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RESUMO

DINAMICANDO ELEMENTO DE TRANSPOSICAO mariner SOB
CONDICOES DE ESTRESSE EM Drosophila simulans

AUTORA: Sinara Santos Jardim
ORIENTADOR: Elgion Ldcio da Silva Loreto

A capacidade de excisdo e insercdo dentro e entre genomas € caracteristica essencial dos
elementos transponiveis (TES). A mobilizacdo da aos TEs o papel de contribuir com a
mutagénese e a variabilidade genética. Contudo, 0s mecanismos que desencadeiam a ativacao
dos TEs em condigdes de estresse ainda ndo estdo bem esclarecidos. Na linhagem Drosophila
simulans white-peach o transposon mariner-Mosl pode se mobilizar tanto em células
somaticas quanto em germinativas. Esta linhagem apresenta uma caracteristica peculiar, pois
permite 0 estudo da transposicdo do elemento através da formagdo de manchas nos olhos.
Neste estudo, avaliamos se a expressdo e transposi¢cdo do elemento eram induzidas por
agentes estressores como: radiagédo ultravioleta (UVC, 25J/m?2), temperatura moderada (28°C)
e dano quimico (paraquat, 1mM e 2mM). Para medir a expressdo génica de mariner-Mosl e
dos genes de controle positivo Hsp70 e superoxido dismutase (Sod) foi usado RT-qgPCR. A
avaliacdo da transposicdo somatica foi baseada no nimero de manchas vermelhas nos olhos
da linhagem mutante submetida aos estresses (cada mancha representa um evento de
transposicdo). Além disso, foi realizada uma andlise do ciclo celular e do tempo de
desenvolvimento apds estresses (UVC e 28°C). Os tratamentos com UVC e paraquat ndo
tiveram efeito no aumento da expressédo e na transposicdo de mariner-Mosl. Ambos os
estresses aumentaram a expressao do gene de Hsp70. Os resultados sugerem que a expressao
de mariner-Mosl nédo é diretamente compartilhada em resposta este gene de choque térmico.
Contudo, 28°C aumentou a expressdo de Hsp70, mariner-Mosl e o numero de manchas.
Além disso, as moscas tratadas com o calor moderado mostraram reduzido tempo de
desenvolvimento e rapida progressdo no ciclo celular. Em contraste, apds UVC, foi observado
um longo tempo de desenvolvimento das moscas bem como um atraso na fase G1/S do ciclo
celular. Assim, os resultados indicam que o calor moderado induz transcri¢do e transposi¢éo
de mariner-Mosl, UVC e estresse quimico ndo sdo capazes de induzir ambos os fatores, mas
induzem a expressdo de Hsp70, possivelmente com diferentes vias de ativacao.

Palavras-chave: Estresse quimico. Radiagdo UV. Temperatura. Mos1. Transposicao somatica.
white-peach. Ciclo celular. HSP.



ABSTRACT

DYNAMICS OF TRANSPOSITION ELEMENT mariner UNDER
STRESS CONDITIONS IN Drosophila simulans

AUTHOR: Sinara Santos Jardim
ADVISOR: Elgion Lucio da Silva Loreto

The capacity of excision and insertion within and among genomes is an essential feature of
transposable elements (TEs). The mobilization gives to TEs the role of contributing to
mutagenesis and genetic variability. However, the mechanisms that trigger the activation of
TEs under stress conditions are still poorly understood. In the Drosophila simulans white-
peach lineage, the mariner-Mos1 transposon can be mobilized in both somatic and germline
cells. This lineage has a peculiar feature because it allows the study of element transposition
through the formation of eyes spots. In this study, we evaluated if the expression and
transposition of mariner-Mos1 were induced by stressing agents, such as: ultraviolet radiation
(UVC, 25J/m2), mild heat (28°C) and chemical damage (paraquat, 1mM e 2mM). The RT-
gPCR was used to elucidate the gene expression of mariner-Mosl and positive control genes
Hsp70 and superoxide dismutase (Sod). The evaluation of somatic transposition was based on
the number of red spots in the eyes of the mutant strain submitted to stresses (each spot
represent one transposition event). Furthermore, the cell cycle progression and the
developmental time after stresses (UVC and 28°C) were also evaluated. The treatments with
UVC and paraquat had no effect in the increase of mariner-Mosl expression and
transposition. Both the stresses increased the expression of Hsp70 gene. The results suggest
that the expression of mariner-Mos1 is not directly shaped in response to this heat shock gene.
However, 28°C increased the expression of Hsp70, mariner-Mos1 and the red spots number.
Furthermore, the flies treated with mild heat showed reduced development time and fast cell
cycle progression. In contrast, after UVC, it was observed a long development time of flyies
as well an arrest in the G1/S phase of cell cycle. Therefore, the results indicate that de mild
heat induce transcription and transposition of mariner-Mos1, UVC and chemical stress no are
able to induce both processes despite it can induce the expression of Hsp70, probably through
a different activation pathway.

Keywords: Chemical Stress. UV Radiation. Temperature. Mosl. somatic transposition.
white-peach. Cell cycle. HSP.
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1 INTRODUCAO

1.1 OS ELEMENTOS TRANSPONIVEIS

Os elementos transponiveis - TEs (do inglés Transposable Elements) sdo segmentos
de DNA capazes de moverem-se e replicarem-se de uma regido cromossémica para outra
dentro de um genoma hospedeiro. Os TEs tém representantes na maioria das espécies
estudadas e devido a sua movimentacdo e acumulacdo sdo uma grande forca capazes de
moldar genes e genomas (FESCHOTTE; PRITHAM, 2007).

Nos genomas de eucariotos ha variacdo na diversidade de TEs que ocupam um mesmo
genoma e/ou na quantidade de cdpias de um mesmo elemento. Essa ampla distribuicdo se da
em parte pela grande diversidade de estrutura e mecanismos de transposicdo que os TES
apresentam. Uma das consequéncias é que uma grande parte dos genomas € constituida por
elementos transponiveis, como por exemplo: 4% do genoma de Saccharomyces cerevisiae, 15
a 22% de Drosophila melanogaster, 45% de humanos e mais de 60% de algumas plantas e
anfibios (BIEMONT; VIEIRA, 2006; FESCHOTTE; PRITHAM, 2007).

Quando os elementos genéticos mdveis foram descobertos por Barbara McClintock na
década de 40, ndo foram bem aceitos, pois a descoberta aconteceu em um tempo dominado
pela ideia de estabilidade genémica. Esta visdo surgiu a partir das leis de Mendel sobre a
conservacao de caracteristicas e transmissdo dos caracteres hereditarios para descendentes
(HUA-VAN et al., 2011). As ideias de McClintock foram reconhecidas apds anos, com as
descobertas de TEs em diversos organismos, com o inicio do entendimento do papel que
apresentam nos genomas e 0 avanco das técnicas de biologia molecular. Por fim, como
reconhecimento a premiaram com um prémio Nobel em 1983.

Os elementos transponiveis tém um importante papel na dinamica da organizacdo dos
genomas hospedeiros (VARANI et al., 2015). Uma vez que, a0 promoverem a propria
mobilizacdo (cis) ou a de outro elemento (trans) presente no mesmo genoma e proximamente
relacionado os TEs podem gerar mutagOes, por exemplo, ao inserirem-se em genes, gerar
rearranjos estruturais como delecdes, duplicacdes, inversdes e fusdes cromossdmicas que
podem ser prejudiciais para o organismo hospedeiro (VARANI et al., 2015).

Além disso, os TEs podem promover impacto na expressdo génica dos hospedeiros e
também sdo considerados fonte de variabilidade genética (HANEY et al.; 2009; VARANI et
al.; 2015). Um exemplo deste impacto é o elemento jockey que reduz os niveis de transcritos

do gene Hsp70Ba em linhagens de Drosophila melanogaster quando inserido na regido
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promotora desse gene (LERMAN et al., 2003). E em relacdo a variabilidade genética, foram
encontrados fragmentos de uma transposase de um elemento transponivel fusionados a um

gene humano ambos constituem atualmente, um novo gene (CORDAUX et al., 2006).

1.2 CLASSIFICACOES DOS ELEMENTOS TRANSPONIVEIS

Fez-se necessario um sistema de classificacdo hierarquico para facilitar os estudos
comparativos e evolutivos de elementos transponiveis presentes em diferentes espécies
hospedeiras. Este sistema foi sendo aperfeicoado por diversos pesquisadores, incluindo novas
caracteristicas de classificacdo (FINNEGAN, 1989; JURKA et al., 2005; WICKER et al.,
2007; PIEGU et al., 2015). O sistema de classificacdo é hierarquico e, além das classes, inclui
subclasses, ordens, superfamilias, familias e subfamilias (WICKER et al., 2007). O primeiro
nivel de classificacdo foi baseado na existéncia dois mecanismos de transposi¢do, que se
distingue pelo intermediério que o TE utiliza para mobilizacdo: DNA ou RNA. Os de Classe |
sdo 0s elementos que se transpde por um intermediario de RNA e os de Classe Il se transpdem
com um intermediario de DNA (FINNEGAN, 1989).

Os TEs de Classe | ou Retrotransposons sdo estruturalmente parecidos com retrovirus
integrados. Apresentam em sua estrutura molecular sequéncias codificantes de um conjunto
de enzimas que estdo relacionadas ao mecanismo de transposicdo. Uma dessas enzimas € a
transciptase reversa (TR), capaz de sintetizar uma fita de DNA a partir de um RNA, sendo o
oposto do que ocorre na transcricdo (HUA-VAN et al., 2011). Assim, apos a fita de RNA
mensageiro ser transcrita pela maquinaria da célula, é direcionada ao citoplasma onde é
traduzida. O conjunto de enzimas do retrotransposon é entdo produzido e a TR sintetiza uma
nova copia de DNA a partir da fita de mRNA recém transcrita. Por fim, o retotransposon
retorna ao nucleo, associado com as demais enzimas envolvidas no processo de mobilizacéo e
insere-se em uma nova regido do genoma (VARANI et al., 2015).

A transposicdo dos retrotransposons é comumente chamada de “copia e cola” ou
replicativa, pois, além de conservar a sequéncia do TE original, produz novas cdpias
(WICKER et al., 2007). Os retrotransposons foram caracterizados nos genomas de animais e
de leveduras, porém, sdo abundantes na maioria dos genomas das plantas, podendo constituir
grande parte deles (GRANDBASTIEN, 1998).
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Dentro da Classe I, os elementos podem ou ndo apresentar em suas extremidades
longas repeti¢Oes terminais - LTR (do inglés, Long Terminal Repeats) que séo essenciais para
0 processo de regulacédo do elemento.

A subclasse dos elementos sem LTR (do inglés non-LTR) sdo os LINEs (do inglés
Long Interspersed Nuclear Elements), mais abundantes em mamiferos, e os SINEs (do inglés
Short Interspersed Nuclear Elements), encontrados em humanos (como os elementos SINEs-
Alu). Os elementos da subclasse com LTR sdo os LTR presentes em humanos, a maioria é
inativo, mas proximamente relacionados a retrovirus, os DIRS (do inglés, Dictyostelium) que
contém um gene de tirosina recombinase e ndo gera duplicacdo do sitio alvo. E os elementos
PLE (do inglés, Penelope-like) que sdo mais abundantes em plantas do que em animais e
apresentam um gene capaz de codificar uma proteina de dominio similar a um capsideo viral
(WICKER et al., 2007). As ordens de retrotransposons possuem classificagbes menos
inclusivas como superfamilia e familia.

Os TEs da Classe Il, ou transposons de DNA, codificam uma enzima chamada
transposase, que de maneira geral, reconhece o transposon, catalisa a reacdo de transposicéo e
promove a inser¢cdo em um novo sitio no genoma (VARANI et al., 2015). Como parte da sua
estrutura molecular, os transposons de DNA podem apresentar repeti¢cdes terminais invertidas,
as TIRs (do inglés, terminal inverted repeats), que sdo sequéncias presentes em ambas as
pontas do transposon. Estas sequéncias sdo reconhecidas e clivadas pela transposase durante o
processo de transposicdo. Algumas superfamilias podem apresentar duplicacdo dos sitios
alvos (TSD) (do inglés, target site duplication), que séo repeticdes curtas e diretas geradas em
ambas as regides franqueadoras do TE apds a integracdo (WICKER et al., 2007).

Os transposons ainda podem ser classificados em duas subclasses. A subclasse |
compreende 0s transposons caracterizados por clivarem as duas fitas de DNA no momento da
mobilizacdo e se inserirem em outra regido. E subclasse Il que contém os TEs capazes de
cortarem uma fita de cada vez para a inser¢do e usam o mecanismo de replicacdo da célula. O
primeiro caso ocorre 0 mecanismo comumente chamado de “corta e cola” ou processo de
transposicéo conservativo (FESCHOTTE; PRITHAM, 2007; WICKER et al., 2007). Ja para
os da subclasse Il, o processo € chamado de replicativo e gera duas copias do transposon
(FESCHOTTE; PRITHAM, 2007; WICKER et al., 2007).

O aumento do numero de cdpias dos transposons de DNA da subclasse | se da quando

h& ativacdo do sistema de reparo por recombinacdo homologa, devido a quebra dupla
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(ENGELS et al., 1990) ou quando o transposon se mobiliza para uma regido do cromossomo
que ainda néo foi duplicada (CHEN et al., 1992).

1.3 A HISTORIA EVOLUTIVA DO TRANSPOSON mariner

Os transposons da familia mariner estdo amplamente distribuidos na maioria dos
organismos Vvivos e bem caracterizados na familia Drosophilidae (WALLAU et al., 2011). A
distribuicdo do elemento na espécie D. simulans foi estudada por Picot et al., (2008) e baseia-
se na taxa de transposicdo somatica. Os autores relacionaram dados da atividade de mariner
com a distribuicdo geografica e dados geoclimaticos das espécies hospedeiras. Juntos, os
resultados revelaram que as populacGes das Ameérica do Sul e Austrdlia (consideradas
recentes) tém uma taxa de atividade de mariner alta e varidvel entre as populacdes, ao
contrario do que acontece com as populacdes ancestrais (Africanas). Como a selecéo contra a
transposicdo é maior em &reas mais quentes, as populacfes Africanas apresentaram uma
menor atividade de mariner-Mos1 do que as populacGes mais recentes. Assim, o padréo de
atividade do elemento esta mais relacionado com os aspectos geograficos do que diretamente
com a temperatura do local de origem da espécie hospedeira (PICOT et al., 2008).

Em relagdo a classificagdo, o transposon mariner pertence a classe Il, subclasse I,
superfamilia Tc1-mariner-1S630, familia mariner, ordem TIR. O elemento autdnomo mariner
possui 1286 nucleotideos de extensdo sendo 28 pb pertencentes as TIRs que flanqueiam uma
ORF (do inglés, open reading frame). A ORF codifica uma proteina de 346 aminoacidos, a
transposase. Também h& a duplicagdo de 2pb da sequéncia de do gene white gerada na
insercdo (JACOBSON et al., 1986). Além disso, ha uma regido entre a TIR 5’ e o inicio da
ORF que possui sequéncias de potenciais regides promotoras do elemento (JACOBSON et
al., 1986; JARDIM et al., 2015).

O elemento de transposi¢do mariner foi descoberto por causar uma mutacéo instavel
no gene white de D. mauritiana (JACOBSON; HARTL 1985). Este gene localiza-se no
cromossomo X e codifica uma proteina envolvida na pigmentacdo do olho dos drosofilideos
que € predominantemente vermelha. Mutagdes nesse gene debilitam seu funcionamento e
modificam o padrdo de coloracdo natural dos drosofilideos (MACKENZIE et al., 1999).

A mutacdo era causada por uma copia ndo autbnoma de mariner (alelo WP, ou seja,
esta copia era incapaz de codificar a transposase, pois, apresentava algumas dele¢es na ORF.

Como consequéncia a expressao do gene white era menor e fenotipo da cor dos olhos
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passava de vermelho para péssego com algumas facetas pigmentadas (mosaicismo). Este
mosaicismo era resultado da excisdo somatica instavel do elemento mariner por uma das suas
mais 20 cdpias autbnomas também presentes no genoma, que promoviam a reversdo da
mutacdo em algumas células do olho durante o desenvolvimento. (JACOBSON; HARTL
1985; JACOBSON et al., 1986) Uma copia autbnoma foi isolada, caracterizada e chamada
fator Mos1 (Mosaico) ( MEDHORAEet al., 1988).

Posteriormente o alelo wP™ (cépia ndo auténoma) foi introduzido no genoma de D.
melanogaster, que ndo contém o elemento, para gerar um potencial sistema de transformacéo
usando mariner (GARZA et al., 1991). Este alelo também foi introduzido no genoma de D.
simulans, em uma linhagem na qual faltavam copias autbnomas, por meio de uma série de
cruzamentos interespecificos (BRYAN; HARTL 1988; CAPY et al., 1990). As novas
linhagens permaneceram completamente estaveis, sem evidéncias de excisdo somatica ou
germinativa. James W. Jacobson foi convidado a nomear o transposon mariner e o fez em

homenagem a sua filha recém-nascida na época, Marin (HARTL, 2001).
1.4  MECANISMO DE TRANSPOSICAO DO ELEMENTO mariner

O elemento mariner é amplamente distribuido entre as espécies eucarioticas e isso se
deve ao seu mecanismo de transposicdo. De maneira geral a transposi¢cdo do mariner ndo
depende de fatores do hospedeiro e sim de fatores do proprio elemento, como a transposase e
a presenca das TIRs (repeticdes terminais invertidas). De fato, in vitro a transposase e as
TIRs s&o os Unicos fatores requeridos para transposi¢do do mariner (LAMPE et al., 1996).
No entanto, in vivo, para que a célula sobreviva h4 a necessidade de reparo do local da
excisdo por fatores do hospedeiro (ENGELS et al., 1990).

As transposases da familia Tcl-mariner sdo nucleases de sequéncias especificas e
transferases de fita de DNA, ou seja, elas clivam o DNA nas TIRs, que marcam o final do
transposon, e inserem o fragmento excisado em outra regido (DORNAN et al., 2015).

A porcdo C-terminal da transposase, contém um dominio catalitico conservado na
familia do TE, o dominio DDD/E, que juntamente com ions metalicos e moléculas de agua
participam da quebra da ligacdo fosfodiéster das TIRs (MAHILLON; CHANDLER, 1998;
BENJAMIN et al., 2007).

As transposases de mariner eucarioticas funcionam em homodimeros, onde dois

polipeptideos se combinam nas regifes finais do transposon, nas TIRs, para excisao
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formando um complexo pareado chamado paired-end-complex (PEC) (JAILLET et al., 2012)
(Figura 1). O mecanismo de transposicdo requer duas clivagens sequenciais que ocorrem
nessas regides finais (DAWSON; FINNEGAN, 2003). Por fim, um complexo de pre-
integracdo € gerado e este insere o transposon em um novo Ssitio onde ocorrem 0S
nucleotideos TA no genoma (JAILLET et al., 2012; RICHARDSON et al., 2009).
Imediatamente apds a excisdo do transposon, ha o reparo do DNA da sequéncia alvo da
insercdo (nucleotideos TA) que é duplicada durante este processo. Esta duplicacédo de sitios
TA é considerada uma assinatura da transposicéo da familia TC1/mariner (DORNAN et al.,
2015).

Quanto a regulacdo da transposi¢do pelo préprio elemento foi relatado que a
concentracdo de transposase quando em excesso impede a montagem do PEC, apesar de nédo
impedir o processo de transposicdo em ensaios in vitro (JAILLET et al., 2012). No entanto,
existem mecanismos de defesa do hospedeiro contra o aumento excessivo do nimero de

cdpias dos elementos transponiveis, o que sera relatado mais adiante.
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Figura 1- Mecanismo de transposi¢do do mariner-Mos1.
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Legenda: A) o elemento tem uma sequéncia de aproximadamente 1.3kb, duas regides terminais invertidas de
28pb, as TIRs (triangulo), flanqueadas por sitios de duplicacdo TA (vermelho). Clivagens na primeira e na
segunda fita (tesoura) geram um fosfato 5’ na fita ndo transferida (NTS) (ponto preto) e 3’OH na fita transferida
(TS) (seta). Integracdo do transposon clivado no sitio de DNA alvo e duplicacdo dos dinucleotideos TA (azul).
B) Complexo de nucleoproteinas formado durante a mobilizacdo (DORNAN et al., 2015).

1.5 TRANSPOSICOES SOMATICAS DO ELEMENTO mariner

Um fator importante sobre as transposicfes dos elementos transponiveis € que a
maioria delas ocorre em células germinativas, que é onde os TE tém a possibilidade de se
manter no genoma ao longo das geragdes (aumentar o nimero de copias), 0 que ndo ocorre

em células somaticas (KAZAZIAN, 2011). As transposi¢Ges somaticas ndo trazem nenhum
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beneficio para o hospedeiro do elemento transponivel, pois ndo sdo herdadas as subsequentes
geragbes (EICKBUSH; EICKBUSH, 2011). Além disso, as transposi¢cdes em tecidos
somaticos podem estar envolvidas em drasticas consequéncias para 0 organismo hospedeiro
como o cancer (HELMAN et al., 2014). Além de alterar o cenario genético do cérebro
humano (BAILLIE et al.,, 2011) e também estdo envolvidas no declinio neuronal em
Drosophila (LI et al., 2013). Em uma visdo mais ampla, hd acimulo de evidéncias de que a
desintegracdo de celulas somaticas € devido ao poder mutagénico e da perturbacdo dos TEs
nas sequéncias génicas regulatdrias ou codificantes (STURM et al., 2015).

Em relacdo a transposicdo somética do elemento mariner, apds a descoberta e a
caracterizagdo do elemento, os estudos sobre sua transposi¢do se deram no contexto de
entender as variagOes da atividade em populacfes naturais. Como seria o padréo de atividade
do elemento nessas populacdes? Qual a relacdo entre a transposicdo somatica e a clina
latitudinal encontrada (breve revisdo em Capy et al., 2000; Picot et al., 2008).

O modelo Drosophila simulans white-peach possibilitou estudos sobre a atividade
somatica do elemento mariner em populacgdes naturais (CAPY et al., 1992; GIRAUD; CAPY,
1996; RUSSELL; WOODRUFF, 1999). A linhagem white-peach é usada em cruzamentos
com linhagens naturais de D. simulans que fornecem a transposase a copia inativa de white-
peach. Durante o processo de desenvolvimento da prole (F1) pode ocorrer mobilizagdo in
trans da cdpia inativa de mariner. O resultado é observado na F1 através da quantidade de
manchas vermelhas nos olhos, em um contexto de coloracdo white-peach, péssego. (CAPY et
al., 1990) ( Figura 2).
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Figura 2- Olho mosaico de Drosophila siumulans white-peach representando a atividade de

transposicao de mariner.
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Legenda: Cada mancha representa a reversdo da mutacdo e um evento de transposicdo de mariner
(JARDIM; LORETO, 2011; JARDIM et al., 2015).

Outro fator importante capaz potencializar a atividade de transposi¢do somatica do
elemento mariner é a acdo da temperatura. Em Chakrani et al., (1993), os autores ja
conheciam a capacidade da temperatura em aumentar a transposicdo do mariner, relatada
primeiramente por Garza et al., (1991) em linhagens transformadas de D. melanogaster.
Chakrani et al., (1993), mediram a taxa de transposi¢do somatica do elemento através da
proporcdo de machos mosaicos (PMM) resultante dos cruzamentos entre populacéo
naturais de D. simulans e a linhagem white-peach. Uma vez que o padrdo de heranca do
gene white é ligado ao cromossomo X e carrega o alelo mutante na linhagem white-peach,
somente 0s machos da F1 apresentam o fendtipo mosaico. Os pesquisadores realizaram
cruzamentos a 29°C e encontraram um efeito da temperatura na taxa de transposicao
somatica de algumas linhagens naturais de D. simulans. A relacdo entre a taxa de
transposicdo e temperatura usada no cruzamento (29°C) poderia estar relacionado com a
similaridade de 57% encontrada entre a sequéncia da TIR de mariner com a regido
promotora consenso dos genes das HSPs (CHAKRANI et al., 1993).

1.6 REGULACAO DA TRANSPOSICAO
Existem ainda fatores de regulacdo da atividade de mariner, como o modelo inibigédo

por superproducdo de transposase (transposase overproduction inhibition) o qual ocorre em

alguns modelos in vivo. Este tipo de inibicdo da transposi¢do pode resultar da formacdo de
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oligdbmeros de transposases ativos ou inativos que atuam como competidores toxicos (BIRE et
al., 2013; LOHE; HARTL, 1996). No entanto esta inibi¢do da regulagdo (downregulation) é
observada em promotores ndo naturais (LOHE; HARTL, 1996).

Outras estratégias moleculares que podem regular atividade dos elementos
transponiveis em geral sdo o silenciamento transcricional por metilagdo do DNA, a
modificacdo de histonas e o silenciamento pds transcricional por RNAs de interferéncia
(GRANZOTTO; CRUZ, 2015). O silenciamento de TEs em célula somaticas ocorre
principalmente pelos siRNAs (do inglés, short interfering RNAs). Neste modelo, o
silenciamento é pds transcricional e os SiIRNAs agem em conjunto com as proteinas da familia
Argonoautas, clivando RNAs complementares (SLOTKIN; MARTIENSSEN, 2007). Em
células germinativas o grupo de proteinas associados da familia Argonauta é denominado
Piwi e os piRNAs (do inglés, piwi-interacting RNAs) sdo os principais responsaveis pelo
silenciamento. Os piRNAs podem atuar em clusters em Drosophila que contém fragmentos de
TEs senso e antissenso, produzindo piRNAs em ambas orientagbes. Em Drosophila simulans
ha& poucos estudos sobre os mecanismos de silenciamento. FABLET et al., (2014) relataram
polimorfismo nas sequéncias de genes envolvidos na via de piRNA, além de mostrar variacao
transcricional nos mesmos genes em linhagens de D. simulans. Além disso, em uma espécie
proximamente relacionada a D. simulans, D. erecta, ha uma sequéncia de mariner plotada
sobre um possivel cluster piRNA chamado flamenco (MALONE et al., 2009).

Em relacdo ao estresse, o choque térmico é capaz de modular os piRNAs originados
de clusters em células germinativas de D. melanogaster (FUNIKQV et al., 2015). O estudo da
maquinaria de silenciamento em D. simulans é essencial para avaliar a acdo dos RNA de

interferéncia na transposicéo do elemento mariner.

1.7  MODELO DE ESTUDO: Drosophila simulans

As linhagens usadas nesse trabalho pertencem a espécie Drosophila simulans. Esta
espécie pertence a familia Drosophilidae que é a mais amplamente distribuida entre 150
familias que compde a ordem Diptera (YEATES et al., 2007). Fazem parte dessa familia cerca
de 4.200 espécies divididas em 77 géneros (BACHLI, 2015). Dentro do género Drosophila
dois subgéneros se destacam Sophophora e Drosophila. D. simulans pertence ao subgenero
Sophophora do género Drosophila, que é proximamente relacionada a D. mauritana
(LACHAISE; SILVAIN, 2004).
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Drosophila simulans atualmente possui distribuicdo cosmopolita, e suas populagfes
ancestrais se originaram na Africa central e ilhas do leste como Madagascar, Seychelles e
Mascarenhas e sua invasdo nas Americas acompanhou a invasdo humana (LACHAISE,
1988).

1.8 AGENTES ESTRESSORES E A ATIVIDADE DOS ELEMENTOS TRANSPONIVEIS

Evidéncias de que os elementos transponiveis sdo uma importante fonte de variacao
genética vem se acumulando ao longo dos anos. As mudancas causadas por eles vao desde
alterar o tamanho dos genomas até influenciar na expressdo génica da espécie hospedeira
(DIAS; CARARETO, 2015). Tem sido evidenciado que os elementos repetitivos mediam
respostas ao estresse oxidativo ao se inserirem proximo de genes relacionados a viabilidade e
ao desenvolvimento de Drosophila (GUIO et al., 2014). A hipétese de que as sequéncias
repetitivas estdo envolvidas na adaptacdo dos hospedeiros as mudangas ambientais é reforcada
pelas evidéncias como a citada acima, juntamente com o fato de que elas podem ser ativadas
por fatores externos (GRANDBASTIEN, 1998). Estes fatores ou estresses que ativam 0s
elementos transponiveis sdo fatores bidticos como ataques de patégenos e infecgdes virais ou
abiodticos como variagcdes de temperatura e irradiacdo (CAPY et al., 2000; GUERREIRO,
2012). No caso da temperatura, como revisado por Capy et al., (2000), alguns elementos
repetitivos podem ter regiGes de ativacdo da transcricdo homologas as de genes de defesa.
Estas regides podem assim, serem ativadas pelo mesmo fator de transcricdo que € ativado pelo
estresse em questao.

Os organismos expostos a temperatura elevada respondem a esse estresse, sintetizando
um conjunto de proteinas, as proteinas de choque térmico (do inglés: heat shock proteins -
HSPs) (LINDQUIST, 1986). As HSPs fazem parte de uma familia génica de proteinas e
algumas como a HSP70 e a HSP90, funcionam como chaperonas moleculares. As chaperonas
tém a capacidade de interagir com outras proteinas, reconhecendo e se ligando a aquelas com
conformacdo alteradas (desnaturadas ou ndo nativas), provocada pela acdo de agentes
estressores ou ligando-de em peptideos que ainda ndo foram totalmente sintetizados,
dobrados, montados ou com uma localizacdo incorreta dentro da célula (FEDER,;
HOFMANN, 1999). A resposta das HSPs é universal e conservada na maioria dos organismos
ja estudados (LINDQUIST, 1986). Alem do papel em resposta aos danos as proteinas, as

HSPs atuam em outros processos celulares como regulacao do ciclo celular (HELMBRECHT
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et al., 2000) e de vias de renovacdo de proteinas (turnover), senescéncia celular, cancer e
apoptose (TOWER, 2011; VOS et al 2015; JEGO et al., 2013). Apesar das HSPs terem sido
descobertas por hipertermia, elas também sdo capazes de responder a diferentes tipos de
estresse, como radiacdo UV e estresse quimico (WON et al., 2015; GUPTA et al., 2005).

A regulagdo da resposta ao choque térmico em eucariotos exige a ativacdo e
translocacdo para o nucleo de uma proteina que age como fator de transcri¢ao (do inglés, Heat
Shock Factor - HSF), que se liga aos Elementos de Choque Térmico (do inglés, Heat Shock
Elements -HSE), localizados nas regides promotoras dos genes de HSPs (SANTORO, 2000)
(Figura 3). Os HSF apresentam um sitio de ligagdo ao DNA e se ligam aos HSE, induzindo a
expressdo génica dos genes das HSPs (AKERFELT et al., 2010). Invertebrados, como 0s
drosofilideos, apresentam apenas um tipo de HSF (WU, 1995). Os HSE estdo presentes em
multiplas copias e suas sequéncias com maior frequéncia em Drosophila podem ser:
(CtgGAAINTTCtAG) (STRAND and McDONALD (1985).
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Figura 3- Regulacdo da resposta ao choque térmico.

multi-chaperone complex dissociated complex
HSF-1 monomer Q %
) HSF-1 monomers
hsp70
hsp90 ™ T @
hsp40
=P thermal stress =S
hsp90
folded unfolded : hsps prevent
protein protein hsp70 jnappropriate interactions

hspd0

HSF-1 trimer

cytosol

Legenda: Em condicdes ndo estressoras, HSF1 é encontrado no citoplasma como um mondmero inerte,
associado com pelo menos HSP70, HSP90 e HSP40. Em condigdes de estresse as HSPs evitam a desnaturacéo
de proteinas e, como consequéncia, ha a dissociacdo do complexo (complexo multi-chaperonas) e a liberagdo de
HSF1. Os HSF1 se translocam para o ndcleo, formam estados triméricos ativos, os quais se ligam aos HSE.
Apos fosforilagdo, esses se tornam transcricionalmente ativos para aumentar os niveis de transcritos das HSPs.
Quando a sintese das HSPs aumenta, as proteinas se translocam para o nucleo e se ligam a HSF1, inibindo sua
atividade (SANTORO, 2000; TOMANEK, 2002).

1.8.1 Temperatura

Existem poucos trabalhos que sugerem que a ativacdo do elemento seja via genes de
defesa (CHAKRANI et al., 1993; STRAND; McDONALD, 1985). Ndo ha exemplos se
realmente o fator de transcricdo desses genes € capaz de ativar os TES ou como o estresse
estaria induzindo a atividade dos elementos (CHAKRANI et al., 1993; STRAND;
McDONALD, 1985).

Os pesquisadores Strand e McDonald (1985) demonstraram que em resposta ao
estresse térmico havia um rapido e significante aumento nos niveis de transcritos do
retrotransposon copia e do gene de Hsp70. Além disso, também descreveram uma sequéncia
homologa entre a regido LTR do elemento e a regido promotora consenso de genes de HSPs.
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Chakrani et al. (1993) relacionaram 0 aumento da taxa de transposi¢do somatica de mariner
de linhagens submetidas a temperatura elevada a similaridade encontrada entre a regido
promotora de genes de choque térmico e a regido terminal invertida (TIR) do elemento.

Outros elementos transponiveis também podem ser ativados por hipertermia, como 0s
retrotransposons copia-like e o elemento 412 ambos em genomas de Drosophila.
(JUNAKOVIC et al. 1986; VASILYEVA et al. 1999; RATNER et al., 1992). Em outros
genomas como nos fungos Magnaporthe grisea e M. oryzae o retrotransposon MAGGY
também teve sua mobilizacdo ativada apos estresse térmico (CHADHA; SHARMA 2014;
IKEDA et al. 2001), assim como o transposon Crawler da superfamilia TC1/mariner no
genoma de Aspergillus oryzae (OGASAWARA et al., 2009).

1.8.2 Radiacéo Ultravioleta

A radiacdo ultravioleta é uma das muitas energias emitidas pelo sol, mas somente uma
pequena fracdo chega a superficie da terra. A radiacédo ultravioleta é dividida em UVC (100-
280 nm), UVB (280-315 nm) e UVA (315-400 nm). A radiacdo UVC é totalmente absorvida
pelo oxigénio e pela camada de ozoénio, diferentemente da UVA que chega totalmente a
superficie da terra e da UVB a qual tem uma grande parte absorvida, cerca de 95%
(HEGGLIN et al., 2014).

Os danos causados pelas radiacbes UV aos organismos sdo de grande importancia
bioldgica. Os danos diretos na molécula de DNA, causados pela luz UV, podem ser ligacOes
cruzadas, como as vistas nas lesdes de DNA dimero de pirimidina ciclobutano (CPD), e os
fotoprodutos (6-4)-pirimidina-pirimidona (6-4PPs). J& os maiores comprimentos de onda da
luz UVA também induzem danos indiretos causados principalmente pela oxidacdo de bases
do DNA (como a leséo 8-oxoguanina) (SCHUCH et al., 2013).

Contudo, os organismos evoluiram e desenvolveram sistemas de reparo especificos
para cada tipo de dano. As lesdes que ndo sdo removidas podem interferir em processos vitais
para célula, como transcricdo e replicacdo, e consequentemente causar mutacdes e/ou morte
celular (FRIEDBERG 2003; SCHUCH, et al., 2013).0 estresse por radiacao ultravioleta (UV)
assim como o estresse térmico, também pode ser capaz de induzir o aumento da atividade dos
elementos repetitivos. Em Escherichia coli ocorre indugéo da transposi¢cdo na Sequencia de
Insercdo (IS10) do elemento Tn10 durante o controle da resposta SOS em resposta aos danos
causados ao DNA por radiacdo UV (EICHENBAUM; LIVNEH, 1998). A resposta SOS € um
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sistema induzivel de reparo de DNA em bactérias (MICHEL, 2005). Os transposons da
familia Mutator (MuDR/Mu) no genoma de milho também respondem a radiacdo UV-B,
aumentando suas atividades (QUESTA et al., 2010, 2013; WALBOT, 1999). Exemplos da
acdo de UV aumentando a transposicdo de retrotransposons também sdo encontrados nos
elementos SINEs e LINEs em cultura de células de rato e humana, respectivamente
(MYAKISHEYV et al, 2008; MORALES et al, 2003).

1.8.3 Estresse quimico

O dano oxidativo é causado pelo desequilibrio entre a quantidade de espécies
reativas do oxigénio (ERO), as espécies reativas do nitrogénio (ERNS) e a capacidade do
organismo de combater suas acOes pelo sistema de protecdo antioxidante (PISOSCHI,
POP, 2015). As espécies reativas do oxigénio sdo geradas continuamente como
subproduto da respiracdo celular, exposicdo a infecgdes, ativacdo da fagocitose ou pela
acao de poluentes como alcool, radiacbes UV, pesticidas e ozénio (PISOSCHI; POP,
2015). Os efeitos das EROs podem ser danosos para os processos celulares, pois
provocam alteragcBes em enzimas, proteinas estruturais, bem como desencadeiam reagdes
de peroxidacdo lipidica, considerado um grave distdrbio na integridade das membranas,
levando a morte celular (HEMNANI; PARIHAR, 1998).

No entanto, além das caracteristicas danosas, as EROs, podem assumir outras
funcBes mais especificas, como no papel de mensageiros secundarios para a expressao de
varios fatores de transcricdo e moléculas de transdugdo de sinal (SCHRECK;
BAEUERLE, 1991). O controle das EROs em resposta ao dano quimico pode ocorrer em
nivel transcricional. Apds detectar o aumento de EROs, hd a ligacdo do fator de
transcricdo a sequéncia dos Elementos de Resposta Antioxidante (AREsS), e a
hiperregulagdo da transcricdo de enzimas antioxidantes que irdo neutralizar as EROs
(SYKIOTIS; BOHMANN, 2008; GUIO et al., 2014). Em relacdo a ativacdo dos
elementos transponiveis, ha poucas evidéncias mostrando ativacao por estresse quimico:
sd0 o0s casos do transposon Crawler da superfamilia Tcl/mariner, em fungo
(OGASAWARA et al., 2009), o retrotransposon MAGGY no fungo Magnaporthe grisea e
M. oryzae (IKEDA et al., 2001; CHADHA; SHARMA, 2014) e do elemento P em
Drosophila melanogaster (BLOUNT et al., 1985).
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2 OBJETIVOS

O objetivo principal desse estudo é avaliar se 0 mecanismo de transposicdo do
elemento mariner-Mos1 é ativado por diferentes condi¢cGes de estresse no genoma de
Drosophila simulans white-peach, além de entender fatores celulares que desencadeiam a
transposicao induzida. Os objetivos especificos sdo listados abaixo:

- Avaliar a possivel coativacdo do elemento mariner-Mosl e dos genes das proteinas
de choque térmico quando submetidos ao estresse por calor.

- Avaliar o efeito dos danos da radiagcdo ultravioleta (UVC) sobre o mecanismo de
transposicdo do elemento mariner-Mos1,

- Avaliar o efeito dos danos do estresse quimico sobre 0 mecanismo de transposicéo
do elemento mariner-Mosl1;

- Descrever o mecanismo que desencadeia ativacdo o elemento mariner-Mosl em

condigdes de estresse.
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Abstract There are many complex interactions between
transposable elements (TEs) and host genomes. Environmen-
tal changes that induce stressful conditions help to contribute
for increasing complexity of these interactions. The transpo-
son mariner-Mosl increases its mobilization under mild heat
stress. It has putative heat shock elements (HSEs), which are
probably activated by heat shock factors (HSFs). Ultraviolet
radiation (UVC) is a stressor that has been suggested as able to
activate heat shock protein genes (Hsp). In this study, we test
the hypothesis that if UVC induces Hsp expression, as heat
does, it could also promote mariner-Mosl transposition and
mobilization. The Drosophila simulans white-peach is a mu-
tant lineage that indicates the mariner-Mosl transposition
phenotypically through the formation of mosaic eyes. This
lineage was exposed to UVC or mild heat stress (28 °C) in
order to evaluate the induction of mariner-Mosi expression
by RT-qPCR, as well as the mariner-Mos1 mobilization activ-
ity based on the count number of red spots in the eyes. The
effects of both treatments on the developmental time of flies
and cell cycle progression were also investigated. Both the
analysis of eyes and mariner-Mos1 gene expression indicate
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that UVC radiation has no effect in mariner-Mos! transposi-
tion, although heat increases the expression and mobilization
of'this TE soon after the treatment. However, the expression of
Hsp70 gene increased after 24 h of UVC exposure, suggesting
different pathway of activation. These results showed that heat
promotes mariner-Mos] mobilization, although UVC does
not induce the expression or mobilization of this TE.

Keywords Transposable elements - Mechanisms of
transposition - Drosophila simulans white-peach -
Temperature - UV radiation

Introduction

Transposable elements (TEs) are DNA sequences with the
ability to move from one chromosomal location to another
in the genome. They are widely distributed among the major-
ity of studied organisms and can correspond to a greater por-
tion of their genomes, as much as 45 % in humans or 50 to
90 % in certain grass genomes (Feschotte and Pritham 2007;
Pritham 2009). TEs show huge sequence diversity and are
classified in a taxonomic system based on their transposition
mechanism (Wicker et al. 2007).

The biological consequence of TE mobilization is their
mutagenic effect, ranging from small nucleotide changes to
chromosome rearrangements and epigenetic modifications. In
general, TE mobilization is detrimental, but from an evolu-
tionary perspective, they are a formidable resource of genetic
variability to feed evolution (Hua-Van et al. 2011). To mini-
mize the unfavorable effects of TEs, their “host” genomes
developed mechanisms such as RNAi and epigenetic silenc-
ing through DNA methylation or heterochromatinization
(Yamanaka et al. 2013; Creasey et al. 2014). Many TEs mo-
bilize only in germ cells, and for a long time, this was the main

@ Springer



27

S.8. Jardim et al

focus of TE research. However, evidence on the importance of
somatic mobilization is now accumulating (Kazazian 2011),
indicating its involvement in genomic instability related to
cancer (Helman et al. 2014), aging (De Cecco et al. 2013),
and neurodegenerative diseases (Li et al. 2013).

Stressors act as activators of transposition of many TEs
(Capy et al. 2000; Guerreiro 2011). The mariner-Mos] trans-
poson is a good genetic tool to investigate how a transposition
mechanism is induced under stressful conditions (Guerreiro
2011). Chakrani et al. (1993) have shown the effect of in-
creased temperature upon mariner-MosI mobilization exper-
imentally. This study also compared the 5’ terminal inverted
repeats (TIR) sequence of mariner-Mos! with the promoter
sequences of four heat shock protein (Hsp) genes, finding
homology among them. A homology of 57 % was found
between a 14-bp stretch of mariner-MosI and the Hsp70 gene.
These observations suggest that mariner-Mos! TIR contains
functional heat shock elements (HSEs) activated by heat
shock factors (HSFs). The heat shock proteins (HSPs) are
the best characterized and conserved set of polypeptides that
respond to thermal stress (Lindquist and Craig 1988). The
HSPs are also implicated in the cell cycle regulation, in resis-
tance to stress-induced apoptosis or necrotic cell death, and in
antioxidative defense (Helmbrecht et al. 2000; Takayama et al.
2003; Mosser et al. 1997; Buzzard et al. 1998).

UV radiation is a stressor able to increase Hsp gene expres-
sion in human skin cells and fish tissues during embryonic
stages (Trautinger 2001; Vehnidinen et al. 2012). Furthermore,
UVC promoted transposition and excision of the Tc!/mariner
superfamily of fungus Aspergillus oryzae (Ogasawara et al.
2009). UVC radiation damages DNA molecules, which is
the major cellular chromophore of UVC light. This absorption
generates lesions known as DNA photoproducts, in which the
most common are cyclobutane pyrimidine dimers (CPDs) and
(6—4) pyrimidine-pyrimidone photoproducts (6—4PPs)
(Ravanat et al. 2001; Schuch et al. 2013). The presence of
these lesions drastically alters the metabolic processes in
DNA, since they represent a physical block to both the repli-
cation and transcription machinery (De Santis et al. 2002;
Costa et al. 2003). As a result, a cell cycle arrest in the G1
phase is observed because the cells are unable to progress
through S phase, thus triggering cell death (Ortolan and
Menck 2013).

Considering that mariner-Mos1 element (i) is activated by
heat and (ii) has putative HSE and that the UVC radiation can
induce cell stress, in this study, we tested the hypotheses that
heat and UVC would increase mariner-Mos1 expression and
that UVC could induce mariner-Mosl transposition, as heat
does. For testing these hypotheses, we used Drosophila
simulans strains containing a specific mutation called white-
peach.

The D. simulans white-peach strain is an interesting model
for investigating the transposition mechanism because it is an
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excellent system allowing to quantify the somatic mobiliza-
tion and is easily manipulated in vivo (Medhora et al. 1991).
The white-peach strain has a defective copy of mariner-Mos1
inserted in the promoter region of the white gene. The white
gene encodes an enzyme involved in the production of red
pigmentation in the eyes of wild flies. This insertion results
in the eye color becoming white-peach instead of red
(Jacobson and Hartl 1985; Jacobson et al. 1986). Furthermore,
this defective copy of mariner-Mos! (nonautonomous) can be
mobilized in trans by the transposase enzyme synthesized
from an autonomous copy of mariner-MoslI. This transposi-
tion occurs during the eyes’ development, and the mariner-
Mos1 mobilization generates a new phenotype: white-peach
eyes with red spots (mosaic) (Capy et al. 1992).

Therefore, we investigated whether UVC and the mild heat
stress would induce Hsp gene expression in the lineage
D. simulans white-peach. Moreover, if UVC can induce Hsp
genes, it is possible that it could also promote mariner-Mos1
activation, transcription, and mobilization, since this element
has a putative promoter sequence homologous to the Hsp
promoter.

Materials and methods
Drosophila strains

In this study, we used a D. simulans white-peach isoline called
Dswp test, which has active copies of the mariner-Mos! ele-
ment. This isoline was produced by crossing a D. simulans
white-peach female (which has no active mariner-Mos1)
(Bryan et al. 1990) with wild-type D. simulans males collected
in Brasilia, Brazil (which has active mariner-Mos! elements).
Furthermore, in the F2 generation, an isoline was established
expressing the mosaic eye phenotype. This isoline presents a
basal rate of mariner-Mos! activity, which was confirmed by
the presence of red spots in the eyes and one active copy of
mariner-Mos1 in the genome, as estimated by gPCR. For the
experimental procedures performed in this work, we chose the
second larvae instar since the first is very sensitive to manip-
ulation (influencing larval survival) and the third is too late to
evaluate the transposition activity with reliable fidelity.

Estimation of transposition rate

To estimate the mariner-Mosl transposition rate under vari-
able stress conditions, we quantified the red spots in the mo-
saic eyes of adult flies that were submitted to stress during the
second larval stage. Each spot is interpreted as one transposi-
tion event of mariner-Mosl, and the individuals were classi-
fied in different levels related to the number of observed spots:
level 0=without spots, level 1=one to four spots, level 2=five
to ten spots, and level 3=more than ten spots (Chakrani et al.



Heat and UV in mariner-Mos! mobilization

28

1993; Jardim and Loreto 2011). Twenty-five larvae were sub-
mitted to each stress treatment, in three replicates, for three
independent experiments. The same number of control larvae
was maintained at 20 °C, and the adults were quantified for
spots in their eyes.

Exposure to UVC radiation

In order to estimate a sub-lethal dose and perform the other
procedures with UVC, first, a larvae group was submitted to
different UVC doses one under in which the survival rate was
similar to control. The larvae were irradiated with 10, 25, 50,
75, and 100 J/m® generated by a UVC germicide lamp (Sanyo
G-light, 15 W). The UVC measurements were performed with
a portable radiometer (EKO UV Monitor MS-211-1, Japan).
For this procedure, groups of 25 second-instar larvae were
collected manually and exposed to UVC light in Petri dishes
containing 200 ul of phosphate-buffered saline (1% PBS).

With the purpose of evaluating if UVC is able to activate
mariner-Mos1 transposase transcription or induce mariner-
Mos I mobilization, groups of larvae were irradiated with the
chosen UVC sub-lethal dose and were submitted to different
manipulations and analyses (three independent experiments):
(i) a larvae group was maintained in culture medium until
becoming adult flies in order to analyze the developmental
time and carry out the phenotypic analysis; (ii) the total mes-
senger RNA (mRNA) was extracted from other larvae groups,
6 and 24 h after stress, to analyze the expression of mariner-
Mosl, Hsp70, and reference genes, by RT-qPCR; and (iit) the
third group had the cells dissociated out of larvae tissues and
submitted to flow cytometry, 48 h after the UVC irradiation.
The control group samples to all procedures were manipulated
in the same manner, but the UV lamps were not turned on.
These results were statistically discriminated by one-way
ANOVA followed by Dunnett’s test.

Mild heat stress

The temperature of 28 °C was used as a mild heat stress. This
temperature was used as a stressor agent in a previous work
(Jardim and Loreto 2011). A group of 25 second-instar larvae
was maintained in culture medium while another group was
kept at 28 °C, until becoming adult flies in the sense of ana-
lyzing the developmental time and carrying out phenotypic
analysis. For gene expression analyses, other larvae groups
were submitted at 28 °C for different periods of time: 6 or
24 h. The molecular procedures, mRNA extraction, were per-
formed soon after treatment. Twenty-five larvae were collect-
ed for both treatments (three independent experiments). For
flow cytometry, other larvae groups were maintained at 28 °C
for 48 h and the cells dissociated out of larvae tissues. The
control group samples to all procedures were manipulated in
the same manner, but the temperature was maintained at

20 °C. These results were statistically discriminated by one-
way ANOVA followed by Dunnett’s test.

Estimation of mariner-Mos1 copy number

For the estimation of mariner-Mos] copy number in the
Dswp-test strain, qPCR of a unique copy reference gene
(Ribosomal protein L17-RPL17) was performed and com-
pared with the mariner-Mos1 amplification. DNA from 20
flies was extracted individually using the protocol described
in Oliveira et al. (2009), quantified in a NanoDrop 2000 spec-
trophotometer (Thermo Scientific, USA), and diluted to a con-
centration of 3 ng/ul. Each qPCR reaction was performed in a
20-pl volume containing 20 pmol of each primer, 5 mM of
dNTPs, 1x PCR buffer, 2.5 mM MgCl,, 1x SYBR Green
(Molecular Probes, USA), 0.5 U of Platinum Taq DNA poly-
merase (Invitrogen, USA), and 15 ng of DNA. The primers
used are described in Supplementary Table 1. The mariner-
MosI copy number was estimated by the 272" method
(Livak and Schmittgen 2001) using the Ct values obtained
in the ECO™ Real-Time PCR System (Illumina, USA). The
estimated mariner-MosI copy number in the Dswp-test strain
was 1.84 (£0.83) copies. As all individuals have a copy of the
inactive peach mariner-Mos1 in the white gene, we can con-
clude that in this strain, the majority of individuals have one
copy of an active element and a few have either none or two
copies.

RNA extraction and cDNA synthesis

Total RNA was extracted from larvae with TRIzol® reagent
(Invitrogen, CA, USA). The quality of the RNA samples was
assessed by 1 % agarose gel electrophoresis and quantified
using a NanoDrop 2000 spectrophotometer (Thermo Scientif-
ic, USA). Afterward, the samples were treated with DNasel
(Promega, USA) to eliminate possible DNA contamination.
The complementary DNA (cDNA) synthesis was performed
with M-MLV reverse transcriptase enzyme (Invitrogen, CA,
USA) and oligo-dT primers.

mariner-Mos1 gene expression

To evaluate the putative activation of transcriptions of mari-
ner-Mos1 transposase gene by stress, the Hsp70 gene was
used as a positive marker, since this gene is expressed under
different stressful conditions (Serensen et al. 2005; Trautinger
2001). We used the RT-qPCR method, performed on a
StepOnePlus™ Real-Time PCR System (Applied
Biosystems, USA). The reaction was carried out in a final
volume of 20 pl containing 10 ul of diluted ¢cDNA (1:100),
0.25 U Platinum Taq DNA Polymerase (Invitrogen, CA,
USA), 1x PCR reaction buffer, 3 mM MgCl,, 25 pM dNTPs,
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0.2 uM of each reverse and forward primer, and 1x SYBR
Green (Molecular Probes, USA).

The RT-gPCR amplification parameters were as follows:
95 °C for 7 min, followed by 40 cycles of 94 °C for 15 s,
60 °C for 15 s, and 72 °C for 20 s. Normalization input was
performed with reference genes (GPDH, RPL17q2, and EF1).
The primer sequences are described in Supplementary Table 1.
The Hsp70 primers amplify only the Hsp70 genes Aa and Ba
and do not anneal in their cognates. The relative gene expres-
sion was based on 2722 (Livak and Schmittgen 2001) using
the Cq values. Furthermore, the efficiency of the PCR reac-
tions was calculated using LinRegPCR (Ruijter et al. 2009)
software and varied between 1.85 and 1.91 (+0.03). The rela-
tive expression indices were compared at each treatment time
(6 and 24 h) with the respective control using one-way
ANOVA followed by Dunnett’s test.

Cell cycle analyses

To carry out the cell cycle analysis, the larvae of second instar
were treated with UVC light (25 J/m?) and maintained for 48 h
at 20 °C or heat-shocked (28 °C for 48 h). As control, other
larvae were maintained for the whole time at 20 °C. After each
treatment, the samples were washed with 10 % bleach for I min
and rinsed three times with 1x PBS. Then, 30 larvae were
stretched out using tweezers and their internal contents were
removed and maintained in 1x PBS solution supplemented with
10 % fetal bovine serum (FBS). Next, the tissue was broken up
as much as possible by pipetting it up and down for 5 min.
Afterward, the samples were centrifuged for 10 min at
1500 rpm. The supernatant was discarded, and 100 pl of
trypsin/EDTA solution 250 mg/l was added for 5 min. Subse-
quently, 1 ml of 1x PBS (10 % FBS) solution was added to
inactivate the trypsin and the suspension was centrifuged again.
The cell pellet was fixed with 70 % ethanol and maintained at
—20 °C. The dissociated cells were resuspended in 500 pl of 1x
PBS solution, and after 5 min of decantation, the supernatant
was transferred to a new tube (this step is required to clean the
sample in order to avoid obstruction of the cytometer). Then,
200 ul of a solution containing 200 pug/ml of RNase A
(Macherey-Nagel, Germany), 20 pg/ml of propidium iodide,
0.1 % Triton X-100, and 1x PBS was added in the supematant.
The samples were submitted to flow cytometry analysis in a BD
Accuri C6 cytometer (BD Biosciences USA). Statistical analysis
was performed by one-way ANOVA followed by Dunnett’s test.

Results
Determination of sub-lethal UVC dose to be applied

To evaluate if the damage caused by UVC promotes transpo-
sition of the mariner-Mosl element, we firstly determined a
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sub-lethal dose to be applied in all other procedures performed
in this work. As can be seen in Fig. 1, a UVC dose of 25 J/m?
showed a mean survival rate similar to that observed in control
and with a dose of 10 J/m*. However, exposure to higher UVC
doses (50, 75, and 100 J/m®) decreased the survival rate con-
siderably, as expected.

mariner-Mos1 gene expression under mild heat and UVC
stress

Here, we tested if UVC and mild heat stress could in-
crease the transcriptions of mariner-Mosl. A significant
increase in the expression of Hsp70 occurred when the
larvae were exposed to 28 °C for 6 and 24 h (Fig. 2).
This corresponded to about an eightfold increase in
comparison to the control larvae (p<0.05). Curiously,
for the UV treatment, the increased expression of
Hsp70 only occurred 24 h after irradiation (p<0.03).
With regard to the mariner-MosI transposase gene, this
result suggests that 28 °C induces a rapid increase in
mariner-Mos1 expression, since its expression level after
6 h of incubation at 28 °C was higher in comparison
with control and remains high for the next 24 h. The
relative expression of mariner-MosI at 28 °C was still
about threefold higher than that observed in the control
samples (20 °C) (p<0.05). On the other hand, after the
UV treatment, the mariner-MosI expression was basal
and similar to that observed in the control, regardless of
the time of analysis. This result clearly shows that UVC
did not induce transcription of the mariner-Mosl
transposase gene, although it can activate expression of
the Hsp70 gene as a late response.

mariner-Mos1 transposition rate under mild heat
and UVC stress

Phenotypic analysis of the adult flies’ eyes was per-
formed after the larvae treatment with UV dose of
25 J/m® and maintained at 20 °C or by keeping the
larvae at 28 °C, until becoming adult flies. The estima-
tion of mariner-Mosl transposition frequency was
achieved by quantifying the red spots in the eyes
(Fig. 3). UVC-treated flies showed similar numbers of
red spots as observed in nonirradiated control samples
(0 and 14, respectively), suggesting that UVC does not
induce mariner-MosI transposition, because the mosaic
phenotype could not be observed. However, when the
larvae were submitted to the mild heat treatment at
28 °C, the result was the opposite. Most of the individ-
uals were distributed between 5-10 (32 %) and +10
(60 %) spot levels. These data showed that heat was
able to increase the mariner-Mosl mobilization
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Fig. 1 Survival rate of larvae 100.0
after UVC treatments. Average
survival rate (percentage) and
standard deviation from three 80.0 -
independent experiments. The = I
larvae of second instar were i’ 1
treated with different dosezs of S 600 -
UVC. The dose of 25 J/m ®
presented a survival superior to E
50 % and was chosen to perform 2
the other procedures with UVC § 40.0 -

=

20.0 4
0.0 T

=

Control

frequency in the Dswp-test strain, despite UVC failed to
activate it.

Developmental time and cell cycle progression after stress
conditions

During the phenotypic analysis, it was observed that the de-
velopmental time of treated samples was different in relation
to the control ones. Then, we registered the days that second-
instar larvae took to become adult flies. The larvae that were
maintained at 20 °C required 10-14 days to complete their
development, whereas those kept at 28 °C completed it in only
8 days. In contrast, UVC treatment resulted in delayed

6.0 -

Relative expression

4.0 -

2.0

0.0 -

Control 6h 6h 28°C

Fig. 2 Relative expression of mariner-Mos ! and Hsp70 genes afier heat
and UVC treatments. Average and standard deviation from three
independent experiments. The input normalization was performed with
the reference genes GPDH, RPL17q2, and EF1 genes. The larvae (second

10

B Mariner

Uv+6h 20°C

25 50
Dose (J/m?)

75 100

development, since UV-exposed larvae took 15 to 17 days to
become adult flies.

Flow cytometry analyses were then performed to in-
vestigate if the effects caused by these stressors on the
developmental time could be related to cell cycle pro-
gression. For this purpose, larvae that were previously
treated with UVC or mild heat stress for 48 h had their
cells separated to be submitted to flow cytometry. The
proportion of cells in each phase of cell cycle is shown
in Fig. 4. The cell proportion in the UV+20 °C was
bigger in the phases G1/S than control sample, indicat-
ing an arrest as consequence of UV-induced DNA dam-
age. On the other hand, the mild heat stress (28 °C)
resulted in an accumulation of cells in the G2/M.

OHSP70

Control 24h 24h 28°C UV+24h 20°C

instar) were maintained at 28 °C or irradiated (25 J/m?) and maintained at
20 °C for 6 or 24 h. After RNA extraction, cDNA and expression
protocols were performed. One-way ANOVA followed by Dunnett’s
test, which compare the treatments with the respective control (p<<0.05)
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Fig. 3 Frequency of red spots in a
the eyes of adult flies after

treatments. a Eyes with and

without spots were classified into

levels related to the number of red

spots: level 0=without spots,

level 1=one to four spots, level

2=five to ten spots, and level 3=

more than ten spots. b Average

percentage of each level of b
mosaic eyes and standard 100 o 1 OUV+20° m28°
deviation from three independent Cato UINRZD e
experiments. The larvae (second
instar) were maintained at 28 °C 80 -
or irradiated (25 J/m?) and 9 *
maintained at 20 °C until =
becoming adult flies. One-way §
ANOVA followed by Dunnett’s 2 60 -
test, which compare the treat- 2 *
ments with the respective control §
(p=<0.05) 8
& 40
i)
&
o
= 9 -
*
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Number of spots
Fig. 4 Effect of mild heat and a s 20°C 3 UV +20°C g 28°C
UVC radiation on cell cycle ® 8 ]
progression. a Histogram 2 ] E
generated by a BD Accuri C6 = =
cytometer. b Average percentage _ g 8
and standard deviation from three 1 3 = H g
independent experiments g “s =
showing the proportion of cells in ©
the sub-G1, G1, S, and G2 phases R L B i Rl POl ML L T it e L e Y
after each treatment. One-way FLZH FL2H FL2H
ANOVA followed by Dunnett’s b 100 -
test, which compare the N N %
treatments with the respective 90 8Control auv+20°"C m2g°C
control (p<0.05). The larvae 80 |
(second instar) were maintained at
28 °C or irradiated (25 J/m®) and 70
maintained at 20 °C for 48 h; 60 -
after, the cell dissociation protocol §
was performed and the cells were = 50 -
analyzed 8 40 -
30
20
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Cell cycle phases
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Discussion

As TEs represent a substantial portion of many genomes, with
many having potentially active elements, an open question
that remains unanswered in functional genomics is how the
mechanisms of silencing and activation of TEs work (Hua-
Van et al. 2011). Activation by stress factors possesses a spe-
cial relevance, mainly in somatic mobilization of TEs, since it
can be source of deleterious mutations related to cancer, aging,
and neurodegenerative diseases (Kazazian 2011). However,
not only detrimental effects have been suggested for somatic
mobilization of TEs. Some evidence suggests that this process
could be involved in phenotypic plasticity (Micale et al. 2012;
Iyengar et al. 2014). In the present study, our main focus was
to investigate the action of two different stressors on the acti-
vation mechanism for somatic mobilization of the mariner-
Mos element.

In vivo testing using strains with autonomous TEs is some-
times problematic due to the mobile nature of these sequences,
which can increase or decrease the copy number during the
experimental period, thus interfering with the interpretation of
the results. Therefore, we constructed a strain containing only
one copy of the active element. As suggested by our gPCR
copy number estimation, our strain presents many individuals
with a single active copy of mariner-MoslI, but some poly-
morphism is still maintained. However, this polymorphism
did not interfere with the results since the variations observed
between replicates were small.

It is already known that heat shock activates the transposi-
tion of copia-like retrotransposons and 412 in Drosophila ge-
nomes (Junakovic et al. 1986; Strand and McDonald 1985;
Ratner et al. 1992; Vasilyeva etal. 1999). More recently, it was
reported that the retrotransposon MAGGY was induced by
heat shock in Magnaporthe grisea and Magnaporthe oryzae
(Chadha and Sharma 2014; Ikeda et al. 2001). For the mari-
ner-Mos1 element, Giraud and Capy (1996) have shown that
temperature is involved in the regulation of somatic transpo-
sition in natural populations of D. simulans, and Chakrani
et al. (1993) showed similar results in a controlled laboratory
experiment. In addition, it was demonstrated that mariner-
Mos1 has a sequence homologous to the Asp promoters, thus
suggesting a possible co-activation of both mariner-Mos! and
hsp genes possibly by HSFE.

Some studies have indicated that UV radiation can mobi-
lize TEs (Kuan et al. 1991; Eichenbaum and Livneh 1998;
Qiiesta et al. 2010, 2013; Myakishev et al. 2008; Morales
et al 2003). The only reported mobilization in the Tc!/mariner
superfamily is that of Ogasawara et al. (2009) for the fungus
A. oryzae. In addition, it has already been demonstrated that
UV is able to increase Hsp expression in human skin cells
(Trautinger 2001), in fish (Vehnidinen et al. 2012), and in
sea urchin (Bonaventura et al. 2006), thereby suggesting a
possible activation of mariner-MosI mobilization as well.

In this work, we tested the hypothesis that mariner-
Mosl could be co-activated with Hsp70 genes as a re-
sult of the stress caused by mild heat and UVC radia-
tion. Corroborating the previous studies, the results pre-
sented in this work reinforce the activation of mariner-
Mosl by mild heat, showing that the transposase is
upregulated at 28 °C (Fig. 2). In addition, the Hsp70
gene is also upregulated at 28 °C (Fig. 2) and the fre-
quency of mariner-Mos! mobilization is high under this
condition (Fig. 3). Hsp genes have conserved cis se-
quences called heat shock elements (HSEs). We have
reanalyzed the 5'UTR region of mariner-Mosl element
and found a new HSE in addition to that previously
described by Chakrani et al. (1993) (Supplementary
Figs. 1S and 28). Together, these results suggest that
mariner can be co-activated with Hsp genes, possibly
due to the action of heat shock factor (HSFs).

On the other hand, although UVC activated the Hsp70
gene, it did not induce activation of the mariner-MosI
transposase (Fig. 2). Furthermore, flies subjected to UVC
treatment showed similar numbers of red spots in the eyes of
adult flies as observed in the nonirradiated control (Fig. 3),
confirming that it indeed did not induce mariner-Mos| trans-
position. One aspect that should be highlighted is that the
pattern of Hsp7(0) activation was different between the mild
heat stress and UVC exposure. With mild heat stress, the ac-
tivation was rapid (6 h) after the treatment, whereas it occurred
much later (24 h) after UVC exposition. It is possible that UV-
treated cells need to arrive at this time point before activation
of the Hsp70 gene can occur, using a different pathway of
activation from the one that is used by mariner-MoslI. Al-
though mammals and plants have four different genes for heat
shock factors (HSFs), invertebrates have only one (Akerfelt
etal. 2010). However, even having only one HSF, in inverte-
brates, this factor can interact with wide range of other biotic
and abiotic factors. So, heat and UV could induce differently
HSF to activate hsp70 and mariner-Mos1.

Additionally, it is already known that mild heat accelerates
cell cycle progression, thus facilitating cell growth and differ-
entiation (Park et al. 2005). In contrast, UVC induces a block-
age of the DNA replication fork and causes an arrest in cell
cycle progression (Song 2005). As shown by the cell cycle
and developmental time analyses, UV promotes an arrest in
the cell cycle in the G1 phase (Fig. 4), possibly due to the
generation of DNA lesions that need to be repaired and the
developmental time that is delayed. On the other hand, 28 °C
resulted in an accumulation of cells in the G2 phase and it
accelerated the developmental time of the treated flies.

We can conclude that mild heat promotes somatic mobili-
zation of the mariner-Mos! transposon, increasing transcrip-
tion of the transposase gene, while UV radiation promotes
neither this transcription nor this mobilization. Both stressors
activate the Hsp70 gene, but with different patterns.
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Table S1. Primer sequences used for gene amplification in RT-qPCR analyses.

MAR 308 F 5’ GTGAACGGTGGTTTCAACG 3'
MAR 490 R 5’ AGCGATTGGAAACTGCTTGT 3’
HSP70 F 5 GCTGACGTTCAGGATTCCAT 3°
HSP70 R 5" CGGAGTCTCCATTCAGGTGT 3’
EF1 F* 5 CAAGCCAGGCATGGTCGTC 3°
EF1 R* 5’ ACGGACACGTTCTTCACGTT 3’

RPL17 F* 5’ CCCTCCTTTTCGTTTTCGTT 3’
RPL17 R* 5’ GTGTTGTCGGCACAGTTCAT 3°
GPDH F* 5" GAGGTGGCTGAGGGCAACTT 3°
GPDH _R* 5" AACCTCCACGGCATCAGCAT 3’

F: forward primer, R: reverse primer
*Genes used for mMRNA normalization input



36

Re-analysis of promoter region of mariner-Mosl element.

Nowadays more sequences and new bioinformatics tools are available for gene
sequences analysis. For these reasons we have re-analyzed the promoter regions of
mariner-Mos1 element. The core promoter elements were described by Jacobson et al.
(1986) and the putative heat-shock element (HSE) by Chakrani et al. (1993) These authors
performed a search for the consensus sequence of HSE (CTgGAAnTTCtAG) in sequences
of Hsp genes (Hsp22, Hsp23, Hsp26, Hsp27, Hsp27, Hsp68, Hsp68, Hsp83 and Hsp70) of
Drosophila and compared with element copia. Chakrani et al. (1993) found 57% of
homology among the sequence consensus and mariner-Mos 1.

We performed this analysis again. First, the sequences of all Hsp genes above were
downloaded from database (Flybase) and confirmed by BLAST in the database D. simulans
genome (GenBank), consisting our sequence dataset. After, using the UGENE software
(Okonechnikov et al. 2012) we searched for the sequence of HSE described by Strand and
McDonald  (1985)(CtgGAATTCtAG) and the canonical HSE  sequence
nTTCnnGAAnnTTCn (Akerfelt et al. 2010) in our dataset. We identified the HSE in each
gene, and the frequency of each acid nucleic was calculated with the applicative WebLogo
(Crooks et al. 2004 ).

As can be seen in the Figure 1S, we found a HSE for Drosophila Hsp genes similar
as previously described by Strand and McDonald (1985) CtgGAAtnTTCtAG. The
Drosophila HSE maintains  partial similarities with the canonical HSE

(W"TTCnnGAAnnTTCn).
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The analyzes in the mariner-Mosl 5' UTR region allow us find the region previously
described by Chakrani et al (1993), with 57% of homology with HSE consensus or 86% if
considering variations observed in conserved sites. A new putative HSE was found in 63
bp downstream of the first one (Fig2S). Although there are differences to the former, the
homology of this new HSE with the HSE consensus 1s also 57%.

The putative promoter core elements of mariner-Mosl are also indicated in Fig 2S.
Judging by our in silico analysis, the mariner-MOSI element has a promoter region that can

be activated by heat-shock factor (HSF), as previously suggested by Chakrani et al (1993).

2—.
E 1- T T
o- = — =T = = s, D

Figure 1S- A) LOGO sequence of Drosophila Heat-shock Elements (HSE) obtained in our
analysis; B) Canonical HSE (Akerfelt et al 2010) .
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5’ccaggtgtacaagtaggGAATgIeGGTicgaacatatagaigicicgcaaacgtaaatatttaccgatigicataaaa
ctttgacciigtGAAGigTCaACcttgactgicgaaccaccatagttiggcgeaaatigagegteataatigiitictctcagig

cagtcaacatgtcga...3’

Fig 2S. Heat-shock elements (HSE) in the 5' UTR mariner-Mosl sequence. Terminal
Inverted Repeated (TIR), bold letters; HSE described by Chakrani et al (1993), highlighted
in blue; new HSE, yellow; The core promoter elements are underlined (in order: TFIIB
recognition element, TATA box, initiator and start codon.
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Abstract

In the Drosophila simulans genome the DNA transposon mariner-Mosl is able to transpose
both in germ and somatic cells. Despite growing evidence of somatic transposition, little is
known about the effect of stress in this phenomenon and the mechanisms that triggers the
activation of transposition when the individual transposable element is submitted to stressful
conditions. Here, we evaluated if the mariner-Mosl can be transposed in the Drosophila
simulans white-peach lineage after stress chemical. This mutant lineage allows the phenotypic
study of mariner-Mosl transposition activity through the formation of mosaic eyes. Firstly,
the lineage diet was supplemented with different doses of paraquat (0.25-2.0mM) and the
embryos were maintained until become adult flies in order to perform the phenotype analysis.
These data were complemented by analysis of RT-gPCR to quantify the relative expression of
the element, Hsp70 and Sod genes in different times after treatment (6 and 24h). The results
showed that even the higher dose (2mM) did not induced transposition. The mRNA analysis
corroborates the phenotype, since mariner-Mos1 transcription levels did not increased after
this stress, indicating that paraquat doses did not induce the activation of mariner-Mosl
transcription. In contrast, Sod mRNA levels (the positive control for generation of reactive
oxygen species) increased in the higher dose. In addition, Hsp70 expression was very high in
all paraquat doses. Thus, we suggest that different pathways could be modulating the

activation of Hsp70 and mariner-Mos1 under oxidative stress. Furthermore, we suggest that
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the damages caused by oxidative stress can activate the mariner-Mos1 silencing machinery in

somatic cells.

Keywords: Sod. HSP. Paraquat. Transposition. white-peach.

Introduction

Proper adaptation to stress is essential for the survival of any organisms in face to
environmental changes. At cellular level, there are sensing and signal transduction
mechanisms responsible for appropriate adaptive responses (NADAL et al., 2011). Specific
Transposable Elements (TES) are also able to respond to adverse environmental conditions,
which can induce changes in TEs' gene expression and transposition activity (GUERREIRO,
2012). Furthermore some TEs may play a role in environmental adaptation, inserting
themselves next to genes involved in responses to oxidative stress and up regulating those
(GUIO et al., 2014).

The TE integration may occur in different genome regions, and as consequence it can
cause rearrangements, deletions and mutations that are harmful to the organism
(FESCHOTTE and PRITHAM, 2007). In somatic tissues (EICKBUSH; EICKBUSH, 2011),
transposition has the potential to be evolved in diseases in human brain (BAILLIE et al.,
2011), neuronal decline in Drosophila (LI et al., 2013) and cancer (HELMAN et al., 2014).
Furthermore, genomic instability in somatic cells increases with aging of the organism follow
by evidences of accumulation of mutations generated by TEs (STURM et al., 2015).
However, the hosts have defense mechanisms against the establishment of multiply TEs
copies, such as the heterochromatinization or epigenetic silencing through RNAI
(YAMANAKA et al., 2013; CREASEY et al., 2014).

The mobility is the principal feature of TEs, and the mariner-Mos1 element has a
transposition mechanism well described to be investigated. It is a Class 11 DNA transposon
that excises itself from a site to be integrated into another one in the genome (WICKER et al.,
2007). In addition, mariner-Mos1 has terminal inverted repeats (TIRS) sequences present in
the end of each extremity that act as recognition sites for the enzyme transposase that is
essential to transposition (WICKER et al., 2007). The mariner-Mos1 TIR sequences have a
homology of 57% with the Hsp70 gene (CHAKRANI et al., 1993). This region in the Hsp70
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gene belongs to conserved sequences called heat shock elements (HSEs) which are
recognized by the heat shock factors (HSFs). Therefore, it is suggested that mariner-Mos1 can
be co-activated with Hsp genes, due to the action of HSFs (CHAKRANI et al., 1993;
JARDIM et al., 2015).

For the study of mariner-Mosl transposition the Drosophila simulans white-peach
mutant strain is a peculiar tool because it displays the somatic mobilization of the element
through the eyes phenotype, which is affect by mobilization (MEDHORA et al., 1991). The
mutation is characterized by an insertion of a mariner-Mos1 inactive copy (no autonomous) in
the promoter region of the gene white. This copy is unable to produce the enzyme for its
mobilization but it conserves the regions recognized by transposase (the TIRs). However, the
presence of other active copy (autonomous) may provide the transposase and promote the
excision of the no autonomous copy. Thus, when these processes occur in somatic cells the
gene white return to the wild phenotype (red pigment) and spots appear in the eyes in the
context called white-peach (CAPY et al., 1990).

In this study we used paraquat (1,1-dimethyl-4,4-bipyridinium dichloride) a common
generator of radical oxidative species (ROS) in recent studies with Drosophila melanogaster
(KRUCEK et al., 2014; HOSAMANI; MURALIDHARA, 2013).Paraquat reacts with
molecular oxygen generating superoxide anion (Oz), which in the presence of iron ions may
participate in Fenton’s reaction (SANTOS et al., 2011; RZEZNICZAK et al., 2011; SMITH,
1987). This reaction produces hydroxyl radical (OH") leading to lipid peroxidation, DNA and
protein damage, which can result in mutations or cell death (SMITH, 1987). Furthermore, as a
consequence of paraquat exposure there is an increase of the antioxidant enzymes activity,
such as manganese-superoxide dismutase (Mn-SOD) that catalyzes the O, detoxification in
D. melanogaster (HOSAMANI; MURALIDHARA, 2013). In this context, there is only
limited evidence showing patterns of TEs activation under chemical stress, such as the
transposon Crawler of the TC1/mariner superfamily in fungus, (OGASAWARA et al., 2009),
retrotransposons in the fungus Magnaporthe grisea and Magnaporthe oryzae (IKEDA et al,
2001; CHADHA; SHARMA, 2014), and P element in Drosophila melanogaster (BLOUNT
etal., 1985).

Therefore, here we evaluated the paraquat action in the induction of chemical stress in
D. simulans white-peach and its action on the activation of mariner-Mos1 transposition, and
expression of Hsp70 and Sod to observe a possible co-activation to both sequences under

chemical stress.
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Material and Methods

Drosophila culture and manipulation

Isolines of flies Drosophila simulans white-peach test (Dswp-test) were used to
evaluate the mariner-Mosl activity after chemical stress thought molecular and phenotypic
analysis. This isoline contains two kinds of mariner-Mos1 copies (inactive and active) and
was created in our lab from the Drosophila simulans white-peach stock lineage: Females of
stock lineage, which has only the mariner-Mos1 inactive copy, were crossing with wild type
males of D. simulans (lineage collected in the city of Brasilia, Brazil, that contend active
copies). In the F2 generation, it was established an isoline carrying both type of copies that
has 1.84 (+0.83) mariner-Mosl copies (JARDIM et al., 2015). For the treatments with
paraquat, it was used the second larvae instar because it is less sensitive to manipulation than
the first instar, and also not so advanced in the development as the third instar. Dswp-test

stock was reared at 20°C on cornmeal medium with dry yeast.

Evaluation of somatic transposition

To evaluate if the chemical stress can induce mariner-Mosl transposition it was
quantified the red spots on the mosaic eyes of adult flies. For this analysis, it was observed the
number of red spot in both eyes, and the flies were classified in different levels related to the
number of spots: level 0, without spots; level 1, 1 to 4 spots; level 2, 5 to 10 spots; level 3,
more than 10 spots. Furthermore, which spot represent one transposition event of mariner-
Mosl (JARDIM and LORETO, 2011).

Exposure to chemical stress

To evaluate if chemical stress is able to activate mariner-Mosl transposase
transcription and to induce mariner-Mos1 mobilization, groups of embryos were maintained
in culture medium supplemented with different doses of paraquat (three independent
experiments). Initially, a set of stock flies Dswp-test was maintained for 4 hours in the culture

medium for oviposition with paraquat to evaluate the mobilization though the phenotype of
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flies. The embryos were maintained at 20°C for development until adult flies. The paraquat
doses used in this work were: 0.0mM (control); 0.25mM, 0.50mM, 1.0mM, 2.0mM and
3.0mM. The paraquat used was [dichloride (1,1-dimethyl-4,4-bipyridinium)], (Sigma-Aldrich,
St. Louis, USA).

The other set of flies produced embryos in culture medium without paraquat and when
its respective larvae becoming the 2° instar (+- 5 days) were transferred to culture medium
with ImM or 2mM paraquat. This procedure was performed to evaluate the transposase
transcriptions after the stress. These larvae were kept under these conditions for 6 and 24
hours before performing gene expression analysis of mariner-Mos1, Hsp70, Sod and reference
genes by RT-qPCR.

RNA extraction and cDNA synthesis

The mRNA was extracted from a set of 50 larvae with TRIzol® Reagent (Invitrogen,
CA, USA) after feeding them for 6 and 24 hours with a medium supplemented with paraquat
(0,0mM/control, ImM e 2mM). The RNA quality was checked in 1% agarose gel
electrophoresis and quantified using a NanoDrop 2000 Spectrophotometer (Thermo
Scientific, USA). Furthermore, the RNA samples were treated with DNasel (Promega, USA).
The cDNA synthesis was performed with M-MLYV reverse transcriptase enzyme (Invitrogen,

CA, USA) and oligo-dT primers. Were performed three independent experiments.

Gene expression analysis

The expression of mariner-Mos1 transposase, superoxide dismutase (Sod), and Hsp70
genes was assed using RT-gPCR method performed on a StepOnePlus™ Real-Time PCR
System (Applied Biosystems, USA). The reaction was carried out in a final volume of 20 pl
containing 0.25 U Platinum Taq DNA Polymerase (Invitrogen, CA, USA), 1X PCR reaction
buffer, 3 mM MgCl,, 25 uM dNTPs, 0.2 uM of each reverse and forward primer, 1X SYBR
Green (Molecular Probes, USA) and 10 pl of diluted cDNA (1:100). The parameters of RT-
gPCR amplification were: 95°C for 7 minutes, followed by 40 cycles of 94°C for 15 seconds,
60°C for 15 seconds and 72°C for 20 seconds. Normalization input was performed with

reference genes RPL17¢g2, EF1 and GPDH. All primers sequences are described in
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supplementary material (Table S1). The relative gene expression was based on 224
(LIVAK: SCHMITTGEN, 2001) using the Cq values.

Results

Effect of different doses of paraquat on somatic transposition

After exposure to chemical stress, it was performed phenotypic analysis of the
spots number in the eyes of flies to evaluate the mariner-Mos1 transposition levels. This result
is presented in Figure 1. All paraquat doses did not induce high levels of somatic activity of
mariner-Mosl (5-10 and +10). The level 1-4 is the basal rate of mariner-Mosl somatic
transposition (JARDIM et al., 2015).
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Figure 1: Frequency of mosaic eyes (with red spots) after treatments with different doses of
paraquat. Average percentage of each level of mosaic eyes and its standard deviation (three
independent experiments). The embryos Dswp-test were maintained until adult flies at
medium culture supplemented with doses of paraquat (0.25-2.0mM/5g).

In addition, the higher paraquat dose (3mM) was considered lethal because very few
flies survived. Thus, we could not perform this analysis properly and the dose did not
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included in the analysis. The total flies that hatched in each level after treatments is shown in

supplementary material (table S2).

Gene expression

The relative expression of mariner-Mosl transposase, Hsp70 and Sod genes after

exposure to chemical stress is shown in figure 2.
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Figure 2: Relative expression of mariner-Mos1, Hsp70 and Sod genes after treatment with
paraquat doses. Average and standard deviation from three independent experiments. The
input normalization was performed with the reference, RPL1792 gene. The larvae were
maintained at medium culture supplemented with doses of paraquat (ImM or 2mM) and
maintained for 6 or 24 h. After RNA extraction, cDNA and expression protocols were
performed.

The expression of Sod gene increased after the exposure to both paraquat doses and in
both tested periods. However, a significant increase only occurred under the higher dose. In
relation to Hsp70, curiously, in ImM_6h occurred an increase in the expression, but it
returned to the control level in the ImM_24h. In addition, a significant increased occurred in

after the exposure to the higher dose at 6h and 24h. This increase was about seven-fold higher
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than control sample. For the mariner-Mos1 relative expression, an increase only occurred in
dose of ImM_6h, but it was only 0.5-fold higher than control. The other doses were similar to
the control levels. The relative expression was calculated with all control genes and it is

shown in supplementary material (table S3).

Discussion

Recently, our group has evaluated the effects of mild heat and UV radiation stress on
the mobilization of transposon mariner-Mosl in Drosophila simulans white-peach (JARDIM
et al., 2015). In the present study, we decided to evaluate if the somatic transposition of
mariner-Mos1 is induced by chemical stress, by exposition of flies to paraquat. However, our
phenotypic analysis (Fig. 1) clearly shows that there is no evidence of transposition under this
condition. On the other hand, when of the Drosophila simulans white-peach (Dswp-test)
strain is exposed to mild heat the mariner-Mos1 somatic transposition is activated; but not
when it is exposed to UVC radiation. Curiously, both mild heat and UVC activate the
transcription of Hsp70 gene. Probably, the pattern of co-activation of mariner-Mosl and
Hsp70 could be different under both stress conditions (JARDIM et al., 2015).

Despite our results do not indicate cell damage induction by the paraquat doses, the
elevated levels of Sod expression represents a good positive control of the cellular defense
against paraquat exposure (Fig 2). In relation to paraquat doses, it is commonly used higher
doses to induce chemical stress in adult flies of D. melanogaster (10-30mM) (HOSAMANI;
MURALIDHARA 2013; RZEZNICZAK et al., 2011). Nevertheless, Dswp-test showed to be
very sensitive to higher doses since the survival was extremely low in 3.0mM (table S2). The
paraquat exposure may also generate DNA strand breaks, which can be detected by comet
essay (MEHDI; QAMAR, 2013). Chromosome breaks could be a candidate to promote
transposition of TEs, since transposition was previously associated with chromosomal breaks
(ARNAULT et al., 1991).

Then, we tested if the damage caused by chemical stress could induce the expression
of Hsp70 gene and co-activate the transcription of mariner-Mos1. The element has indeed its
somatic transposition positively regulated by temperature (JARDIM et al., 2015).
Furthermore, the transcriptional regulation of mariner-Mosl may be dependent on the
recognition of its own homologous sequences to the hsp genes promoters by the heat shock
factors (CHAKRANI et al., 1993; JARDIM et al., 2015). However, our results show that
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mariner-Mos1 cannot be co-activated with Hsp70 under chemical stress, since only Hsp70
have its expression positively regulated after the stress (Fig 2).

An important point is that the facto of not have increased transcription of mariner-
Mos1 under chemical stress can be related to the suppression of TEs transcripts by small RNA
interference (Fig S1). The activity of transposable elements in stressful conditions may be
modulated by mRNA silencing mechanisms. In Drosophila, the siRNA can silences TEs in
somatic tissues (XIE et al., 2013), and the piRNA silence TEs in germline and somatic ovary
tissues (MALONE et al., 2009). In the closely related species to D. simulans, D. erecta, there
are piRNAs plotted over the putative flamenco cluster, which includes the mariner-Mosl
sequence (MALONE et al., 2009). In addition, heat shock can modulate piRNA originated
from clusters in germ cells of Drosophila melanogaster (FUNIKOV et al., 2015). Therefore,
it opens new perspectives to evaluate the activation of small RNA interference under different
damaging condition, such as chemical stress and UV exposure, as well as its action on

mariner-Mos1 silencing.
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Supporting Information

Table S1. Primer sequences used for gene amplification in RT-qPCR analyses.

EF1_F* 5" CAAGCCAGGCATGGTCGTC &
EF1 R* 5" ACGGACACGTTCTTCACGTT 3’
GPDH_F* 5" GAGGTGGCTGAGGGCAACTT 3’
GPDH_R* 5’ AACCTCCACGGCATCAGCAT 3
HSP70_F 5" GCTGACGTTCAGGATTCCAT &’
HSP70_R 5" CGGAGTCTCCATTCAGGTGT &
MAR 308_F 5’ GTGAACGGTGGTTTCAACG 3
MAR 490_R 5" AGCGATTGGAAACTGCTTGT 3’

RPL17_F* 5’ CCCTCCTTTTCGTTTTCGTT 3’
RPL17_R* 5" GTGTTGTCGGCACAGTTCAT 3’
SOD_F S’GGAGTCGGTGATGTTGACCT 3’
SOD_R 5" GTTCGGTGACAACACCAATG 3’

Legend: F: forward primer, R: reverse primer. *Genes used for mMRNA normalization input

Table S2. Total of individual analyzed in each independently replica and classified by spots
level in the different treatments.

Spots levels Replicas
Control A B C
0 72 44 63
1-4 16 17 21
5-10 0 0 0
+10 1 0 0
Total absolute 89 61 84
0.25mM
0 52 47 73
1-4 18 19 19
5-10 0 0 0
+10 0 0 0

Total absolute 70 66 92
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+10
Total absolute

1.0mM
0
1-4
5-10
+10
Total absolute

2.0mM
0
1-4
5-10
+10
Total absolute

3.0mM
0
1-4
5-10
+10
Total absolute

71
11

82

66
17

83

57
25

82

Replicas
B

51
18
0
0
69

93

o

100

o

10

80
19

100

82
18

100

97

o

98

o O - ©

51



52

Table S3. Average and standard derivation of relative expression of mariner-Mos1, Hsp70
and Sod genes after paraquat treatments.

A)

Control SD + 1mM_6h SD + 2mM_6h SD +
RPLQ2
MAR 1 0.08 1.49 0.1 0.78 0.15
HSP70 1.21 0.97 4.92 2.62 6.77 0.97
SOD 1 0.12 1.59 0.48 1.93 0.47
EF1
MAR 1.00 0.07 1.75 0.05 1.12 0.56
HSP70 1.22 0.98 5.96 3.67 10.87 8.36
SOD 1.00 0.11 1.84 0.38 3.20 2.68
GPDH
MAR 1.10 0.65 1.66 0.07 1.09 0.13
HSP70 1.03 0.36 5.69 3.55 9.56 2.07
SOD 1.11 0.69 1.75 0.34 2.74 0.86
B)

Control SD + ImM_24h SD + 2mM_24h  SD +
RPLQ2
MAR 1.04 0.34 0.74 0.18 0.78 0.10
HSP70 1.11 0.58 0.56 0.24 6.00 0.00
SOD 1.01 0.14 1.33 0.30 1.94 0.48
EF1
MAR 1.01 0.12 1.27 0.70 0.61 0.16
HSP70 1.11 0.58 1.06 0.83 5.21 0.00
SOD 1.10 0.56 3.03 0.67 1.48 0.17
GPDH
MAR 1.04 0.33 0.67 0.12 0.75 0.02
HSP70 1.06 0.41 0.52 0.26 5.30 0.00
SOD 1.03 0.29 1.20 0.26 1.92 0.75

Legend: Table S1. The input normalization was performed with the reference, RPL17q2, EF1 and GPDH genes
independently. The larvae (second instar) were maintained at medium culture supplemented with doses of
paraquat (ImM or 2mM) A) and maintained for 6 hours or B) 24h after RNA extraction, cDNA and expression

protocols were performed. The method used were 2 24°4 (LIVAK; SCHMITTGEN 2001) Standard

derivation, SD.
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Figure S1: Putative mariner-Mosl regulation mechanism involving stress conditions. The
damage induced by mild heat, UVC radiation and oxidative stress promote the (black arrow)
binding of the heat shock factor (HSF) to the heat shock elements (HSE), inducing the
activation (black arrow) of the Hsp70 transcription. The mariner-Mosl sequence has
homology to HSE in the essential region to its transposition, suggesting that it may be
possible co-activated with Hsp70 when submitted to mild heat stress. UVC and oxidative
stress also activate Hsp70 but not mariner-Mosl. In this case, it seems possible that both
stresses can induce the small RNAI silencing machinery (RNA interference) and degrading
the element transcripts. In contrast, mild heat stress would relax this silencing making
possible the mariner-Mos1 activation (blue arrow). Legend: mariner-Mos1, initial sequence
of mariner-Mosl: Terminal Inverted Repeated (TIR), (bold letters); The regions with
homology with HSE (red letters) Chrakrani et al (1993), atg, start of coding region
transposase. Drosophila HSE consensus. Sequence recognized by HSF, located within the
hsp gene promoters.
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5 CONCLUSOES

Os elementos transponiveis podem ter diferentes papeis dentro dos genomas que 0s
contém como se inserir proximo a genes importantes, aumentando sua expressao, e até mesmo
participando positivamente em redes génicas regulatdrias. Podem também causar mutacdes,
delecgdes e rearranjos, diminuindo o fitness do hospedeiro, ou até mesmo ndo terem influéncia,
sendo neutros no genoma. A importancia evolutiva de cada efeito depende do tipo celular em
que ocorrem estes eventos. As transposi¢fes somaticas ndo sdo mantidas, pois nao contribuem
para as proximas geracfes, ao contrario das transposi¢cBes em células germinativas. No
entanto, as transposi¢fes somaticas, podem vir a ser ativadas pela acdo das mudangas
ambientais, uma vez que os TEs sdo capazes de responderem a elas. Esta resposta as
mudangas ambientais pode ser baseada na existéncia de promotores ou sitios de ativadores de
transcricdo em regifes dos TES muito parecidas com aquelas encontradas em regides
regulatdrias de genes de defesa hospedeiros, por exemplo.

Os dados gerados no primeiro capitulo desta Tese contribuiram com algumas questdes
em relacdo a ativacdo do elemento mariner-Mos1 por temperatura moderada e radiacdo UV.
O uso de cruzamentos entre Drosophila simulans white-peach e linhagens selvagens, ja foi
bastante utilizado para medir propor¢cdo de machos mosaicos e analisar a atividade do
elemento mariner-Mosl. Neste trabalho a linhagem mutante foi adaptada para recuperar a
mesma informacdo sem a necessidade de cruzamentos. Além disso, 0 uso de ferramentas
moleculares atuais como 0 RT-gPCR e a citometria de fluxo possibilitaram uma analise mais
minuciosa da maquinaria celular que poderia estar ligada a excisdo e transposi¢do do
elemento em condicOes de estresse. Com esse tipo de abordagem fomos capazes de fazer
inferéncias sobre a possivel coativacdo do elemento mariner-Mosl e do gene de resposta ao
choque térmico Hsp70, uma vez que o estresse por UVC foi capaz de induzir a expressao de
Hsp70, porém, ndo induziu a do elemento. Assim, inferimos que a via de ativacdo de Hsp70
por temperatura moderada, que também ativou mariner-Mos1, € diferente da via que induziu
apenas Hsp70 por UVC. Alem disso, ao refazer buscas na regido 5’UTR do elemento
encontramos um nova sequéncia complementar a HSE (heat shock element). Esta regido e a
regido previamente descrita com similaridade a HSE sera investigada como uma possivel
regido de reconhecimento pelo fator de transcri¢do de HSP.

O segundo capitulo visou investigar se outro tipo de estresse, como o dano quimico, é

capaz de induzir a atividade do elemento mariner-Mosl. Para inducdo do estresse quimico,
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utilizamos o composto paraquat que é capaz de gerar anion superéxido — uma espécie reativa
do oxigénio - altamente danosa as moléculas celulares. Os métodos para analises foram muito
similares aos anteriores (analise do fendtipo e ensaio molecular por RT-gPCR). Contudo, os
resultados revelaram que o estresse quimico gerado pelo composto nédo induz a transposicéo
do elemento, uma vez que o nimero de manchas ndo aumentou apos os tratamentos.
Interessantemente, o estresse foi capaz de regular positivamente os transcritos de Hsp70, mas
ndo os de mariner-Mosl. Uma vez que a falta de aumento de transcritos do elemento apos o
estresse quimico ocorre, assim como em UVC, isso nos leva a pensar que estas condi¢cdes sdo

capazes de ativar o sistema de silenciamento por RNAI.

6 PERSPECTIVAS

Este trabalho possibilitou fazer novas inferéncias sobre a ativagdo do mecanismo de
transposicéo do elemento mariner-Mos1 em condigOes estressantes. Utilizando uma linhagem
mutante associada a ferramentas moleculares atuais, os resultados apontam que o elemento
pode ser regulado por certo tipo de estresse e por outros ndo, possivelmente utilizando
diferentes vias de ativacdo ou inativacdo. Além disso, levantamos a hipotese de que a falta de
aumento dos transcritos, induzida por estresse quimico e danos UVC pode ser devido ao papel
da maquinaria de silenciamento por RNA. Porém, mais ensaios ainda precisam ser feitos para
elucidar questdes ligadas a transposicéo do elemento.

Em relacdo ao primeiro artigo, inferimos uma possivel coativacao entre o elemento e
Hsp70 devido ao fato do elemento possuir homologia com a sequéncia reconhecida por
fatores de transcrigdo do gene. Ao reanalizarmos a sequéncia consenso dos HSE (do inglés:
heat shock element) e do elemento, aléem da sequencia ja descrita na TIR, encontramos mais
uma sequéncia homdloga na regido nao codificadora. Esta regido nao codificante encontra-se
entre a regido terminal invertida (TIR) e o inicio da regido codificante da transposase,
proxima a sitios descritos como regides promotoras de genes eucarioticos.

Para elucidar se essas sequéncias em mariner-Mos1 sdo sitios de reconhecimento do
fator de transcricdo de choque térmico (HSF), temos como perspectiva isolar essa regido e
inseri-la em um plasmideo (o ensaio ja estd em andamento). O constructo contém a regido da
TIR com homologia a HSE (promotor) associada ao gene GFP. Ao inserir este plasmideo em

células que contenham HSF e induzir choque térmico ou qualquer outro tipo de estresse, sera
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possivel elucidar se mariner-Mosl é capaz de ser ativado pela presenca da regido de ligacéo
de HSF.

Outro método que estd sendo realizado pelo nosso grupo de pesquisa € a
imunoprecipitacdo da cromatina (ChlIP), que estuda a associacdo de certas proteinas com
regides especificas do genoma. Esta técnica pode ser usada para avaliar se a sequéncia de
mariner-Mosl com homologia a HSE ¢, de fato, um sitio de ligacdo de HSF ou de qualquer
outro fator de transcricao.

Por fim, as evidéncias da falta de transposicdo de mariner-Mosl em condicdes de
estresse também devem continuar sendo investigadas. No segundo artigo, uma importante
questéo foi levantada: a falta de transcritos em condicdes de estresse pode estar relacionada ao
silenciamento de elementos transponiveis por RNAI. Assim, estas questbes abrem novas
perspectivas para avaliar a ativacdo de RNAIi em condic¢Bes de danos como estresse quimico e

radiagdo UV e sua acéo no silenciamento de mariner-Mos1.
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