; and (v) the RNA struc-
ture may be Y-shaped, bearing three stem-loops and a bifurcation
point.

Another important contribution of this study is the obser-
vation that different SLe sequences in a given species control
different transcripts and identical SLe sequences in different

Frontiers in Genetics | Bioinformatics and Computational Biology

October 2013 | Volume 4 | Article 199 | 12



Bitar et al.

The spliced-leader trans-splicing mechanism

species control identical transcripts. We hypothesize that each
SLe sequence is always related to a given set of transcripts and,
therefore, the expression of the respective protein repertories
could be switched on and off according to the presence of a SLe
sequence. If this is correct, then the SLTS mechanism could be
controlled by environmental changes and lead to translation of
several processed transcripts, giving rise to a specific response.
This hypothesis can be tested in further studies by activating
different SLe sequences at different times and observing the phe-
notypic effects. Finally, we have shown that after annotation and
classification of SLe-containing transcripts from all phyla that
the SLTS seems to be directed to specific gene categories in each
phylum.
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INTRODUCTION

Schistosomiasis is a neglected tropical disease, and after malaria, is the second most
important tropical disease in public health. A vaccine that reduces parasitemia is desirable
to achieve mass treatment with a low cost. Although potential antigens have been
identified and tested in clinical trials, no effective vaccine against schistosomiasis is
available. Y-box-binding proteins (YBPs) regulate gene expression and participate in a
variety of cellular processes, including transcriptional and translational regulation, DNA
repair, cellular proliferation, drug resistance, and stress responses. The Schistosoma
mansoni ortholog of the human YB-1, SMYB1, is expressed in all stages of the parasite
life cycle. Although SMYB1 binds to DNA or RNA oligonucleotides, immunohistochemistry
assays demonstrated that it is primarily localized in the cytoplasm of parasite cells. In
addition, SMYB1 interacts with a protein involved in mRNA processing, suggesting that
SMYB1 functions in the turnover, transport, and/or stabilization of RNA molecules during
post-transcriptional gene regulation. Here we report the potential of SMYB1 as a vaccine
candidate. We demonstrate that recombinant SMYB1 stimulates the production of high
levels of specific IgG1 antibodies in a mouse model. The observed levels of specific IgG1
and |gG2a antibodies indicate an actual protection against cercariae challenge. Animals
immunized with rSMYB1 exhibited a 26% reduction in adult worm burden and a 28%
reduction in eggs retained in the liver. Although proteins from the worm tegument
are considered optimal targets for vaccine development, this study demonstrates that
unexposed cytoplasmic proteins can reduce the load of intestinal worms and the number

of eggs retained in the liver.
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promising antigens have been identified and tested in clinical

Schistosomiasis is the second most important neglected tropi-
cal disease causing approximately 280,000 deaths annually (King
et al., 2006; Steinmann et al., 2006; Hotez et al., 2008). The
disease remains endemic in several developing countries, includ-
ing Brazil, where Schistosoma mansoni is the etiologic agent.
The advent of praziquantel was essential to reduce morbidity
and mortality due to schistosomiasis. However, the emergence
of parasite resistant strains has been reported, raising concerns
about the long-term effectiveness of this worldwide available
drug (Doenhoff et al., 2002; Hotez et al., 2010). Therefore, the
development of new drugs and additional control measures are
essential to halt schistosomiasis dissemination. The development
of a vaccine that significantly reduces parasitemia is desirable in
order to allow a mass treatment with high level of protection and
low costs (Chan, 1997; Katz, 1999; McManus, 1999).

Irradiated cercariae used for immunization in experimental
animal models regularly induce >80% of protection (Souza et al.,
1987; Lin et al., 2011; Tian et al., 2013). However, although some

trials, no effective vaccine against schistosomiasis is currently
available. Indeed, most of the studied anti-schistosome targets
are tegumental proteins, which directly interact with the host, but
consistently do not show satisfactory protection levels (McManus
and Loukas, 2008). Consequently, WHO has encouraged tests
with new vaccine candidates such as cytoskeletal or cytoplas-
mic proteins which may be used as part of a multivalent vaccine
(Wilson and Coulson, 2006). Additionally, vaccines based on
nuclear/cytoplasmic proteins exhibit less chance to trigger an
allergic response in the vaccinated individuals (Bethony et al.,
2011), as they are not directly exposed to the host immune system.

In this context, the YBPs comprise a family of proteins that
are found in most living organisms (Evdokimova et al., 2006)
and contain a highly conserved nucleic acid-binding domain,
the cold-shock domain (CSD), which possesses great similar-
ity to bacterial cold-shock proteins (Wistow, 1990). In addi-
tion to the CSD, proteins from this family have a variable
C-terminal TAIL domain predominantly composed of basic or
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acid amino acids, which are responsible for either nucleic acid
binding or protein-protein interactions (reviewed by Matsumoto
and Bay, 2005). YBPs were originally identified as proteins
that bind to DNA, RNA, and other proteins (Sommerville and
Ladomery, 1996; Matsumoto and Wolffe, 1998; Valadao et al.,
2002; Evdokimova et al., 2006; Dong et al., 2009; Mihailovich
et al., 2010; Eliseeva et al., 2011). Subsequent studies demon-
strated that YB-1, a member of this family, is a major component
of ribonucleoprotein particles (mRNPs), working on pre-mRNA
splicing, mRNA stability, and translation (Mihailovich et al.,
2010; Brandt et al., 2012). Thus, these proteins regulate gene
expression and participate in a variety of cellular processes,
including transcriptional and translational regulation, induction
of DNA repair, cellular proliferation, drug resistance, and stress
responses to extracellular signals (Kohno et al., 2003; Mihailovich
et al., 2010; Brandt et al., 2012).

In response to stress signals, including low temperatures, drugs
that act on DNA, reactive oxygen species, and UV irradiation, the
YB-1 protein can translocate from the cytoplasm to the nucleus
and participate in gene regulation (Koike et al., 1997; Matsumoto
and Wolffe, 1998; Kohno et al., 2003). One of the Y-box pro-
tein functions has been elucidated by studies of genes that are
repressed in response to YB-1 overexpression in somatic cells.
For example, an increase in cellular levels of the human YB-1
protein transcriptionally represses interferon-mediated activation
of MHC class II genes (Ting et al., 1994). Subsequent analysis
established that YB-1 stimulates the formation of single-stranded
regions at the Y-box element (an inverted CCAAT motif) in
a MHC class II gene promoter, preventing the loading and/or
function of other transacting factors (MacDonald et al., 1995).
In addition, it was reported that a synthetic protein can inter-
act with YB-1, stimulating its translocation from the cytoplasm
to the nucleus, where YB-1 binds to the promoters of collagen
genes and suppresses their transcription, preventing the progres-
sion of systemic and hepatic fibrosis (Higashi et al., 2003a,b, 2011;
Hasegawa et al., 2009). Currently, a number of genes involved in
innate immune response processes and inflammation have been
reported to be down- or up-regulated by the YB-1 protein (see the
review by Raffetseder et al., 2012).

SMYBL is a S. mansoni protein that belongs to the YBP family
and was described by Franco et al. (1997). Due to the similar-
ity between SMYB1 and Y-box proteins from other organisms,
and the importance of these proteins in the control of gene
expression, our group conducted several studies to characterize
the SMYBI1 protein. We reported that (i) the protein binds to
double- or single-stranded DNA oligonucleotides, with a pref-
erence for sequences containing the CCAATT motif, (ii) the
protein is expressed in all stages of the parasite life cycle, (iii)
SMYBI interacts with proteins involved in mRNA processing,
and (iv) SMYBLI has a cytoplasmic localization (Franco et al.,
1997; Valadao et al., 2002; de Oliveira et al., 2004; Rocha et al.,,
2013). Although the exact function of the SMYBI protein in this
parasite has not been determined, results presented by Valadao
etal. (2002) and Rocha et al. (2013) suggested that, while SMYB1
may not act directly as a transcription factor, this protein may
be necessary for the regulation of S. mansoni gene expression.
These studies suggest that SMYB1 can function in the turnover,

transport, and stabilization of RNA molecules, acting as RNA
chaperones (Valadao et al., 2002; de Oliveira et al., 2004; Rocha
et al., 2013). Although intracellular proteins are not usually the
first choice of immunogens for vaccination, several extracellular
S. mansoni proteins have been previously tested with moderate
success. We have therefore decided to test SMYB1 as a vac-
cine candidate against this parasite. To address this matter, we
have used Bioinformatics tools to investigate SMYBI sequence
composition and structural features. We have further evaluated
the protective efficacy of vaccination with recombinant SMYB1
(rSMYBI1) against the S. mansoni infection in the murine model.

MATERIALS AND METHODS

ETHICS STATEMENT

Animal experiments were conducted in accordance with Brazilian
Federal Law number 11,794, which regulates the scientific use
of animals, and United States Institutional Animal Care and Use
Committee (IACUC) guidelines. All protocols were approved by
the Ethics Committee for Animal Experimentation (CETEA) at
Universidade Federal de Minas Gerais under the protocol number
203/2011.

IN SILICO SEQUENCE ANALYSIS

National Center for Biotechnology Information (NCBI) BLAST
(Altschul et al., 1990) searches using blastp and PSI-BLAST algo-
rithms were performed against the UniProtKb database (The
UniProt Consortium, 2013) using SMYBI as query to identify
possible SMYB1 paralogs with 90% minimal similarity. All sub-
sequent analyses were performed for each of the three identified
SMYB isoforms.

Online programs were used to assess functional characteris-
tics of SMYBI1. The InterProScan (Zdobnov and Apweiler, 2001)
tool was used to recognize different protein signatures (represent-
ing protein domains, families, and functional sites) with default
parameters. In addition, each SMYB protein isoform was sub-
jected to a conserved domain search (CDS tool) (Marchler-Bauer
and Bryant, 2004) from NCBI. Searches were performed against
the conserved domain database (CDD v3.10; Marchler-Bauer
et al., 2011) with e-values of either 0.01 or 0.001 and with or
without applying the low complexity filter. The CDS analysis also
points out the known DNA and RNA binding sites present within
the predicted domain, by comparing to other proteins that bear
the same domain.

The PredictProtein website (Rost et al., 2004) was used to gen-
erate information about the protein sequence. Several protein
features can be assessed through this webserver, including amino
acid composition, predicted protein binding sites and the effect of
amino acid substitution. We have submitted all SMYB sequences
to the PredictProtein server and retrieved specifically these three
results. Protein binding sites are predicted by a machine-learning
algorithm indirectly based on 3D structures to identify inter-
acting residues using only the protein sequence as input. The
effect of amino acid substitutions for each position is analyzed
by exchanging the residue in each position by all other possibil-
ities and investigating the structural/functional effect upon the
protein as a whole. The impact of each point mutation is mea-
sured by a trained classifier algorithm that takes into account
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several features, most importantly from evolutionary informa-
tion retrieved from sequence alignments. The final output of
this method is presented as a heatmap, in which each column
represents one position in the protein sequence and each row
represents one amino acid. The neutral substitutions are colored
from white to dark green, while non-neutral are colored from
white to dark red. The original amino acid is marked in black.

Intrinsically disordered regions of the three SMYB isoforms
were identified using Disopred (Ward et al., 2004), a trained algo-
rithm that accurately predicts disordered regions by comparison
to a dataset of protein regions that could not be solved by X-ray
crystallography and, therefore, are largely flexible. False positive
rate (FPR) threshold was kept in its default value of 2%.

The secretory or non-secretory nature of the protein was pre-
dicted using SignalP 4.1 (Petersen et al., 2011), which identifies
signal peptides, and the SecretomeP 2.0 server (Bendtsen et al.,
2004), which predicts non-classical protein secretion pathways.
Both types of prediction were performed using a default set-
ting score of 0.5. The Euk-mPLoc 2.0 (Chou and Shen, 2010)
and TargetP 1.1 Servers (Emanuelsson et al., 2000) were subse-
quently applied to predict the subcellular locations of SMYBI.
GPI-modification sites, mucin type O-glycosylation sites, and N-
glycosylation sites were analyzed using the GPI Prediction Server
version 3 (Eisenhaber et al., 1999), NetOGlyc 4.0 Server (Steentoft
et al., 2013), and NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/
NetNGlyc/), respectively. Predicted serine, threonine, and tyro-
sine phosphorylation sites were obtained using the NetPhos 2.0
Server (Blom et al., 1999).

T and B cell epitopes were predicted based on the amino
acid sequences of SMYBI, using prediction tools located at
the Immune Epitope Database and Analysis Resource (IEDB-
AR), which is a database of experimentally characterized
immune epitopes (i.e., B and T cell epitopes) in humans, non-
human primates, rodents, and other animal species (http://
tools.immuneepitope.org/main/index.html). Linear B cell epi-
topes were predicted using programs that incorporate solvent-
accessible surface area calculations and contact distances into
the prediction of B cell epitope potential along the length of
the protein sequence. These programs consist of the Emini
Surface Accessibility Prediction (Emini et al., 1985), Kolaskar and
Tongaonkar Antigenicity (Kolaskar and Tongaonkar, 1990) and
the BepiPred 1.0 server (Larsen et al., 2006). To predict T cell epi-
topes, neural network-based prediction of proteasomal cleavage
sites (NetChop) (Nielsen et al., 2005) and T cell epitopes (NetCTL
and NetCTLpan) (Larsen et al., 2005; Stranzl et al., 2010) were
employed.

CLONING, EXPRESSION, AND PURIFICATION OF RECOMBINANT
SMYB1

Initially, the SMYB1 ¢cDNA (Accession no. U39883) was cloned
into the pGEM-T Easy vector (Promega). The YB1fwNdel (5'-
CATATGGCGGACACTAGACC-3') and YBlrevHindIII (5'-
AAGCTTGATCAGAGAATTTTAAGCGTC-3’)  primers were
used for SMYB1 amplification from adult worm cDNA, gener-
ating an amplification product of 675bp. The parameters for
the PCR reaction were as follows: 1 cycle at 95°C for 6 min
followed by 25 cycles of 1 min at 95°C, 1 min at 58°C, 1 min

at 72°C and a final cycle of 5min at 72°C. The recombinant
PGEM-SMYBI vector was then digested with the enzymes Ndel
and HindIIl and the recovered insert was subcloned into the
PET28aTEV vector, in-frame with the six histidine N-terminal
(6xHis) tag. DNA sequencing was performed to confirm the
presence and the correct orientation of the SMYB1 cDNA.
Escherichia coli BL21 was transformed with the recombinant
plasmid (pET28a-SMYB1) and grown in Circlegrow medium
(MP Biomedicals) supplemented with kanamycin (100 pg/ml),
at 37°C, 180 rpm. Bacterial growth was monitored at OD600 nm
until reach 0.4-0.6 and the expression of rSMYBI was induced
by the addition of 0.5mM IPTG. After 4h of induction, the
bacterial cells were harvested by centrifugation at 7690g for
20 min. The pellet was resuspended in 50 mL of column buffer
(20mM sodium phosphate; 300 mM NaCl; 20 mM imidazole,
pH 7.4; 10% glycerol). Lysozyme (100 jug/mL) was subsequently
added, and the cells were incubated for 15 min. The cells were
then subjected to 3 cycles of heat shock (—80°C/37°C), followed
by three 15s cycles of sonication (Fisher Scientific) and three
rounds of centrifugation at 5940 g for 20 min. The protein was
purified from the supernatant by affinity chromatography on
a HisTrap HP 5mL Ni-Sepharose column (GE Healthcare)
under denaturing conditions using the AKTA Prime Plus Liquid
Chromatography System (GE Healthcare), according to the
manufacturer’s instructions. Fractions containing rSMYB1 were
dialyzed against Tris-NaCl buffer (50 mM Tris; 20 mM NaCl, pH
7.4), which was changed every 12 h. The dialysis was performed
for 36 h at 4°C using a >12kDa dialysis tubing cellulose mem-
brane (Sigma Aldrich). The protein was aliquoted and stored
at —80°C until use. Protein concentration was determined using
Bradford’s method (Bradford, 1976). The recombinant protein
was used as an antigen for immunization and in immunological
experiments.

SDS-PAGE AND IMMUNOBLOTTING

SDS-PAGE of purified rfSMYB1 was performed using 12% gels,
and the gels were electroblotted onto nitrocellulose membranes
for 30min at 20V using a semi-dry system (Bio-Rad). The
membranes were blocked with phosphate-buffered saline (PBS)
(130 mM NaCl, 2mM KCI, 8 mM Na2HPO4, 1 mM KH2PO4)
plus 0.05% Tween 20 (PBS-T) containing 5% dry milk (p/v) for
16 h at room temperature. The membrane was subsequently incu-
bated in 1:2000 dilutions of an anti-His antibody (GE Healthcare)
and peroxidase-conjugated anti-mouse IgG (Sigma Aldrich) in
PBS-T for 1 h at room temperature. After washes using PBS-T, the
membrane was developed using 3,3'-diaminobenzidine (Sigma
Aldrich), according to the manufacturer’s protocol. After devel-
oping, the membrane was washed using distilled water and dried
on filter paper.

IMMUNIZATION OF MICE AND MEASUREMENT OF SPECIFIC
ANTI-rSMYB1 ANTIBODIES

Female C57BL/6 mice (n =10, per group) between 6 and 8
weeks of age were obtained from the Universidade Federal de
Minas Gerais (UFMG) animal facility and supplied with com-
mercial food and water ad libitum. Mice were subcutaneously
injected in the nape of the neck with 25 pg of rSMYBI on days
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0, 15, and 30. The vaccine was formulated with the recombinant
protein emulsified in complete Freund’s adjuvant (CFA) (Sigma
Aldrich) for the first immunization and incomplete Freund’s
adjuvant (IFA) (Sigma Aldrich) for subsequent immunizations.
In the control group, Tris-NaCl buffer with Freund’s adjuvant was
administered using the same immunization protocol.

On the tenth day after each immunization, blood was collected
from each experimental group by retro-orbital bleeding. The lev-
els of specific anti-rSMYB1 antibodies were measured by indirect
ELISA. Briefly, Maxisorp 96-well microtiter plates (Nunc) were
coated with 5pg/mL rSMYBLI in carbonate-bicarbonate buffer,
pH 9.6, for 16 h at 4°C. The plates were then blocked for 2h at
room temperature with 200 pl of PBS-T plus 10% fetal bovine
serum (FBS) (Life Technologies) per well. The serum from each
mouse was diluted 1:100 in PBS-T, and a 100-pl sample was
added to each well and incubated for 1h at room temperature.
Plate-bound antibody was detected using peroxidase-conjugated
anti-mouse IgG, IgG1, and IgG2a (Sigma Aldrich) diluted to con-
centrations of 1:5000, 1:10000, and 1:2000 in PBS-T, respectively.
Color reactions were developed by the addition of 100 nL per
well of 200 pmol o-phenylenediamine (OPD) (Sigma Aldrich) in
citrate buffer, pH 5.0, plus 0.04% H,O, for 10 min. The reac-
tions were stopped with 50 WL of 5% sulfuric acid per well.
The plates were read at 492nm using an ELISA plate reader
(Bio-Rad).

CHALLENGE INFECTION WITH S. MANSONI AND WORM BURDEN
RECOVERY

Cercariae of S. mansoni (LE strain) were maintained routinely
in Biomphalaria glabrata snails at the Centro de Pesquisas René
Rachou - Fiocruz (CPqRR) and prepared by exposing infected
snails to light for 2h to induce shedding. Cercariae numbers
and viability were determined using a light microscope prior to
infection. Challenge infection was performed 10 days after the
final immunization. Mice were anaesthetized with 90 mg/kg of
ketamine and 10 mg/kg of xylazine. The mice abdomens were
shaved and they were exposed percutaneously to 100 cercariae
of S. mansoni in water for 1h using the ring method (Smithers
and Terry, 1965). Forty-five days after challenge (DAC), the mice
were sacrificed and the adult worms were perfused from the portal
veins (Fonseca et al., 2004). Two independent experiments were
performed to determine protection levels and 10 mice per group
were used.

Protection was calculated by comparing the number of worms
recovered from each vaccinated group with its respective control
group, using the following formula: PL = (WRCG — WREG) x
100/WRCG, where PL, protection level; WRCG, worms recov-
ered from control group; and WREG, worms recovered from
experimental group.

QUANTIFICATION OF S. MANSONI EGGS RETAINED IN THE LIVER

Quantification of S. mansoni eggs retained in the liver was per-
formed according to the protocol described by Cheever (1968).
To count the number of eggs in the liver, the organ was recov-
ered from each experimental mouse, weighted and placed into
20mL of a 5% KOH solution (p/v) in a 50 mL tube. Digestion
occurred at room temperature for 48h, and the samples were

subsequently mixed thoroughly. The solutions were centrifuged
for 3 min at 200 g, and the pellets were resuspended in 20 mL PBS
and vortexed. This step was repeated three times. After the last
wash, eggs were resuspended in 5 mL of 10% buffered formalde-
hyde in PBS and maintained at room temperature until counting.
An average of three counts was obtained per 50 pL solution to
estimate the number of eggs per gram of tissue. Protection was
calculated by comparing the number of eggs recovered from
the vaccinated group to the number of eggs recovered from its
respective control group, using the same formula used for adult
worms.

HEPATIC GRANULOMA ANALYSIS

Liver sections from mice of control and vaccinated groups and
infected with 100 cercariae were collected 45 days post-infection
to evaluate the effect of immunization in granuloma formation.
The liver sections removed from the central part of the left lat-
eral lobe were fixed with 10% buffered formaldehyde in PBS.
Histological sections were performed using microtome (4 jLm)
and stained in a slide with Gomory’s trichromic. The granulo-
mas were counted in Axiolab Carl Zeiss microscope using 10x
objective lens. All slides were digitized by the Canon Lide 110
scanner, in 300 dpi resolution. The pixels of each histological sec-
tion were fully screened, with subsequent creation of a binary
image and the total area of the cut was calculated. The area of
the lower cutoff was used as a minimum standard of tissue to be
statistically analyzed. The results were expressed by the number
of granulomas per area of liver (mm?). The area of granulomas
was obtained through the KS300 software contained in Carl Zeiss
image analyzer. Fifteen granulomas from each mouse with a sin-
gle well-defined egg were randomly chosen at a microscope with
20x objective lens and scanned through a Q-Color3 microcamera
(Olympus). Using a digital pad, the total area of granulomas was
measured and the results were expressed in square micrometers
(wm?).

HUMORAL RESPONSE AGAINST rSMYB1 AND S. ANSONI ANTIGENS
AFTER CHALLENGE

Following immunization, blood was collected using the previ-
ously described protocol (see section Immunization of Mice and
Measurement of Specific anti-rfSMYB1 Antibodies) at day 0 (i.e.,
challenge) and day 45 of infection (i.e., sacrifice). Measurements
of specific anti-SMYBI1, anti-Schistosoma worm antigen protein
(SWAP), and anti-soluble egg antigen (SEA) IgG, IgG1, and IgG2a
antibodies in the sera were performed using indirect ELISA, as
previously described.

STATISTICAL ANALYSIS
Statistical analysis was performed using Student’s ¢-test in the
GraphPad Prism 5.0 software package (La Jolla, CA, USA).

RESULTS

IN SILICO ANALYSES OF SMYB1 SEQUENCE

In S. mansoni, the SMYB1 protein (predicted molecular
weight: 23805.20 Da, theoretical pl: 10.21) is encoded by
the Smp_097800 gene, which produces three transcript iso-
forms: Smp_097800.1 (SMYB1), Smp_097800.2 (SMYB2), and
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Smp_097800.3 (SMYB3) derived from alternative splicing
(Figure 1A). BLAST searches using blastp and PSI-BLAST
algorithms against the UniProtKb database revealed a paralog
protein in S. mansoni (SMYBX_putative), encoded by the
Smp_097750 gene, which produces a single transcript isoform
(Smp_097750.1) (Figure 1B). Global alignment shows that the
SMYB proteins are much conserved (more than 90% identity).
The N-terminal region (CSD) is more conserved among all
sequences, consistent with the fact that all Smp_097800 derived

isoforms share the first 156 amino acids, and only diverge in their
C-terminal domain. Interestingly, the Smp_097750 derived iso-
form has an almost perfectly conserved CSD region (Figure 1C).

The InterProScan tool identified an N-terminal nucleic acid-
binding OB-fold domain (IPR012340) in the SMYB isoforms
(Figure 1C and Figure S1), which is found in the Y-box bind-
ing protein subfamily (PTHR11544:SF6). The presence of this
domain was also confirmed by the CDS tool with high confidence
(e-vaule of 0.001). The CDS tool has also identified a C-terminal

102 156

A Smp_scaff000610
331288-328682
1 406 710 905 1371 1531 1828 1863 2725
| | | 1l | | | 1] |
| | [ N A Y/
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M: Predicted disordered regions

FIGURE 1 | Comparison between SMYB1 and other SMYB isoforms. The
coding sequences for all SMYB proteins were aligned to two segments of
the S. mansoni genome scaffold 000610, in order to identify exonic and
intronic portions of the genes. Genes are represented by gray bars, while
exons are represented by colored boxes and introns by connecting lines.
Numbers depicted on the gray bars are relative to nucleotide positions and
numbers below the exons are relative to amino acid positions on the
resulting protein sequence. (A) For SMYBX (Smp_097750), there are three
exons and the third (C-terminal, blue box) one is separated from the first two
(dark green and yellow boxes) by a very long intron. (B) Regarding its
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paralogs SMYB1 (Smp_097800.1) is formed by four exons and the first two
(green and orange boxes) are shared with isoforms SMYB2 (Smp_097800.2,
with one extra nucleotide at the end of the second exon) and SMYB3
(Smp_097800.3). While the SMYB2 isoform contains an exon (light blue box)
similar to SMYB1 exon 4 (navy blue box), but longer (and in a different
reading frame), SMYB3 contains a third exon (light red) which is similar to
SMYB1 exon 3 (dark red), but longer. (C) Muscle alignment of SMYB1
(Q27277), SMYB2 (G4LXD2), SMYB3 (G4LXDO0), and the SMYBX_putative
(G4LXC4). Disordered regions are highlighted in red, according to Disopred
predictions and the conserved domain is underlined in blue.
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API5 domain (apoptosis inhibitor domain 5) approximately
localized between residues 140 and 200 on the longer isoforms
(SMYBI and SMYB3) although with low confidence (e-value of
0.01). Further analysis may confirm this as an actual conserved
domain or just an artifact (Figure S1).

The prediction of intrinsically disordered regions has charac-
terized SMYB isoforms as mostly disordered proteins. It is inter-
esting to observe that the conserved CSD is located away from the
disordered regions (Figure S1). An additional region where the
disorder probability suddenly drops (flanking the residue 180)
is an interesting feature to be further investigated (Figure S1).
Another interesting finding regarding the disorder is its relation
to protein-binding residues. For all isoforms, predicted protein
binding sites range from residues 1 to ~25, ~110 to the end of
the sequence and position 65, which is the only predicted binding
site out of the disordered region (Figure S1 and Supplementary
Material).

When observing the SNAP results presented in Figure S1, one
can easily identify the first ~20 N-terminal residues as predicted
to contribute very little to the structure and function of SMYB
isoforms, since all simulated mutation in such positions seem to
have no effect to the proteins. On the other hand, the region where
the CDS domain is located is the most important and mutations
in this region can easily have a negative effect to protein structure
and function. This is expected, since this is the only structured
region of the proteins. Accordingly, the nucleic acid binding site
regions are the most conserved within this domain, since the
heatmap is dark red around these sites.

SMYBI1 was predicted to be located in the cytoplasm and
nucleus of S. mansoni cells, using the Euk-mPLoc program.
No cleavage sites or N-terminal presequences consistent with
a mitochondrial targeting peptide or secretory pathway signal
peptide were identified using the TargetP Server. In addition,
the SecretomeP server revealed SecP scores below the cutoff

score (0.50), indicating a low possibility of secretion by the
non-classical pathway.

Additional Bioinformatics analyses of domain prediction, pro-
tein disorder, protein structure, and molecular interactions, as
well as putative post-translational modifications (GPI modifica-
tion, glycosylation, and phosphorylation sites) and B-cell and
T-cell type epitope predictions for SMYBI1 are presented and
briefly discussed in the Supplementary Material (Table S1 and
Figures S1, S2).

EXPRESSION AND PURIFICATION OF RECOMBINANT SMYB1

The SMYB1 gene was cloned into the pET28a expression vec-
tor, and the recombinant protein was successfully expressed as
a 6xHis tag fusion protein. The transformed bacterial cells were
treated with lysozyme, submitted to heat shock and sonication
treatments, and the lysates were separated into soluble and insol-
uble fractions (Figure 2A). The protein was purified from the
soluble fraction by affinity chromatography using His-binding
columns under denaturing conditions (Figure2B). The pro-
tein was then refolded by dialysis against Tris-NaCl buffer, with
an approximate yield of 11 mg of protein/liter. The purity of
the recombinant SMYBI1-6xHis tag fusion protein was assessed
using SDS-PAGE and Western blotting analysis with an anti-His
antibody (Figure 2C), which revealed a protein of approximately
30kDa.

HUMORAL RESPONSES TO rSMYB1

C57Bl/6 mice were immunized with three doses of rSMYB1
formulated with Freund’s adjuvant, and the level of specific anti-
rSMYBI1 antibodies in the sera from the immune and placebo
groups was evaluated using ELISA (Figure 3). Significant levels
(p < 0.01) of specific anti-rSMYB1 IgG antibodies were detected
after the first immunization, and these antibodies remained at
a high levels after the second and third immunizations. To

FIGURE 2 | Expression and purification of rSMYB1 as a 6xHis fusion
protein. (A) Coomasie blue-stained 12% SDS-PAGE profile of E. coli BL21
expressing the pET28a-SMYB1 construct. Lanes: (1) lysate of induced
culture—O0 h; (2) lysate of induced culture—1 h; (3) lysate of induced
culture—2 h; (4) lysate of induced culture—3 h; (5) lysate of induced
culture—4 h; (6) soluble fraction (SF) of induced culture lysate; (7) molecular
weight marker (BenchMark Protein Ladder, Invitrogen); (8) non-soluble

B Cc
1 2 3 4 5 1 2
e . |
§:
=31 ;
—] 520 i

fraction of induced culture lysate (pellet). (B) Coomasie blue-stained 12%
SDS-PAGE profile of the fractions of purified recombinant SMYB1. Lanes
(1-4) SMYB1 fractions; lane (5) molecular weight marker (BenchMark Protein
Ladder, Invitrogen). (C) Western blotting analysis of purified recombinant
SMYB1 using an anti-His antibody (GE Healthcare). Lane (1) molecular weight
marker (Amersham Full Range Rainbow Molecular Weight); lane (2) purified
rSMYB1.
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determine the isotype of the antibody produced after immuniza-
tion, IgG1 and IgG2a antibodies specific to rSMYBI were also
analyzed. The results revealed that rSMYBI1 stimulates an IgG1
antibody response (p < 0.05) after the second dose (Figure 3). In
the placebo group, no significant differences in specific IgG, IgG1,
or IgG2a antibody levels were observed after immunization (data
not shown).

S. MANSONI ADULT WORM RECOVERY

To determine the protective potential of rSMYB1, immunized
mice were challenged with 100 S. mansoni cercariae. The worms
were recovered by perfusion 6 weeks after challenge, and the
results were expressed as the mean worm burden (mean + SD)
as presented in Table 1. The animals immunized with rSMYBI1
in Freund’s adjuvant exhibited a 26% reduction in adult worm
burden recovered from the mesenteric veins when compared
to the control group (p > 0.05). No differences in male/female
proportion were observed between the placebo and immune
groups (data not shown). Similar results were observed in two
independent experiments.

3.0 ok 2

1gG1/IgG2a

ratio=7.45
*

1gG1/IgG2a
ratio=7.7
*

18G1/1gG2a
ratio=7.3

Absorbance 492nm
-
Ul
|

10 25 40
Days after first immunization

FIGURE 3 | Kinetics of specific anti-rSMYB1 IgG, IgG1, and IgG2a
antibodies in sera from mice vaccinated with rSMYB1. Sera were
collected from 10 immunized mice per group prior to the first immunization
and at days 10, 25, and 40 after the first immunization and assayed by
ELISA. The results are presented as the mean absorbance at 492 nm for
each isotype on each day of sera collection. Asterisks indicate statistically
significant differences between the vaccinated and preimmune groups:

*p < 0.05; **p < 0.01. Black bars: IgG antibody. Gray bars: IgG1 antibody.
White bars: |gG2a antibody. The results are representative of two
independent biological replicates.

Table 1 | Worm burden and protection level in mice vaccinated with
the rSMYB1 protein.

Group Worm burden Protection
(mean + SD)
Tris-NaCl + CFA/IFA (placebo) 51.50 + 26.64 -
rSMYB1 + CFA/IFA (immune) 38.11 £ 10.78 26%

CFA, complete Freund's adjuvant; IFA, incomplete Freund's adjuvant. No statisti-
cally significant differences were observed between groups (p > 0.05). The data
are representative of two independent biological assays.

QUANTIFICATION OF S. MANSONI EGGS RETAINED IN THE LIVER

In addition to worm counting, we evaluated the number of S.
mansoni eggs retained in each gram of liver. The immunized
group retained 28% less eggs in the liver than the placebo group
(p > 0.05) (Figure 4). We have also measured the number of eggs
layed by female adult worm recovered before and after immuniza-
tion and found a 5.5% decrease in the number of eggs per female
on the immunized group (the average was of 769.20 eggs/female
on the placebo group against 726.69 eggs/female on the immu-
nized group). Therefore, these result points to a combination
between diminished egg production per female and decreased
number of adult parasites in the host after immunization.

HISTOPATHOLOGICAL ANALYSIS

Histopathological analysis showed significantly fewer granulo-
mas in the liver of animals immunized with rfSMYBI1 (p < 0.05)
(Figure 5A). An associated decrease in the area of granulomas
in the immunized mice group compared to the placebo group
(p < 0.05) was also observed (Figures 5B, 6). However, no sig-
nificant decrease in the area of fibrosis was detected when the two
groups were compared (p > 0.05) (Figure 5C).

HUMORAL RESPONSE AGAINST rSMYB1 AND S. MANSONI ANTIGENS
AFTER CHALLENGE

Levels of specific antibodies produced in response to the purified
rSMYBI1 protein in each group of mice after challenge were deter-
mined using ELISA. Surprisingly, the levels of rSMYBI1-specific
IgG, IgGl, and IgG2a antibodies in the immune group decreased
after the third dose of the vaccine (p > 0.05) (Figure7). In
contrast, the placebo group exhibited increased levels of all anti-
bodies against the protein. No statistically significant differences
were observed between the immune and placebo groups at 45

28%

25000+

20000+

15000

Eggs/gram
g
8
1

5000

Immune

Placebo

FIGURE 4 | Counting of the number of S. mansoni eggs retained in the
liver of immunized mice. The number of S. mansoni eggs in 10 mice
immunized with Tris-NaCl + adjuvant (placebo group) or with rSMYB1 +
adjuvant (immune group) were counted. The infection developed for 45
days prior to sacrifice. The liver was digested for 48 h in a 5% KOH solution
(p/v), and the eggs were maintained in 10% buffered formaldehyde until
counting. The results are presented as the mean number of eggs per gram
of liver. No statistically significant differences were observed between
groups (p > 0.05). The results are representative of two independent
biological experiments.
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FIGURE 6 | Histological analysis of liver tissue from mice immunized
with rSMYB1. Animals were sacrificed 45 days post-infection and their
livers were washed with PBS and stored in formaldehyde until histological
procedures. Fixed livers were sliced using microtome (4 um) and stained
with Gomory's trichromic. (A) Liver from the control group and (B) liver
from rSMYB1 immunized mice. Scale bar: 50 um. The granulomas were
counted in Axiolab Carl Zeiss microscopy using 10x objective lens.

DAC (p > 0.05). The observed anti-rSMYBI IgG1/IgG2a ratio
decreased in the immunized mice.

To measure IgG, IgG1, and IgG2a antibodies against the spe-
cific S. mansoni antigens SWAP and SEA, the sera from vaccinated
mice in each group were tested using ELISA (Figure 7). No spe-
cific anti-SWAP and anti-SEA IgG, IgGl, and IgG2a antibodies
were detected before or during the immunizations (data not
shown). After challenge, both groups developed significant lev-
els of specific anti-SWAP and anti-SEA (Figure 7) IgG antibodies
(p < 0.01). With respect to isotype, both groups developed a pre-
dominantly IgG1 antibody response (p < 0.05) against the SWAP
antigen but not against the SEA antigen. No differences in IgG2a
antibody response against these antigens were observed between
the immune and placebo groups.

DISCUSSION
The long-term effective control of schistosomiasis will only occur
as a result of combined vaccination and chemotherapy strate-
gies with sanitation and public health control measures. Although
evidences indicate that chemotherapy using praziquantel is effec-
tive in reducing the intensity of infection, as reinfection has been
observed after chemotherapy, the use of this control strategy alone
has been questioned (Wilson and Coulson, 2006). The irradiated
cercarial vaccine elicits >80% protection in rodents and pri-
mates and other antigens identified in analyses of the Schistosoma
proteome, transcriptome, glycome, and immunome, also exhibit
protective potential (Oliveira et al., 2008). Nevertheless, the effec-
tiveness of recombinant vaccines rarely exceeds 40% (McManus
and Loukas, 2008; McWilliam et al., 2012), although new find-
ings from El Ridi and collaborators (El Ridi and Tallima, 2013;
El Ridi et al., 2014) are promising and depict a decrease of ~70—
80% in worm burden using papain as adjuvant and focusing on
S. mansoni cysteine peptidases as antigens.. To date, vaccine can-
didates have been assessed using omics-derived high throughput
approaches, such as proteomics, immunomics, and vaccinomics
with promising results (DeMarco and Verjovski-Almeida, 2009;
Loukas et al., 2011; McWilliam et al., 2012).

Many studies focus on tegument proteins as potential
drug/vaccine targets because the tegument is a dynamic layer
that represents the primary host-parasite interface and has close
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FIGURE 7 | Kinetics of specific anti-rSMYB1, anti-SWAP and anti-SEA
IgG, IgG1, and IgG2a antibodies. The presence of antibodies was
measured in sera from 10 mice immunized with Tris-NaCl + adjuvant
(placebo group) or with rSMYB1 + adjuvant (immune group). Sera were
collected prior to sacrifice 45 days after challenge and assayed by ELISA.
The results are presented as the mean absorbance at 492 nm for each
immunoglobulin isotype. Asterisks indicate statistically significant
differences between the vaccinated and pre-immune groups: *p < 0.05,
**p < 0.01. DAC, days after challenge. Black bars: IgG antibody. Gray bars:
1gG1 antibody. White bars: IgG2a antibody. The results are representative
of two independent biological experiments.

proximity to the host blood and immune system (Jones et al.,
2004; Pearce and Freitas, 2008; DeMarco and Verjovski-Almeida,
2009; Han et al., 2009; Loukas et al., 2011). Other studies focus
on excretory/secretory (ES) proteins, molecules known to be
released from live worms in the tissue culture and that may be

secreted into host tissues as the parasites move along the host
body, feed, and produce eggs (Loukas et al., 2011). According
to McManus and Loukas (2008), the apical membrane proteins
expressed on the surfaces of the schistosomulum and the adult
worm are the preferred vaccine targets. Therefore, the use of
extracellular antigens for vaccine production is accompanied by
inherent problems, for instance, the difficulty to produce recom-
binant proteins, since the majority of these antigens is processed
through the classical secretory pathway and is subject of com-
plex post-translational modifications, (e.g., glycosylation, specific
processing, and disulfide bonds formation). Additionally, most
antigens tested in WHO trials and by other groups are cytoso-
lic or cytoskeletal components (e.g., paramyosin, Sm14, and GST)
(Wilson and Coulson, 2006; McManus and Loukas, 2008; Oliveira
et al., 2008). To our knowledge no study exploring the poten-
tial of a nucleic acid-binding protein as a S. mansoni vaccine
candidate has been published. This is the first attempt to char-
acterize such a protein as an antigen and to evaluate its protective
efficacy as a vaccine against S. mansoni infection in the murine
model.

In 2005, Carl and collaborators have stated that most nuclear
systemic autoantigens contain long regions of structural disorder.
They have studied properties of intrinsically disordered proteins
in order to make connections linking disorder to antigenicity.
The authors state that the amino acid composition of disordered
regions (usually rich in Arg, Gly, Ser, Pro, Glu, Lys, Gln, and Ala
residues) leads to a highly charged and low complexity molecule,
typical properties of autoantigens (Plotz, 2003). Another property
of autoantigens is their capacity to bind nucleic acids, as described
by Plotz and cited by Carl and collaborators. Additionally, Plotz
listed phosphorylation as a strong feature of autoantigens. All of
these factors, namely enrichment in six of the listed amino acids
(Arg, Gly, Ser, Pro, Glu, Lys), low complexity regions (such as
repetitive sequence patterns), nucleic acid binding capacity and
the abundance of phosphorylation sites (10 predicted) can be
observed in the SMYBI protein, thus corroborating its putative
antigenic potential.

Although the Euk-mPLoc program predicted the SMYBI1
localization in the cytoplasm and nucleus of cells, our group
has previously demonstrated that this protein is predominantly
located in the cytoplasm of cells from different life cycle stages
of S. mansoni, suggesting that SMYBI1 is probably acting in
RNA metabolism in the cytoplasm. We also showed the pres-
ence of SMYBI near the tegument in adult worms proposing
an action on the translational regulation of tegument pro-
teins (Rocha et al., 2013). Intrinsically disordered proteins have
recently been characterized as the prevalent type of RNA and
protein chaperones (Tompa and Csermely, 2004). Accordingly,
it has been shown that YBPs and other cold-shock proteins
typically act as chaperones that maintain mRNA in a single-
stranded conformation to sustain the expression of genes that
are necessary for cell growth, proliferation, and transforma-
tion (Jiang et al., 1997; Matsumoto and Wolffe, 1998; Salvetti
et al., 1998; Tanaka et al., 2004; Evdokimova et al., 2006). YBPs
are thought to play roles in a wide variety of responses to
environmental stresses (Kohno et al.,, 2003). As such, SMYBI1
localization in the cytoplasm of tegumental cells reinforces its
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importance as a protein that acts responding to the stressing host
environment.

Molecules that contain signal peptides or signal anchors
are predicted to be excreted, secreted or membrane-anchored,
directly interacting with the host immune system and, as stated
above, constitute relevant targets for schistosome vaccines. The
combined Bioinformatics results obtained in this study suggest
that the SMYBI1 protein is not secreted. However, Frye et al.
(2009) reported that human YB-1 is secreted from cells dur-
ing inflammatory stress after treatment with lipopolysaccharide,
hydrogen peroxide or TGF. In these cases, YB-1 is secreted
not via the classical mechanism of protein secretion (i.e., via
the Golgi apparatus and endoplasmic reticulum) but by a non-
classical mechanism inside endolysosomal vesicles (Frye et al.,
2009; Eliseeva et al., 2011). The question of whether SMYBI is
secreted or not needs further experimental investigation.

We reported here the successful cloning of SMYB1 c¢cDNA
into the pET28a vector and the expression of rfSMYBI1 in the
soluble fraction of bacterial lysates. The discrepancy between
the ~30kDa protein molecular mass value calculated from
SDS-PAGE and the ~24 kDa protein molecular mass value pre-
dicted from the cDNA is typical of Y-box proteins and related
to the anomalous electrophoretic properties of these proteins
(Deschamps et al., 1992) or to post-translational modification,
such as phosphorylation (Salvetti et al., 1998). We subsequently
evaluated the antigenicity of the protein by investigating the
murine humoral immune response to rSMYB1 and the impact
of its immunization on adult worm and egg burden in mice chal-
lenged with 100 cercariae of S. mansoni. Recent data suggested
that the establishment of a robust humoral response is likely
the key for generating maximal immunity against schistosomes
(Wynn and Hoffmann, 2000). A primary obstacle to the develop-
ment of a schistosome vaccine is the lack of available knowledge
concerning the type of immune response that should be induced.
In the irradiated cercariae vaccination model, above 80% protec-
tion can be granted by a Th1, a Th2, or a mixed Th1/Th2 immune
response (Wynn and Hoffmann, 2000). However, with respect to
recombinant proteins, Thl-inducing antigens have been reported
to confer protection against Schistosoma infection in the mouse
model (Jankovic et al., 1996; Mountford et al., 1996; Zhang et al.,
2001; Fonseca et al., 2004; Varaldo et al., 2004; Li et al., 2005;
Cardoso et al., 2008; Garcia et al., 2008).

In this study, C57Bl/6 mice immunized with rSMYB1 exhib-
ited high levels of specific anti-SMYB1 IgG antibodies that
emerged after the first immunization. Specific anti-SMYB1 IgG1
antibodies predominated over IgG2a antibodies, particularly after
the second immunization. However, the IgG1/IgG2a ratio was
reduced after the last immunization (i.e., during the challenge
period). Antibody levels correlated with protective efficacy in our
study. The antibody levels developed by mice immunized with
rSMYBI reduced in 26% the number of adult worm burden and
in 28% the eggs/granuloma trapped in the liver. A critical issue
in vaccine design is the use of an appropriate adjuvant to induce
the suitable immune response. Although the CFA adjuvant, which
triggers a Thl response, cannot be used in humans (Heegaard
et al., 2011), it is widely utilized in initial immunization trials.
Further experiments combining rSMYBI1 with suitable adjuvant

formulations for use in humans should be performed. In this
sense, an interesting strategy would be to use papain as adjuvant,
given that recently published articles have described very high
protection rates related to the use of such molecule in vaccine
candidates (EI Ridi and Tallima, 2013; El Ridi et al., 2014).

S. mansoni adult worms live in the blood essentially unrecog-
nized for many years, whereas schistosome eggs are a prominent
target of the host immune response. In the first weeks of murine
S. mansoni infection, a Th1 immune response is observed and the
eggs deposited in the blood vessels by females that pass to the
endothelial barrier and become trapped in the liver are immedi-
ately targeted by recruited immune cells that consist primarily of
T-cells, eosinophils, and macrophages (Pearce and MacDonald,
2002; Wynn et al., 2004). Histopathology results show that in
the initial phase of infection vaccination with SMYB1 seems
to interfere with cell recruitment and migration in the liver.
Consequently, the resulting granulomas, although presenting the
same area of fibrosis, were fewer when compared to unvaccinated
animals, showing the protective potential of the protein in the
initial liver pathology.

Although tegument proteins are considered the main targets
for vaccine development (Bergquist et al., 2002; McManus and
Loukas, 2008), this study demonstrates that a cytoplasmic pro-
tein has the potential to be used as an immunogen, as we showed
that SMYBI could reduce the load of intestinal worms and eggs
retained in the liver when it was used in vaccination trials and also
that the protection levels achieved by SMYB1 are comparable to
those obtained with other tegument and cytoskeleton proteins.
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