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RESUMO
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A aplicacdo médica da radiacdo ionizante (RI) na radioterapia tem sido crucial no tratamento
de diversos tipos de cancer devido a sua a¢do lesiva as células tumorais, decorrente da interacdo direta
com as moléculas de DNA ou indireta com as moléculas de H,O (radidlise, produzindo Espécies
Reativas do Oxigénio). Ambas as intera¢cBes podem induzir muta¢fes génicas e quebras na estrutura
fisica do DNA, induzindo a morte celular. Entretanto, em decorréncia do tratamento radioterapico,
também podem ocorrer danos as células saudaveis. Mulheres tratadas com irradiagdo abdominal,
pélvica ou irradiacdo total do corpo, podem apresentar danos permanentes ao ovario e perda dos
foliculos primordiais, resultando em disfuncdo uterina, menopausa precoce, abortos espontaneos e
infertilidade. Visando investigar os possiveis danos as células saudaveis gerados no tratamento
radioterapico e suas consequéncias, neste estudo foram irradiados ovarios bovinos, o0s quais
constituem um bom modelo de estudo para eventos reprodutivos na mulher. Em um primeiro
experimento, ap0s a irradiacdo dos ovarios (doses de 0,9 Gy, 1,8 Gy, 3,6 Gy e 18,6 Gy), odcitos foram
selecionados e cultivados por 24h, momento no qual foi efetuada analise da maturacéo nuclear. Em um
segundo experimento, apos a irradiacdo dos ovarios (1,8 Gy e 18,6 Gy), odcitos foram selecionados e
cultivados por 1h, momento no qual avaliou-se a frequéncia de danos no DNA por meio da deteccéo
de imunofluorescéncia da histona H2AX fosforilada (YH2AX). No mesmo momento (1h), células do
cumulus foram separadas para analise da expressao de genes envolvidos nos mecanismos de reparo do
DNA (53BP1, RAD52, ATM, Ku70 e Ku80), apoptose (BAX) e controle do ciclo celular (CCND2)
através das técnicas de extracdo de RNA e qRT-PCR. Os resultados mostraram que as doses de
radiagdo testadas ndo afetam a taxa de maturagdo nuclear dos odcitos, sendo que ndo foi possivel
detectar danos ao DNA pela presenca da histona yYH2AX. Todos 0s genes avaliados foram expressos,
porém a RI provocou uma alteracdo na abundancia de mRNA em apenas trés: RAD52, BAX e
CCND2. Concluimos que as doses de radiacdo avaliadas nao afetaram a evolugdo do processo de
maturacdo em odcitos bovinos obtidos de foliculos antrais. Entretanto, os efeitos da Rl em foliculos
pré-antrais permanece desconhecido.

Palavras-chave: Radiagéo ionizante. Infertilidade. Modelo bovino. Reparo do DNA. gRT-PCR.
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The medical application of ionizing radiation in radiotherapy has been crucial in the treatment
of cancer due to its harmful action tumor cells, by direct interaction with DNA molecules or indirectly
with the H>O molecules (radiolysis, producing Free Radicals and Reactive Oxygen Species). Both
interactions may cause genetic mutations in DNA breakage and physical structure, inducing cell death.
However, as a result of radiotherapy, damage to the healthy cells can occur. Women treated with
irradiation abdominal, pelvic or total body irradiation, may present permanent damage and loss of
ovarian primordial follicles, resulting in uterine dysfunction, premature menopause, miscarriage and
infertility. In order to investigate the possible damage and consequences to the healthy cells generated
by radiotherapy, in this study bovine ovaries were irradiated, which are considered a good model to
study reproductive events in women. In a first experiment, after irradiation of the ovaries (dose 0,9Gy,
1,8Gy, and 3,6Gy 18,6Gy), oocytes were selected and grown for 24 hours at which time analysis of
nuclear maturation were conducted. In a second experiment, after irradiation of the ovaries (1,8Gy and
18,6Gy), oocytes were selected and cultivated for 1h, at which time we assessed the frequency of
DNA damage by Immunofluorescence detection of phosphorylated histone H2AX (yH2AX). At the
same time (1h) cumulus cells were separated for expression analysis of genes involved in DNA repair
mechanisms (53BP1, RAD52, ATM, Ku70 and Ku80), apoptosis (BAX) and cell cycle control
(CCND2) through RNA extraction and gRT-PCR. Results showed that radiation doses tested did not
affect the nuclear maturation rate and it was not possible to detect DNA damage by the presence
histone YH2AX. All analyzed genes were expressed but IR only altered the mRNA abundance of:
RAD52, BAX and CCND2. We conclude that the assessed radiation doses did not affect the evolution
of the maturation process in oocytes obtained from antral follicles. However, the effects of IR in
preantral follicles remains unknown.

Keywords: lonizing radiation. Infertility. Bovine model. DNA repair. gqRT-PCR.
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YH2AX — Phosphorylated H2A histone family, member X
53BP1 — p53 binding protein 1

ATM - Ataxia telangiectasia mutated

BAX — BCL2-associated X protein

CCND2 - Cyclin D2

DNA - Deoxyribonucleic acid

DSB — DNA double-stranded break

H2AX - H2A histone family, member X

HR — Homologous recombination
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NHEJ — Non-homologous end-joining

RAD50 — RAD50 homolog, DNA repair protein
RAD51 — RAD51 homolog, DNA repair protein
RAD52 — RAD52 homolog, DNA repair protein
ROS - Reactive oxygen species

SSB — DNA single-stranded break
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1. INTRODUCAO

A aplicacdo médica da radiacdo ionizante (RI) tem sido crucial no tratamento de
diversos tipos de cancer, devido a sua capacidade de destruir as células cancerigenas. Estima-
se que mais de 50% dos pacientes diagnosticados com céncer sdo tratados através da
radioterapia (por si s6 ou em combinagdo com a quimioterapia ou cirurgia) (DING et al.,
2013), o que tem gerado um aumento significativo nas taxas de sobrevivéncia, especialmente
em criancas e adolescentes (CHEMAITILLY et al., 2006).

O principal alvo da radioterapia € o DNA das células cancerigenas, que s&o sensiveis
aos efeitos deletérios da RI por possuirem deficiéncias no sistema de reparo (BARBERA,
2003; HOSSEINIMEHR, 2015), o que pode produzir lesBes direta ou indiretamente. No efeito
direto a RI interage diretamente com a molécula de DNA atingindo as bases nitrogenadas que
o compdem, enquanto no efeito indireto ha a producdo de espécies reativas de oxigénio
(ERO) atraves da radiolise da &gua, as quais irdo interagir com o DNA provocando danos
(NIKITAKI et al., 2015). O efeito direto resulta em quebras de fita simples (SSBs - single-
strand breaks) e / ou quebras de fita dupla (DSBs - double-strand breaks) que induzem
mutacdes e rearranjo estrutural generalizada do genoma, potencialmente causando a morte
celular (LORD; ASHWORTH, 2012). E por meio destes mecanismos que a radioterapia causa
destruicdo das ceélulas tumorais, mas também representa uma ameaca a integridade e
sobrevivéncia das células normais circunvizinhas (AHMED et al., 2014).

Logo, também podem haver danos nas células saudaveis em decorréncia do tratamento
radioterapico, sendo os ovarios 6rgaos alvo para tratamentos antiproliferativos (LO PRESTI
et al., 2004). Mulheres tratadas com irradiagdo abdominal, pélvica ou irradiagdo total do
corpo, podem apresentar danos permanentes para o ovario e perda dos foliculos primordiais,
resultando em infertilidade e menopausa precoce (WALLACE et al.,, 2003). Alguns
indicadores de prognostico importantes para o desenvolvimento de faléncia ovariana séo a
idade no momento da exposi¢do a radioterapia, forma de irradiacdo (por exemplo, irradiacdo
pélvica, abdominal) e o fracionamento (SONMEZER; OKTAY, 2004).

Estudos demonstraram que, enquanto uma dose esterilizante eficaz ao nascer € de 20,3
Gy, aos 10 anos ¢ de 18,4 Gy, aos 20 anos 16,5 Gy, e aos 30 anos 14,3 Gy (WALLACE et al.,
2005). Em outro estudo, Wallace et al., utilizaram um modelo matematico para demonstrar
que uma dose menor que 2 Gy é suficiente para destruir a metade da populagdo de o6citos

humanos (DLsg) e mais do que 6 Gy geralmente provoca a falha ovariana irreversivel
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(WALLACE et al., 2003). Além disso, a insuficiéncia ovariana foi relatada em 90% dos
pacientes que foram acompanhados a longo prazo apds irradiacdo de corpo inteiro (10-15 Gy,
~2 Gy por fracdo) e em 97% das mulheres tratadas com irradiacdo abdominal fracionada (20-
30 Gy, 1-2 Gy por fracdo) durante a infancia (WALLACE et al., 1989). Pacientes jovens
tratadas com quimioterapia ou radioterapia atualmente podem esperar uma vida normal
devido a eficacia desses tratamentos, entretanto também podem estar sofrendo danos
significativos ao ovarios (LO PRESTI et al., 2004). Consequentemente, os efeitos imediatos e
tardios no tratamento estdo ganhando maior importancia para os sobreviventes e suas familias
(YURUT-CALOGLU et al., 2015).

Diante deste contexto, tornam-se imprescindiveis maiores investigacdes sobre o0s
mecanismos envolvidos na interacdo da Rl com o sistema reprodutivo, a fim de evitar ou
reduzir potenciais danos e desenvolver novas alternativas para a preservacdo da fertilidade.
Assim, para se obter uma melhor compreensdo de como a fungdo ovariana pode ser afetada
pela radiacdo ionizante, estudos em modelos animais tém sido desenvolvidos a fim de
verificar seus efeitos sobre o gameta feminino (PESTY et al., 2010). Bovinos tem se
estabelecido como um bom modelo para o estudo da foliculogénese ovariana humana devido
as semelhancas na dindmica do desenvolvimento folicular (BAERWALD, 2009), controle
enddcrino (MALHI et al., 2005), ovulacdo (monovulatérios), bem como contetdo lipidico de
oocitos e metabolismo embrionario (LANGBEEN et al., 2015). Vale destacar que a busca por
modelos que se assimilem ou simulem condi¢Ges fisioldgicas aos seres humanos tem sido um
grande desafio para a comunidade cientifica, especialmente modelos in vitro.

Portanto, este estudo buscou avaliar os possiveis efeitos da dose de RI terapéutica
fraccionada padrdo para o tratamento do cancer de ovario em humanos (1,8 Gy), metade e 0
dobro desta dose (0,9 Gy e 3,6 Gy, respectivamente) e a dose bioldgica equivalente ao
tratamento total (18,6 Gy) na maturagdo de odcitos, utilizando um modelo bovino in vitro.
Para tanto, foram efetuadas: (a) avaliacdo da taxa de maturacdo nuclear oocitaria; (b) analise
de danos ao DNA por deteccdo de imunofluorescéncia da histona H2AX fosforilada
(YH2AX); e (c) expressdo de genes envolvidos nas vias de reparo do DNA (53BP1, RAD52,
ATM, Ku70 e Ku80), apoptose (BAX) e ciclo celular (CCND2) em células do cumulus,
através da extracdo de RNA e gRT-PCR.



2. REVISAO BIBLIOGRAFICA

2.1. Radiacdes ionizantes e suas interacdes com sistemas biologicos

Conceitualmente, radiacdo ionizante é a radiagdo eletromagnética ou particula de alta
energia que, ao interagir com 0 meio absorvedor, tem a propriedade de transferir, integral ou
parcialmente, energia para os atomos e moléculas deste meio, resultando no fendémeno
conhecido como ionizacdo (KAPLAN, 1978). Assim, se a radiacdo tiver energia suficiente
para ejetar um ou mais elétrons de seus orbitais nos &tomos ou moléculas, ela € dita ionizante
(HALL, 2012) Devido a essas caracteristicas, sua interagdo com sistemas biologicos pode
ocorrer basicamente de forma direta ou indireta, as quais dependem de fatores como energia e
tipo de radiacdo incidente (TAUHATA, L., 2003).

Raios gama e X, por exemplo, sdo radiacdes que interagem de modo indireto com as
células, provocando a quebra de moléculas de agua (radidlise) e consequente formagéo de
Radicais Livres (entidades quimicas altamente reativas em decorréncia da presenca de
elétrons desemparelhados na ultima camada) e Espécies Reativas do Oxigénio (moléculas
geradas pela reducdo incompleta do oxigénio e altamente reativas), as quais irdo atingir o
DNA causando danos. Ja particulas pesadas como as particulas alfa e néutrons interagem de
forma direta, ou seja, atingem preferencialmente as bases nitrogenadas que compdem a
estrutura do DNA, provocando danos através do deposito de energia pela radiacdo ionizante
(HALL, 2012).

O DNA ¢ onde estdo armazenadas as informacgdes genéticas, as quais sdo responsaveis
pelo funcionamento celular, hereditariedade e codificagdo da estrutura molecular de todas as
enzimas das células, sendo a molécula chave no processo de estabelecimento de danos
bioldgicos (CNEN, 2005). Devido a exposicdo a radiacdo ionizante (VAN ATTIKUM;
GASSER, 2005), e espécies reativas do oxigénio (BILSLAND; DOWNS, 2005), as moléculas
de DNA podem apresentar basicamente dois tipos de danos: mutacGes génicas (alteracdes de
pares de bases) e quebras (perda da integridade fisica do material genético). Logo, podem
ocorrer quebras de fita simples e quebras de fita dupla do DNA, danos nas bases nitrogenadas,
entre outros (SAPORA et al., 1991; LEHNERT, 2008). A quebra da fita dupla de DNA esta

entre 0s mais perigosos indutores de danos genotdxicos e de morte celular (RICH, 2000).
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2.2. Resposta celular e mecanismos de reparo

Uma das primeiras respostas celulares as quebras de fita dupla do DNA causadas pela
radiacdo ionizante é a fosforilacdo da histona H2AX. Em células de mamiferos a H2AX
corresponde a cerca de 10% do total de histonas H2A, variando entre as diferentes linhagens
celulares (MACPHAIL et al., 2003). A H2AX fosforilada, conhecido como yH2AX, forma
"focos" de fosforilagdo nas DSB induzidas por radiacdo ionizante (ROGAKOU et al., 1998,
1999). Estes focos podem ser detectaveis e desempenham um papel importante na
identificacdo de danos ao DNA (SUDHAKARAN et al., 2014).

Em relacdo ao processo de reparo dessas DSBs, basicamente duas vias estdo
envolvidas: a via de recombinacdo homdloga (HR) e a de unido terminal ndo homologa
(NHEJ). Ambas sdo controladas por um grupo bem orquestrados de genes que parecem estar
presentes em praticamente todos os organismos (BRENDEL et al., 1997). A via HR é livre de
erros e esta ativa durante as fases S e na transicdo G2-M do ciclo celular onde uma cromaétide
irmad atua como molde para o reparo (JOHNSON; JASIN, 2000). Na via NHEJ as porgdes
finais da fita dupla de DNA quebrada sdo ligadas independentemente de pertencerem ao
Mesmo Cromossomo e, por isso, essa via € sujeita a erros que podem ocasionar mutacdes ou
perda de fungdes em partes especificas do DNA (BRANZEI; FOIANI, 2008). Nas células de
mamiferos, a via NHEJ esta predominantemente ativa durante a transicdo das fases GO para
G1 (LIEBER, 2010).

Algumas das proteinas especificamente envolvidas na recombinacdo homadloga sdo a
RAD51, RAD52, ATM, 53BP1, e as envolvidas na unido terminal ndo homdloga incluem o
heterodimero Ku70/Ku80 (RISTIC et al., 2003). Vérias investigacdes ainda tentam elucidar
como a célula determina se o reparo ocorrerd via HR ou NHJE. Existe uma hipétese de que a
via de reparo escolhida pela célula depende de uma competicao entre proteinas da familia Ku
ou RAD. Nesse modelo se as proteinas Ku70 e Ku80 forem as primeiras a se ligar na regido
danificada do DNA a reparacdo ocorreria pela via NHEJ. Em contrapartida, se as proteinas
pertencentes a familia RAD (principalmente RAD51 e 52) forem as primeiras a se ligar ao
DNA a reparacdo aconteceria pela via HR (HIOM, 1999). Entretanto, ainda ndo existe um
consenso sobre 0 mecanismo que a célula utiliza para determinar se o reparo ocorrera pela via
HR ou NHEJ (LIEBER, 2010).

2.3. Ciclo celular e radiossensibilidade



15

Uma importante caracteristica da interacdo da radiagdo ionizante com a célula é que a
resposta bioldgica depende da fase do ciclo celular no qual se encontra a célula alvo (HALL,
2012). Assim, a radiossensibilidade celular € intrinsecamente relacionada com a fase em que
se encontra o ciclo, sendo que quanto mais proliferativa mais radiossensivel. Uma maior
radiossensibilidade celular é encontrada nas fases M e G2, havendo uma maior resisténcia na
fase S. Como citado anteriormente, a fase M € extremamente sensivel a radiagdo e acredita-se
que este fato ocorra devido a compactacdo do DNA, aumentando a probabilidade de interacédo
(DE ANDRADE; BAUERMANN, 2010). Além disso, sabe-se que células imaturas,
indiferenciadas e que apresentam divisdo mitotica ativa sdo mais radiossensiveis, ja que uma
lesdo no DNA pode fazer com que a célula tenha dificuldade em dividir o material genético
entre as células filhas, as quais podem morrer apds uma ou duas divisdes subsequentes ou
gerar individuos com aberracdes genéticas. As células do epitélio intestinal, células
germinativas epiteliais e dsseas, oogdnias e espermatogbnias se enquadram entre células
altamente vulneraveis a acdo das radiacGes ionizantes. Sendo assim, caso mutacdes ocorram
na linhagem de células geradoras de gametas, existe a possibilidade de transferéncia dessas
mutacgdes do individuo irradiado para sua descendéncia (CNEN, 2005). Mutacdes na célula-
ovo podem inviabilizar seu desenvolvimento e na fase embrionéria, podem resultar em ma
formacao de tecidos, 6rgaos e membros. Por outro lado, células maduras, diferenciadas e que
ndo apresentam divisdo mitética ativa (ou pouco ativa) sdo mais radioresistentes, como por

exemplo, as células musculares e as células nervosas (CNEN, 2005).

2.4. Radioterapia, sobrevida de pacientes e futuro reprodutivo

A radiacdo ionizante vem sendo muito utilizada como alternativa no tratamento de
diversos tipos de cancer, justamente por sua capacidade de destruicdo das células tumorais, as
quais séo deficientes quanto aos mecanismos de reparo (LOMAX, 2013). Estima-se que mais
de 50% dos pacientes diagnosticados com cancer recebem tratamento radioterapico (por si sO
ou em combinacdo com a quimioterapia ou a cirurgia) (DING et al., 2013). A maioria dos
tratamentos de radioterapia sdo atualmente realizados através de feixes externos de fotons e
elétrons produzidos por aceleradores lineares (PASSARO, 2011). Estes ultimos s&o
equipamentos que usam ondas eletromagnéticas de alta frequéncia para acelerar particulas
carregadas atraves de um tubo linear. O feixe de elétrons de energia alta pode ser usado para

tratar tumores superficiais, ou podem colidir num alvo para producdo de raios X, para
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tratamento de tumores mais profundos (KHAN, 2003). Estes tratamentos tém gerado uma alta
sobrevida aos pacientes, especialmente jovem-adultos (CHEMAITILLY et al., 2006).

Entretanto, na radioterapia também podem ocorrer danos as células saudaveis, sendo o
ovario um orgdo-alvo para tratamentos antiproliferativos (MEIROW, 2001; LO PRESTI et
al., 2004). Mulheres tratadas com irradiacdo abdominal, pélvica ou de corpo inteiro, podem
apresentar danos permanente aos ovarios e perda de foliculos primordiais, resultando em
reducdo da fertilidade e uma menopausa precoce (WALLACE, 2003; GREEN et al., 2009;
MEIROW et al., 2010; TEH et al., 2014). Essa exposi¢cdo pode causar dano direto ao DNA
das células foliculares ovarianas, levando a atresia e diminuicdo da reserva folicular ovariana.
Isso pode acelerar o declinio natural dos nimeros de foliculos, levando a diminui¢do da
producdo hormonal e disfuncéo uterina (WO; VISWANATHAN, 2009).

Alguns indicadores de progndstico importantes para o desenvolvimento de faléncia
ovariana sdo a idade no momento da exposicéao a radioterapia e fracionamento (SONMEZER,;
OKTAY, 2004). Enquanto uma dose esterilizante eficaz ao nascer é de 20,3 Grays (Gy =
unidade de dose de radiacdo absorvida), aos 10 anos de idade ela passa a ser de 18,4 Gy; ja
aos 20 anos de idade, 16,5 Gy; e aos 30 anos de idade, 14,3 Gy (WALLACE et al., 2005).
Além disso, estimou-se através de um modelo matematico que uma dose menor que 2 Gy é
suficiente para destruir a metade da populacdo de odcitos humanos (LDsp), € mais do que 6
Gy geralmente provocam falha irreversivel do ovario (WALLACE, 2003). Em um estudo
realizado por este mesmo autor, a insuficiéncia ovariana foi relatada em 90% de pacientes que
foram acompanhadas a longo prazo ap6s o irradiacdo de corpo inteiro fracionada (10-15 Gy; 2
Gy por fracdo), e em 97% de mulheres tratadas com irradiacdo abdominal fracionada (20-30
Gy; 1- 2 Gy por fracdo), durante a infancia (WALLACE, 1989). Logo, os efeitos imediatos e
tardios do tratamento radioterapico sobre a fertilidade estdo ganhando maior importancia para

0 crescente nimero de sobreviventes de cancer, especialmente pediatricos e jovens.

2.5. Foliculogénese e oogénese em mamiferos

Nos mamiferos, o inicio da foliculogénese (formacdo e crescimento dos foliculos
ovarianos) ocorre na fase fetal. As células germinativas primordiais originam-se no saco
vitelinico e migram para a génada em formacdo. Em seguida, as células germinativas
multiplicam-se por mitose e originam grupos de oogbnias. Em uma primeira etapa de

diferenciacdo, sdo constituidas as células da pré-granulosa. Por sua vez, as oogonias
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diferenciam-se em odcitos, que associados as células da granulosa, constituem os foliculos
primordiais. Os odcitos iniciam o processo de divisdo meiotica, o qual se interrompe na
préfase da meiose I, no estagio de diploteno. Esta quiescéncia persiste até o recrutamento
folicular, seja este no inicio da puberdade ou nos altimos dias da fase reprodutiva da fémea
(SOTO-SUAZO, 2005; VAN DEN HURK, 2005). Coincidindo com o inicio da meiose, 0s
foliculos primordiais individualizam-se, caracterizando-se por uma camada de células
granulosas pavimentosas circundando o o6cito. Nesta etapa da foliculogénese, ha degeneracgéo
de um expressivo nimero de foliculos primordiais, sendo a parcela remanescente denominada
como populacédo de reserva de foliculos ou pool folicular. Uma vez constituida esta populagéo
folicular, alguns foliculos primordiais s&o regularmente recrutados. Desta forma, o processo
de recrutamento folicular ocorre até o término da vida reprodutiva da fémea (VAN DEN
HURK, 2005).

Do ponto de vista evolutivo, os foliculos ovarianos podem ser classificados em dois
grupos: foliculos pré-antrais (ndo cavitarios) e antrais (cavitarios). Os foliculos pré-antrais
representam cerca de 90 a 95% de toda a populacdo folicular, armazenando assim, a maioria
dos odcitos presentes em ovarios de mamiferos. A populacdo folicular no ovério ao
nascimento foi estimada em 2.000.000 foliculos em mulheres e 235.000 em vacas
(GONCALVES; DE FIGUEIREDO; FREITAS, 2008). Entretanto, in vivo, apesar da
existéncia de milhares de o6citos, a grande maioria serd eliminada por meio de um processo
fisiolégico conhecido por atresia folicular (degeneracdo dos foliculos). As acBes de toxinas,
agentes virais e da radiacdo ionizante podem ocasionar uma aceleracdo nesse processo de
atresia folicular, levando a faléncia ovariana prematura (FOP). A FOP é uma condicdo que
acarreta amenorréia, infertilidade, hipogonadismo e niveis elevados de gonadotrofinas em
mulheres com menos de 40 anos (GOSWAMI; CONWAY, 2005).

2.6. Modelos de estudo em radiobiologia: modelo bovino

A fim de evitar ou reduzir potenciais danos e desenvolver novas alternativas para a
preservacdo da fertilidade, torna-se crucial a busca por modelos de estudo que permitam
maiores investigacdes sobre os mecanismos envolvidos na interagdo da Rl com o sistema
reprodutivo. Assim, estudos em modelos animais tém sido desenvolvidos a fim de verificar os
efeitos da RI sobre o gameta feminino (PESTY et al., 2010). Bovinos tem se estabelecido

como um bom modelo para o estudo da foliculogénese ovariana humana devido as
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semelhancas na dindmica do desenvolvimento folicular (BAERWALD, 2009), controle
enddcrino (MALHI, 2005), ovulagdo (monovulatérios), bem como contetdo lipidico de
odcitos e metabolismo embrionario (LANGBEEN et al., 2015). A utilizacdo de uma espécie
monovulatoria no estudo da fisiologia reprodutiva permite uma maior aproximacgédo ao que
ocorre em humanos (ADAMS; 2012; GINTHER, 2012), sendo que a maior parte do
conhecimento utilizado para manipulagéo da fisiologia e tratamento em mulheres foi gerado
em roedores, tendo estes por caracteristica ovulacdo de maultiplos foliculos (JAISWAL et al.,
2009). Por isso, surge a necessidade da disponibilidade de modelos de espécies que mais se
aproximem da fisiologia humana para maior sucesso no tratamento de patologias bem como a
manutencdo da fertilidade. Vale destacar que a busca por modelos que se assimilem ou
simulem condicBes fisioldgicas aos seres humanos tem sido um grande desafio para a

comunidade cientifica, especialmente modelos in vitro.



3. OBJETIVOS

3.1. Objetivo geral

Avaliar os possiveis efeitos da dose de RI terapéutica fraccionada padrdo para o
tratamento do cancer de ovario em humanos (1,8 Gy), metade e o dobro desta dose (0,9 Gy e
3,6 Gy, respectivamente) e a dose bioldgica equivalente ao tratamento total (18,6 Gy) na

maturacao de odcitos, utilizando um modelo bovino in vitro.

3.2. Objetivos especificos

- Avaliar a taxa de maturagdo nuclear oocitaria;

- Analisar danos ao DNA por deteccdo de imunofluorescéncia da histona H2AX
fosforilada (YH2AX);

- Analisar a expressdao de genes envolvidos nas vias de reparo do DNA (53BP1,
RAD52, ATM, Ku70 e Ku80), apoptose (BAX) e ciclo celular (CCND2) em células do
cumulus, através da extracdo de RNA e gRT-PCR.
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Abstract: The medical application of ionizing radiation (IR) has been crucial in the treatment
of cancer due to its harmful action on tumor cells DNA. However, damage to healthy cells
can occur in radiotherapy, including ovarian cells of females treated for cancer with
abdominal, pelvic or total body irradiation. It may cause permanent damage to the ovary,
impaired fertility and premature menopause. The aim of this study was to investigate the
effects of IR on oocyte bovine in vitro model. For this purpose, we exposed bovine ovaries to
ionizing radiation (0.9 Gy, 1.8 Gy, 3.6 Gy and 18.6 Gy) and aspirated the cumulus oocyte
complexes to evaluate: (a) oocyte nuclear maturation rate; (b) detection of phosphorylated
histone H2AX (YH2AX); (c) expression of genes involved in DNA repair pathways, apoptosis
and cell cycle in cumulus cells. Results showed that the radiation doses tested did not affect
the oocyte maturation rate and it was not possible to detect significant DNA damage by
YH2AX immunofluorescence. All genes tested in this study were expressed. The IR changed
the mMRNA abundance of RAD52, BAX and CCND2. We conclude that the IR doses applied
did not affect the evolution of the oocyte maturation. However, the IR effect on preantral
follicles remains unclear.
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1. Introduction

The medical application of ionizing radiation (IR) has been crucial in several cancer
treatment modalities due to its ability to destroy the carcinogenic cells. It is estimated that
more than 50% of diagnosed cancer patients receive radiation therapy (alone or in
combination with chemotherapy or surgery) [1]. This treatment has been responsible for
improvement in the survival rates, especially in children and adolescents [2]. The main target
of radiotherapy is the DNA of the carcinogenic cells, which is very sensitive to deleterious
effect of IR [3,4] and can produce lesions directly or indirectly. In the direct effect the RI
directly interacts with the DNA molecule reaching the nitrogenous, while the indirect effect
generates reactive oxygen species (ROS) through water radiolysis that can subsequently
damage DNA [5]. The direct effect results in single-strand breaks (SSB) and/or double-strand
breaks (DSB) that induce mutations and widespread structural rearrangement of the genome,
potentially causing cell death by apoptosis [6]. Through these mechanisms, radiotherapy
causes destruction of tumor cells, but also threatens the integrity and survival of surrounding
normal cells [7]. Thus, damage to healthy cells may also occur in radiation therapy, and the
ovary is a target organ for anti-proliferative treatments [8].

Females treated for cancer with abdominal, pelvic or total body irradiation (TBI) may
present permanent ovary damage and loss of primordial follicles, resulting in impaired
fertility and a premature menopause [9]. Some important prognostic indicators for
development of ovarian failure are age at the time of exposure to radiotherapy, extent and
type of radiation therapy (e.g., abdominal or pelvic external beam irradiation) and
fractionation schedule [10]. It has been showed that, whereas an effective sterilizing dose at
birth is 20.3 Grays (Gy = radiation absorbed dose unit), at 10 years old, it is 18.4 Gy; at 20
years old, 16.5 Gy; and at 30 years old, 14.3 Gy [11]. Besides, Wallace et al. used a
mathematical model to demonstrate that a dose of less than 2 Gy is enough to destroy half of
the human oocyte population (LD50), and more than 6 Gy usually causes irreversible ovarian
failure [9]. Ovarian failure has been reported in 90% of patients followed up long term after
TBI (10-15 Gy, ~2 Gy per fraction), and in 97% of the females treated with fractionated total
abdominal irradiation (20-30 Gy, 1-2 Gy per fraction) during childhood [12]. Young patients
treated with chemotherapy or radiotherapy, who can expect a normal life span, may suffer
significant damage to the ovary [8]. Consequently, early and late effects after treatment are
gaining greater importance for survivors, their families, and providers [13].

In this context, further studies on the mechanisms involved in the interaction of ionizing
radiation with the reproductive system become necessary in order to prevent or reduce
potential damage and develop new alternatives for fertility preservation. Thus, to give a better
insight on how the ovarian function can be disturbed by ionizing radiation, studies on animal
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models have been developed to verify the effects upon the female gamete [14]. Bovine
animals have been established as a model for the study of human ovarian folliculogenesis due
to similarities in the dynamics of follicle development [15], endocrine control [16], single
ovulation, as well as oocyte lipid content and embryo metabolism [17]. It is noteworthy that
the search for models that closely reflect human biology is a major challenge, especially
related to in vitro models.

Therefore, this study was designed to evaluate the possible effects of the standard
fractional therapeutic dose of ionizing radiation for human ovarian cancer treatment (1.8 Gy),
half and double of that (0.9 Gy and 3.6 Gy, respectively) and the biological equivalent dose to
total treatment (18.6 Gy) on oocytes and cumulus cells, using an in vitro bovine model. It was
assessed by: (a) analyses of oocyte nuclear maturation rate; (b) histone yYH2AX detection; and
(c) expression of genes involved on DNA repair pathways (53BP1, RAD52, ATM, Ku70 and
Ku80), apoptosis (BAX) and cell cycle (CCND2).

2. Material and Methods

All chemicals were purchased from Sigma Chemicals Company (St. Louis, MO, USA),
unless otherwise indicated in the text.

2.1. Collection and irradiation of the ovaries

Cow ovaries were obtained from an abattoir (Silva abattoir, Santa Maria, RS, Brazil),
stored on isothermal vials with saline solution (0.9% NaCl at 30°C) containing penicillin (100
IU/ml) and streptomycin (50 pg/ml) and transported to the Radiotherapy Service of Santa
Maria University Hospital (Santa Maria, RS, Brazil). A portion of the ovaries was irradiated
(view sections 2.2 and 2.3) in an acrylic tank (30cm x 30cm x 15cm) containing saline
solution with an Elekta linear accelerator, Precise System model (Elekta, Stockholm,
Sweden). Another portion of the ovaries was not submitted to irradiation (control group; n =
20 ovaries). Previously to the irradiation procedures, it was performed a Computed
Tomography (CT) with the acrylic tank to simulate the irradiation experiments in order to
guarantee that the ovaries received 100% of the radiation dose (Figure 1). The irradiation
procedures were previously authorized by the Hospital Research Management (Project
registration number: 118/2013) and conducted according to internal protocols.

2.2. Experiment 1
2.2.1 In vitro maturation (IVM)

After irradiation (0.9 Gy, 1.8 Gy, 3.6 Gy and 18.6 Gy; n = 20 ovaries per group), the
ovaries were transported from the Hospital to the Laboratory of Biotechnology and Animal
Reproduction (BioRep) in saline solution (0.9% NaCl, 30°C). The cumulus oocyte complexes
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(COC) were aspirated with a vacuum pump (suction flow rate of 15 ml/min) from 2 to 8 mm
diameter follicles. The COC’s were recovered and selected according to Leibfried and First
[18] under a stereomicroscope. COC’s grade 1 and 2 were randomly distributed into 400 pl of
maturation medium [19] and cultured in an incubator at 39°C in a saturated humidity
atmosphere containing 5% CO2 and 95% air, for 24h, at which time nuclear maturation
analysis was performed. The tested radiation doses correspond to standard fractional
therapeutic dose for ovarian cancer treatment (1.8 Gy), half and double of that (0.9 Gy and 3.6
Gy, respectively) and the equivalent dose of a total treatment adapted for a single session of
irradiation (18.6 Gy).

2.2.2 Assessment of nuclear maturation

After the in vitro maturation period, cumulus cells from COC’s were removed by
mechanical stirring (vortex). The oocytes were fixed in 4% paraformaldehyde for 15 min
followed by permeabilization of the nuclear membranes with 0.5% Triton X-100. For the
evaluation of nuclear maturation, oocytes were exposed to 10ug/ml bisbenzimide (Hoechst
33342) for 15min. The stained oocytes were evaluated between the slide and cover slip under
ultraviolet light with a fluorescence microscope. Classification was performed according to
the configuration of chromatin in: germinal vesicle (GV), germinal vesicle breakdown
(GVBD), metaphase | (Ml), anaphase | (Al), telophase I (TI) and metaphase 11 (MI1) [19].

2.3. Experiment 2

After irradiation of the ovaries (1.8 Gy and 18.6 Gy; n = 20 ovaries per group), the same
procedures of experiment 1 were performed for IVM. However, 1h after incubation, cumulus
cells from COC’s were separated for analysis of gene expression involved on: (a) DNA repair
mechanisms including p53 binding protein 1 (53BP1), RAD52 homolog DNA repair protein
(RAD52), Ataxia telangiectasia mutated (ATM), 70 kDa subunit of Ku antigen (Ku70), and
80 kDa subunit of Ku antigen (Ku80); (b) apoptosis process including the BCL2-associated X
protein (BAX); and (c) cell cycle checkpoint including Cyclin D2 (CCND2). The gene
expression was assessed through quantitative Real-Time PCR techniques. At the same time,
oocytes were selected to assay of H2AX phosphorylated immunofluorescence detection.

2.3.1 Immunofluorescence detection of phosphorylated histone H2AX

Oocytes were fixed for 15-20 minutes in 4% paraformaldehyde and permeabilized in 1%
Triton X-100 in PBS (30 min at 37 °C). Fixed oocytes were then washed twice in blocking
solution (3% BSA and 0.2% Tween-20 in PBS) and maintained overnight in the presence of
the anti-phospho-H2AX (Serine 139) mouse monoclonal primary antibody (Upstate Cell
Signaling Solutions, NY, USA) diluted (1:1000) in blocking solution. Oocytes were then
washed thrice for 20 min each in blocking solution and incubated for 1 hour at room
temperature (24-26°C) in the presence of 1:500 diluted anti-mouse 1gG Alexa 394® (Life
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Technologies, Burlington, ON, CAN). Samples were washed twice (20 min each) in blocking
solution. After this period, DNA was stained by exposing the samples to 10 ug/ml of 4°, 6-
diamidino-2-phenylindole (DAPI; Life technologies) in the blocking solution for 20 min. The
samples were then washed (20 min) with the blocking solution and mounted on microscope
slides using a drop of Mowiol. The slides were kept in a dark box and examined by
epifluorescence using a Leica DMI14000B microscope (Leica Microsystems, Buffalo Grove,
IL, USA). Images were recorded using a 340FX digital fluorescence camera and Leica LAS
software (Leica Microsystems). Nuclei were evaluated for the immunostaining signal and
classified as positive or negative.

2.3.2. RNA extraction and gRT-PCR

Total RNA was extracted from cumulus cells using Trizol protocol (Life Technologies)
according to the manufacturer’s instructions. Quantitation and estimation of RNA purity was
performed using a NanoDrop (Thermo Scientific - Waltham, USA; Abs 260/280 nm ratio)
spectrophotometer. Ratios above 1.8 were considered pure, and samples below this threshold
were discarded. Complementary DNA was synthesized from 300 ng RNA, which was first
treated with 0.1U DNase, Amplification Grade (Life Technologies) for 5 min at 37°C. After
DNase inactivation at 65°C for 10 min, the samples were incubated in a final volume of 20 pl
with iScript cDNA Synthesis Kit (BioRad, Hercules, CA, USA). Complementary DNA
synthesis was performed in three steps: 25°C — 5 min, 42°C — 30 min and 85°C — 5 min.
Quantitative polymerase chain reactions (qPCR) were conducted in a CFX384 thermocycler
(BioRad) using iQ SYBR Green Supermix (BioRad) and bovine specific primers (Table 1)
taken from the literature or designed using the Primer Express Software (Thermo Scientific).
Standard two-step gPCR was performed with initial denaturation at 95°C for 5 min followed
by 40 cycles of denaturation at 95°C for 15 sec and annealing/extension at 58°C for 30 sec.
Melting-curve analyses were performed to verify product identity. To optimize the qPCR
assay, serial dilutions of cDNA templates were used to generate a standard curve. The
standard curve was constructed by plotting the log of the starting quantity of the dilution
factor against the Ct value obtained during the amplification of each dilution. Reactions with
a coefficient of determination (R2) higher than 0.98 and efficiency between 95 to 105% were
considered optimized. The relative standard curve method was used to assess the amount of a
particular transcript in each sample. Samples were run in duplicate and results are expressed
in relation to the average Ct values for Cyclophilin B and Histone H2A as internal controls.

2.4. Statistical analysis

Maturation data were analyzed using the ANOVA test in a statistical model for categorical
data, using the PROC CATMOD (Categorical Data Analysis Procedures) by SAS software
(©SAS Institute, Inc., Cary, NC, USA). Variation in mRNA expression was analyzed by
ANOVA and multiple comparisons between groups were performed by LSMeans Student’s t
test using the JMP Software (JMP® 7.0, SAS Institute, Inc., Cary, NC, USA). Continuous
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data were tested for normal distribution using Shapiro-Wilk test and normalized when
necessary. In all analyzes a p < 0.05 was considered statistically significant. Non-categorical
data are presented as means £ SEM.

3. Results
3.1 Nuclear maturation of oocytes

Nuclear maturation is considered a parameter of the viability and competence of the
oocyte. In our study, the analysis of nuclear maturation data between the groups did not show
differences, and high levels of maturation were identified in all IR tested doses (Figure 2).
The tested doses correspond to standard fractional therapeutic dose for ovarian cancer
treatment (1.8 Gy), half and double of that (0.9 Gy and 3.6 Gy, respectively) and the
biological equivalent dose to total treatment calculated for a single session of irradiation (18.6
Gy). Despite the analyzes having demonstrated no difference between groups in the nuclear
maturation, this does not mean that they did not suffered DNA damage. These data suggest
that if there was irradiation induced DNA damage, it was probably repaired, allowing the
oocyte to develop to the metaphase Il stage. Then, we carried out immunofluorescence
detection of phosphorylated histone H2AX to verify possible DNA damage.

3.2 Immunofluorescence histone YH2AX detection

One of the earliest responses to DSB induction is the phosphorylation of histone variant
H2AX at the break site. Phosphorylated H2AX, known as yH2AX, forms “foci” at DSB
induced by ionizing radiation, which can be detectable. In our study, we tested the radiation
doses of 1.8 Gy and 18.6 Gy, in order to verify a possible DNA damage through detection of
histone YH2AX by immunofluorescence assay. However, we did not detect significant
damage 1h after exposition to radiation doses. Just one yH2AX foci to the dose of 1.8 Gy and
one YH2AX foci to the 18.6 Gy were detected, out of twenty oocytes analyzed per group
(Figure 3).

3.3 Assessment of gene expression

Given that DSB are repaired through homologous recombination (HR) and non-
homologous end joining (NHEJ) in mammalian cells, we attempted to analyze some genes
involved in these pathways (53BP1, RAD52, ATM, Ku70 and Ku80), as well as a gene
involved in apoptosis (BAX) and another gene involved in cell cycle control (CCND2). In our
analysis, there was no significant variation in 53BP1 and ATM gene expressions. However, a
tendency of increase in 53BP1 expression was observed as the radiation dose increases
(Figure 4). The increasing radiation doses affect (P < 0.05) the abundance of mMRNA encoding
RAD52 gene expression. Besides, it was observed a negative correlation between radiation
dose and gene expression, i.e., with an increasing dose there was a decrease in the expression
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(Figure 4C). In relation to the genes involved in non-homologous end joining pathway, a
significant variation in Ku70 and Ku80 expression was not identified, but we observed a
tendency of increase in Ku70 and a tendency of decrease in ku80 expression when increasing
the radiation dose (Figure 5). The analysis of pro-apoptotic gene BAX showed a decrease of
MRNA abundance when increasing the radiation dose (Figure 6). Regarding the CCND2 gene
expression, the abundance of mMRNA encoding was affected (P < 0.05) by 18.6Gy radiation
dose with a negative correlation, i.e., with an increasing dose there was a decrease in the
expression (Figure 7).

4. Discussion

The main findings of this study are: (1) the radiation doses tested (0.9 Gy, 1.8 Gy, 3.6 Gy
and 18.6 Gy) did not affect the oocyte maturation rate; (2) it was not possible to detect
significant DNA damage on oocyte by YH2AX immunofluorescence 1h after exposure to
ionizing radiation (1.8 Gy and 18.6 Gy); (3) all genes tested in this study were expressed with
IR changing the mRNA abundance of RAD52, BAX and CCND2 on cumulus cells 1h after
exposure (1.8 Gy and 18.6 Gy). In this study we performed two experiments in order to verify
the biological effects of the interaction between ionizing radiation and CCO’s obtained from
antral follicles. In the experiment 1, we evaluated the nuclear maturation rate. The nuclear
maturation refers to the progression of meiosis from the diplotene of prophase | to metaphase
Il stage, and it is in this period that the oocyte acquires the ability to continue in the coming
events (fertilization, embryonic development) [20]. Our analysis demonstrated that nuclear
maturation was not significantly affected by the radiation doses tested.

Then, we performed experiment 2 to verify possible DNA damage and expression of the
genes involved in DNA repair, apoptosis and cell cycle. First, we conducted the
immunofluorescence detection of phosphorylated histone H2AX. It is known that histone
H2AX generally comprises about 10% of the total H2A complement in mammalian cells, and
that this can vary between different mammalian cell lines [21]. One of the earliest responses
to DSB induction is the phosphorylation of histone variant H2AX at the break site.
Phosphorylated H2AX, known as yH2AX, forms “foci” at DSB induced by ionizing radiation
[22,23]. This foci can be detectable and plays an important role in identifying DNA damage
and repair by allowing repair proteins to access the damaged regions of the DNA [24]. A
model proposed by Bonner and colleagues suggests that PI3 kinase is attracted to the DSB
and phosphorylates H2AX molecules as it progresses away from the break. Some of the ATM
then accumulates at these sites, which also attracts other proteins (possibly 53BP1), but once
the break is rejoined, the kinase dissociates and the phosphatases remove the yH2AX [25]. In
an experiment with human lymphocytes submitted to different radiation doses, a maximum
response of YH2AX levels was observed at 1 or 2h, which was followed by a gradual loss of
YH2AX over the next 6h, and a slower decline until 24h toward background levels [26].
However, we did not detect significant damage 1h after exposition to radiation doses in our
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analysis. There are some possible explanations for our results: (a) a smaller percentage of
H2AX is present or becomes phosphorylated in some cells than others [21]; (b) the time of
analysis following exposure to ionizing radiation did not permit expressive detection of
YH2AX, contradicting the literature data [26]; and (c) the radiation doses tested may not have
been sufficient to lead DNA damage to this cell line, due to the development stage or even by
the radiosensitivity differences between species [27].

Still regarding experiment 2, we evaluated the mRNA expression profile of genes involved
on HR and NHEJ repair pathways, apoptosis and cell cycle, in order to gain additional
insights of the mechanisms involved in the cellular response to IR. It is known that different
pathways maintain genome stability in mammalian cells in response to DNA damage
controlling either the cell cycle or the repair of the damage itself. Since oocytes are the
guardians of the maternal genome, they should in principle have developed an efficient
machinery to deal with DNA damage. Evidence from a number of in vivo and in vitro studies
indicates that the mammalian oocytes are capable of repairing DNA damage [28]. It has been
shown that human oocytes express DNA repair genes at elevated levels, allowing low
tolerance for DNA decays [29]. The mechanisms that detect and repair DSB, which are the
most deleterious form of DNA damage, are especially relevant to radiobiology [30]. DSB are
repaired through two main mechanisms: homologous recombination (HR) and non-
homologous end joining (NHEJ) [31]. The proteins specifically involved in homologous
recombination are RAD51, RAD52, ATM, 53BP1 and the proteins specifically involved in
non-homologous end joining include the Ku70/Ku80 heterodimer [32]. 53BP1 is a nuclear
protein that rapidly localizes the sites of DSB induced by ionizing radiation and other agents
(peak detection between 30 min to 1h) [33,34]. 53BP1 participates in DNA damage signaling
pathways and is regulated by ATM after IR [34]. ATM is the protein mutated in the human
genetic disorder ataxia-telangiectasia (A-T). Cells from A-T patients are radiosensitive and
have been shown to be deficient in a number of signaling events that normally occur
following DSB formation [35]. Once activated, ATM phosphorylates numerous substrates in
the cell and induces the cell response to DNA damage via facilitating DNA repair and
modulation of cell cycle arrest [36]. In our analysis, there was no significant variation in
53BP1 and ATM mRNA abundance on the tested doses 1lh after irradiation. However, a
tendency of increase in 53BP1 expression was observed as the radiation dose increases.

Another protein involved in homologous recombination is the RAD52 that acts at the
earliest stage of homologous DNA repair, playing a key part in the recognition and binding of
double-strand breaks [37]. Besides, RAD52 binds selectively to DNA ends, protects these
ends from digestion by exonucleases and promotes DNA end joining [37]. In our study, a
negative correlation between radiation dose and RAD52 gene expression was observed, i.e.,
with an increasing dose there was a decrease in the expression. We hypothesized that the
decrease in the abundance of RAD52 mRNA detected might be due to the fact that it had
already been translated into proteins to act in DNA repair, but it requires evidence. Another
possibility is that Ku and RAD52 are competing for repair pathway [37]. Ku is a heterodimer
of two proteins, Ku70 and Ku80, and plays a critical part in NHEJ. Mammalian cells that lack
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either Ku70 or Ku80 are deficient in NHEJ repair and exhibit extreme sensitivity to ionizing
radiation [37]. Following the generation of DSBs by either exogenous forces or intrinsic
mechanisms, the Ku70-Ku80 complex binds to free DNA ends and subsequently recruits and
activates DNA-dependent protein kinase (DNA-PK) at the site of DSB [35]. Several lines of
evidence indicate that the Ku proteins play an essential role in DNA repair. For example,
Ku80 and Ku70 deficient mice show severe impairment in their ability to repair DSBs [38].
One study showed that Ku70 rises rapidly (within 30 min) after irradiation in human
fibroblasts and lymphoblast, but Ku80 does not. Besides, IR-induced Ku70 up-regulation is a
feature common to many cell lines [35]. In our analysis, there was no significant variation in
Ku70 and Ku80 mRNA abundance. However, a tendency of increase in Ku70 and a tendency
of decrease in ku80 expression when increasing the radiation dose were observed. These data
raise the hypothesis that the irradiation rise in Ku70 mRNA abundance may not result in
higher cellular concentrations of the Ku70-Ku80 heterodimer.

Furthermore, the response of eukaryotic cells to IR includes cell-cycle arrest and cell death
by apoptosis [39]. BAX is a member of the Bcl-2 family of proteins and functions as a
proapoptotic death effector [40]. A previous study found that IR induced a time and dose
dependent increase of BAX mRNA expression on leukemia cells with no significant increase
up to 2h, with a 5 to 6.5 fold increase in BAX levels reached by 8h at all doses tested [39].
Because the cell cycle is strongly affected by irradiation, and radiosensitivity depends on cell
cycle position and cell cycle progression, it is not surprising that some association between
apoptosis and radiosensitivity has been observed [41]. However, our analysis showed a
decrease of pro-apoptotic gene BAX mRNA expression with increasing radiation dose,
indicating an absence of apoptotic response. In relation to cell cycle, the best-known
regulators of mammalian cell proliferation are the 3 D-type cyclins (CCND1, CCND2 and
CCND3), which are considered to be the key regulators of cell proliferation and G1/S phase
transition in the cell cycle [42]. Most normal cells exposed to IR characteristically activate
cell cycle checkpoints, resulting in cell cycle arrest at the G1/S or G2/ M checkpoints [43].
Recently, studies have focused more specifically on the influence of cell cycle checkpoints
and cell phases on radio responsiveness [41]. Sensitivity to the cytotoxic effects of ionizing
radiation vary significantly in different phases of the replicative cell cycle, with decreased
radiosensitivity of the S cycle phase and increased radiosensitivity characteristic of the late
G2 and M cell cycle phase [44]. In our experiments, the abundance of CCND2 mRNA
encoding was affected by 18.6Gy radiation dose with a negative correlation, i.e., with an
increasing dose there was a decrease in the expression, indicating a possible status of cell
cycle arrest.

Taken together, our experimental data support that the sensitivity of follicle/oocyte to
radiation clearly differs between species and follicular stages and this adds to the difficulty of
correctly estimating the genetic hazard of radiation in humans. It remains clear that precise
estimations of the genetic hazard of ionizing radiation must be primarily based on animal
studies, and their extrapolation must rely on an understanding of the mechanisms of action
and their differences among species [27]. In contrast to the ethical problems associated with
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monitoring the changes in genes and proteins involved in repair of DNA DSB in oocytes from
young and old humans, it is relatively easy to carry out such a study using an animal model
[45]. Bovine oocyte research provides a valuable source of transferable, relevant information
for human fertility research [46]. The cumulus cells surrounding and supporting the oocyte
may also provide a more tractable biomarker than the oocyte itself and thus several studies
have analyzed differentially expressed transcripts in the cumulus cells of models of
developmental competence of oocyte [47]. Besides, the mRNA abundance in cumulus cells is
associated with oocyte competence and have functional significance [47].

Despite the evidence of harmful effects of ionizing radiation on biological systems, our
results showed that the radiation doses tested did not affect the evolution of the oocyte
maturation obtained from antral follicle. However, our results may be potentially important
with regard to understanding the molecular basis for cell line-dependent differences in
radiation sensitivity. To our knowledge, this is the first study assessing the significance of
MRNA expression of this genes on bovine oocyte obtained from ovaries submitted to ionizing
radiation by a linear accelerator. Therefore, it is necessary to evaluate the effects of IR on pre-
antral follicles, as well as the following development stages of the oocyte (fertilization,
embryonic development).
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Table 1 - List of primers used in the expression analysis. The primer sequences and
concentrations used to amplify each gene are described.

Gene name

Primer sequence (5’ to 3°)

Reference or accession n°.

Cyclophilin B F: GGTCATCGGTCTCTTTGGAA 200 NM_174152.2
R: TCCTTGATCACACGATGGAA 200

Histone H2A  F: GAGGAGCTGAACAAGCTGTTG 200 Bettegowda et al. 2006 [48]
R: TTGTGGTGGCTCTCAGTCTTC 200

53BP1 F: ATCAGACCAACAGCAGAATTTCC 200 ENSBTAT00000028388
R: CACCACGTCAAACACCCCTAA 200

RAD52 F: GGCCAGGAAGGAGGCAGTA 200 ENSBTATO00000055617
R: TGACCTCAGATAGTCTTTGTCCAGAA 200

ATM F: CTTAGGAGGAGCTTGGGCCT 200 ENSBTAT00000040104
R: CCGCTGTGTGGCAAACC 200

BAX F: GACATTGGACTTCCTTCGAGA 200 ENSBTATO00000017739
R: AGCACTCCAGCCACAAAGAT 200

Ku70 F: AATTGACTCCTTTTGACATGAGCAT 200 Designed
R: CCATAGAACACCACTGCCAAGA 200

Ku80 F: TGGCATCTCCCTGCAGTTCT 200 Designed
R: AGGCCCATGGTGGTCTGA 200

CCND2 F: TGCCCCAGTGCTCCTACTTC 200 ENSBTAT00000022145
R: CGGGTACATGGCAAACTTGA 200

F, Forward primers; R, Reverse primers.
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527  Figure 1. Simulation of the irradiation experiments by a Computed Tomography (A) and the
528 irradiation procedure of the bovine ovaries in the acrylic tank (B).
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533  Figure 2. Effect of radiation dose (Gy) on nuclear maturation of bovine oocytes after 24h in
534  vitro culture. The experiment was performed in triplicate (n = 272).
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Figure 3. Representative fluorescent images of phosphorylated histone H2AX
immunodetection technique 1h after irradiation with a linear accelerator. The experiment was
performed in duplicate. Control (non-irradiated group; n = 20 oocytes), 1.8 Gy (n = 20
oocytes) and 18.6 Gy (n = 20 oocytes).
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551  Figure 4. Relative mMRNA abundance (mean + standard error of mean) of 53BP1 (A), ATM
552 (B) and RAD52 (C) in bovine cumulus cells 1h after irradiation with a linear accelerator.
553  Different letters indicate statistical difference (P < 0.05) between groups.
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561  Figure 5. Relative mRNA expression (mean + standard error of mean) of Ku70 (A) and Ku80
562  (B) in bovine cumulus cells 1h after irradiation with a linear accelerator.
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567

568  Figure 6. Relative mMRNA expression (mean + standard error of mean) of BAX in bovine
569  cumulus cells 1h after irradiation with a linear accelerator. Different letters indicate statistical
570  difference (P < 0.05) between groups.
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5. CONSIDERACOES FINAIS

Os principais resultados deste estudo foram: (1) as doses de radiacéo testadas (0,9 Gy;
1,8 Gy; 3,6 Gy e 18,6 Gy) nao afetaram a taxa de maturacdo do odcito; (2) nao foi possivel
detectar danos significativos ao DNA do od6cito através da imunofluorescéncia da yH2AX 1h
apos a exposicdo a R1 (1,8 Gy e 18,6 Gy); (3) todos 0s genes testados foram expressos sendo
que a RI alterou apenas a abundancia de mRNA dos genes RAD52, BAX e CCND2 nas
células do cumulus 1h ap6s a exposicao (1,8 Gy e 18,6 Gy).

Neste estudo foram realizados dois experimentos, a fim de verificar os efeitos
bioldgicos da interacdo entre a radiacdo ionizante e CCO’s obtidos a partir de foliculos
antrais. No experimento 1, foi avaliada a taxa de maturacdo nuclear. A maturacdo nuclear
compreende & progressdo da meiose da fase de profase | (dipl6teno) até a metafase 11. E neste
periodo que o odcito adquire a capacidade ou competéncia para dar continuidade nos eventos
seguintes (fertilizacdo, desenvolvimento embrionario) (GOTTARDI; MINGOTI, 2010).
Nossa analise demonstrou que a maturacdo nuclear ndo foi significativamente afetada pelas
doses de radiacdo testadas (0,9 Gy; 1,8 Gy; 3,6 Gy e 18,6 Gy).

Em seguida, foi realizado o experimento 2 para verificagdo da possibilidade de danos
ao DNA bem como a expressdo de genes envolvidos no reparo, apoptose e ciclo celular.
Primeiro, realizamos o teste de imunofluorescéncia da histona YH2AX, a qual constitui uma
das primeiras respostas a inducdo de quebras de fita dupla no DNA yH2AX, formando
"focos" nos sitios de quebra que podem ser detectaveis (SUDHAKARAN et al., 2014). No
entanto, em nossos testes ndo detectamos danos significativos 1h ap6s a exposicdo as doses de
radiacdo (1,8 Gy e 18,6 Gy). Existem algumas explicagdes possiveis para os resultados
encontrados: (a) uma porcentagem menor de H2AX esta presente ou se torna fosforilada em
algumas linhagens celulares (MACPHAIL et al., 2003); (b) o tempo em que foi efetuada a
analise apos a exposicdo a radiacdo ionizante nao tenha permitido uma detecgéo expressiva de
YH2AX, contrariando os dados da literatura (GHARDI et al., 2012); ou (c), as doses de
radiacéo testadas podem n&o ter sido suficientes para provocar danos ao DNA nesta linhagem
celular, devido a fase de desenvolvimento ou mesmo por diferencas de radiossensibilidade
entre as espécies (ADRIAENS, 2009).

Ainda em relagdo ao experimento 2, foi avaliada a expressio de mRNA de genes
envolvidos nas duas vias de reparo (HR e NHEJ), no processo de apoptose e ciclo celular,

com objetivo de obter conhecimentos adicionais sobre os mecanismos envolvidos na resposta
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celular a IR e da influéncia das células do cumulus na maturacdo. Os mecanismos que
detectam e reparam as DSB’s, que sé&o a forma mais prejudicial de danos ao DNA, sdo
especialmente relevantes para radiobiologia (MOSCARIELLO et al., 2015). Com relacéo as
proteinas envolvidas na via de reparo homdlogo, em nossas analises ndo houveram variacoes
significativas na abundancia de mMRNA dos genes 53BP1 e ATM nas doses testadas 1h apds a
irradiacdo. No entanto, foi observada uma tendéncia de aumento da abundéncia de 53BP1
com o aumento da dose de radiacdo. Quanto a andlise da RAD52, a qual desempenha um
papel fundamental no reconhecimento e ligacdo de quebras de fita dupla, foi observada uma
correlag@o negativa entre dose de radiacdo e abundancia de mRNA, ou seja, quanto maior a
dose de radiagdo menor a abundancia de mRNA. Possivelmente essa diminuigdo na
abundancia de mRNA da RAD52 se deva ao fato de que ele j& tenha sido traduzido em
proteinas para atuar no reparo do DNA, o que necessita comprovacdo. Outra hipdtese € que
Ku e RADS52 estejam competindo pela via de reparo, como sugere a literatura (HIOM, 1999).

Em relagdo as andlises dos genes envolvidos no reparo por unido terminal nédo
homologa (NHEJ), ndo houve variacdo significativa na abundancia de mRNA em Ku70 e
Ku80. No entanto, observou-se uma tendéncia de aumento na expressdao de Ku70 e uma
tendéncia de diminuicdo em Ku80 de acordo com o acréscimo na dose de radiagdo. Estes
dados levantam a hipétese de que um aumento na abundancia de mRNA de Ku70 com o
aumento da dose de radiacdo pode nédo resultar em concentragdes celulares mais elevadas do
heterodimero Ku70-Ku80.

Sabe-se que a resposta de células eucaridticas a Rl pode incluir a parada do ciclo
celular bem como morte celular por apoptose (GONG et al., 1999). No entanto, em nossa
analise foi observado que concomitante ao aumento da dose de radiacdo houve uma
diminuicdo na abundancia de mRNA do gene pré-apoptotico BAX, indicando uma possivel
auséncia de resposta apoptotica. J& em relacdo ao ciclo celular nossos estudos demonstraram
que a abundancia de mRNA que codifica ciclina D2 (CCND2) foi afetada pela dose de
radiacdo 18,6 Gy, sendo observada uma correlacdo negativa, ou seja, com um aumento da
dose, houve uma diminuicdo na abundancia de mRNA, sinalizando uma possivel situa¢éo de
parada do ciclo celular. A CCND2 faz parte da familia de ciclinas , as quais sdo consideradas
as principais reguladores de proliferacdo celular e de transicdo da fase G1 / S do ciclo celular
(SHIMIZU, 2013).

Analisados em conjunto, nossos dados experimentais suportam que a sensibilidade do
foliculo/odcito & radiacdo ionizante difere entre as espécies e entre os diferentes estagios

foliculares, o que dificulta estimar corretamente 0s riscos genéticos da radiacdo em seres
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humanos. Estimativas do risco genético das radiacfes ionizantes baseadas em estudos com
modelos animais, devem contar com a compreensdo dos mecanismos de acdo e suas
diferencas entre as espéecies (ADRIAENS, 2009). Em contraste com os problemas éticos
associados ao monitoramento das alteracGes nos genes e proteinas envolvidas no reparo de
DSB’s do DNA em odcitos de mulheres, é relativamente mais facil executar este tipo de
estudo utilizando um modelo animal (GOVINDARAJ, 2015). Pesquisas realizadas com
odcitos bovinos podem constituir uma valiosa fonte de informacbes relevantes para a
investigacdo da fertilidade humana (O’SHEA et al., 2012). Ceélulas do cumulus, as quais
circundam e ddo suporte ao odcito, também podem fornecer dados importantes, sendo que
varios estudos tém analisado transcritos diferencialmente expressos nas células do cumulus
em modelos de competéncia para o desenvolvimento do ovdcito (BETTEGOWDA et al.,
2008). Assim, a abundancia de mRNA em células cumulus esta associada a competéncia do
0odcito e possui importancia funcional (BETTEGOWDA et al., 2008).



6. CONCLUSAO

Apesar das evidéncias dos efeitos prejudiciais da radiacdo ionizante em células
saudaveis, nossos resultados demonstraram que as doses de radiacdo testadas (doses utilizadas
na radioterapia) ndo afetaram a evolugdo da maturacao de o6citos obtidos a partir de foliculos
antrais. No entanto, esses resultados podem ser potencialmente importantes no que diz
respeito a compreensdo da base molecular para diferencas dependentes da linhagem celular
guanto a sensibilidade a radiacdo. Para nosso conhecimento, este é o primeiro estudo que
avaliou a significancia da abundéncia de mRNA de genes envolvidos no reparo do DNA,
apoptose e ciclo celular, sobre odcitos bovinos obtidos a partir de ovérios submetidos a
radiacdo ionizante por um acelerador linear. Portanto, tornam-se necessarias maiores
investigacOes sobre os efeitos da RI sobre o sistema reprodutivo, bem como sua a¢do em
foliculos pré-antrais e nas fases posteriores de desenvolvimento do odcito (fertilizacéo,

desenvolvimento embrionario).
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