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RESUMO

SISTEMA RENINA-ANGIOTENSINA NAS CELUI:AS DATECAE
GRANULOSA DURANTE A OVULACAO E LUTEINIZACAO EM BOVINOS

AUTOR: Andressa Minussi Pereira Dau
ORIENTADOR: Paulo Bayard Dias Gongalves

O objetivo do presente trabalho foi investigar a fun¢do do receptor de (pro)renina [(P)RR] nas
células da teca e da granulosa durante o periodo pré-ovulatério e luteinizagdo em bovinos. No
inicio do periodo pré-ovulatorio, pro-renina reiniciou a meiose oocitaria bloqueada tanto pelas
metades foliculares, quanto por forscolina. Nas células da granulosa, pro-renina ndo aumentou
a expressdo de RNAm para epirregulina (EREG) que foi induzido por LH apos 6 horas de
cultivo. Pré-renina mais LH aumentaram a expressdo de RNAm para anfirregulina (AREG) e
prostaglandina endoperoxidase sintetase-2 (PTGS2). Contudo, a auséncia do efeito de pro-
renina para estimular o RNAm para EREG, AREG e PTGS2 nas células da granulosa foi
evidenciada utilizando as diferentes combinagdes de tratamento com pré-renina e/ou
alisquireno [inibidor do (P)RR] e/ou LH. O tratamento das células da granulosa com LH e
antagonista de EGFR (AG1478) ndo regularam o RNAm para pré-renina e (P)RR apos 6
horas de cultivo. Esse resultado foi confirmado in vivo, utilizando um modelo de tratamento
intrafolicular com AG1478 e GnRH intramuscular em vacas. Por fim, (P)RR e 0 RNAm para
pro-renina e genes préfibréticos aumentaram nas células da granulosa a partir das 12 horas
apos tratamento de vacas com GnRH. Nas células da teca, a expressdo de (P)RR aumentaram
6 horas apds tratamento de vacas com GnRH. O estimulo de LH sobre o transcrito de (P)RR
foi confirmado in vitro. O tratamento intrafolicular com alisquireno ndo reduziu a taxa de
ovulacdo. No nosso cultivo de células da teca, a expressdo de RNAm para AREG e EREG
ndo foi significativa e ADAM17 ndo foi estimulado por pro-renina. Injecéo intrafolicular com
AG1478 ndo regulou (P)RR estimulado por LH, mas aumentou a proteina para CYP17AL.
Pro-renina ndo induziu a sintese de androstenediona e testosterona no nosso sistema de
cultivo. No corpo lateo, RNAm para pro-renina e (P)RR foi aumentado no dia 10 do ciclo
estral comparado ao dia 5 e ndo foram regulados por prostaglandina in vivo, como observado
para os genes pro-fibroticos. O tratamento intrafolicular com alisquireno diminuiu os niveis
de progesterona plasméatica em vacas que ovularam. O papel de pré-renina na sintese de
progesterona através de (P)RR também foi evidenciado in vitro. Ainda, pro-renina induziu a
phosphorilacdo de ERK1/2 nas células luteais, embora o bloqueio de ERK1/2 (PD0325901)
ndo inibiu completamente a sintese de progesterona induzida por pré-renina, como
evidenciado pelo uso de AG1478. Em resumo, esses resultados demonstram que pré-renina e
(P)RR sdo estimulados por LH no final do periodo pré-ovulatério e, portanto, ndo estdo
relacionados com os genes regulados por LH no inicio do processo ovulatério nas células da
granulosa; (P)RR é estimulado por LH nas células da teca de forma independente de EGFR; e
a pro-renina estimula a sintese de progesterona via (P)RR envolvendo a participacdo de
ERK1/2 e EGFR neste processo. Em conclusdo, (P)RR ¢é regulado positivamente nas células
da granulosa e da teca apds o pico de LH e a pro-renina/(P)RR possui um importante papel no
reinicio da meiose oocitaria e na sintese de progesterona pelo corpo liteo em bovinos.

Palavras chave: ATP6AP2. Pro-renina. RAS. Progesterona. Corpo luteo. Ovulagéo.






ABSTRACT

RENIN-ANGIOTENSIN SYSTEM IN THE GRANULOSA AND TECA CELLS
DURING OVULATION AND LUTEINIZATION IN BOVINES

AUTHOR: Andressa Minussi Pereira Dau
ADVISOR: Paulo Bayard Dias Gongalves

The objective of present study was to investigate (Pro)renin receptor function in the theca and
granulosa cells during the preovulatory period and luteinization in cattle. During the initial
preovulatory period, prorenin induced the resumption of oocyte meiosis even in the presence
of follicular hemisections or forskolin. In granulosa cells, pro-renina did not increase LH-
induced epiregulin (EREG) mRNA after 6 h of culture. Treatment with prorenin plus LH
increased amphiregulin (AREG) and prostaglandin synthase 2 (PTGS2) mRNA in granulosa
cells. The absence of prorenin effect to stimulate EREG, AREG, and PTGS2 in granulosa
cells was established using different combinations of treatments with prorenin and/or aliskiren
([PIRR inhibitor) and/or LH. Treatment of granulosa cells with LH plus EGFR antagonist
(AG1478) did not regulate prorenin and (P)RR after 6 h of culture. This result was confirmed
in vivo using a model of intrafollicular treatment with AG1478 and intramuscular treatment
with GnRH. Finally, (P)RR protein and transcripts for prorenin and pro-fibrotic genes
increased in the granulosa cells from 12 h post-GnRH. In the theca cells, (P)RR mRNA and
protein increased 6 h after treatment of cows with GnRH. The LH effect to stimulate (P)RR
transcript was confirmed in vitro. Intrafollicular treatment with aliskiren did not reduce the
ovulation rate. In cultured theca cells, AREG and EREG mRNA were not significantly
expressed and ADAM17 was not stimulated by prorenin. Intrafollicular injection of AG1478
did not regulate LH-induced (P)RR, although increased CYP17A1l protein. Prorenin did not
induce androstenedione and testosterone synthesis in cultured theca cells. In the corpus
luteum, prorenin and (P)RR mRNA were increased at day 10 of estrous cycle compared to
day 5, but were not regulated by prostaglandin in vivo, as observed for profibrotic genes.
Intrafollicular treatment with aliskiren reduces serum progesterone levels in cows that
ovulated. Prorenin role in progesterone synthesis through (P)RR was also evidenced in vitro.
Moreover, prorenin induced ERK1/2 phosphorylation in luteal cells, although ERK1/2
inhibition (PD0325901) did not completely inhibit prorenin-induced progesterone synthesis,
as evidenced using AG1478. In summary, these results demonstrate that prorenin and (P)RR
are stimulated by LH at the end of the preovulatory period and, therefore, they are not related
to genes regulated by LH at the initial ovulatory process in granulosa cells; (P)RR is
stimulated by LH in the theca cells independently of EGFR; and prorenin stimulate
progesterone synthesis through (P)RR, which involves ERK1/2 and EGFR participation. In
conclusion, (P)RR is upregulated in granulosa and theca cells after gonadotropins peak and
prorenin/(P)RR play an important role in the resumption of oocyte meiosis and on
progesterone synthesis in the corpus luteum in cattle.

Keywords: ATP6AP2. Prorenin. RAS. Progesterone. Corpus Luteum. Ovulation.
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1. INTRODUCAO

O pico de gonadotrofinas (LH e FSH) desencadeia uma série de mecanismos
intracelulares e extracelulares que culminam na ovulagdo de um o0cito apto para ser
fecundado (ESPEY, 1980; RUSSELL e ROBKER, 2007). As células foliculares, por sua vez,
sofrerdo modificacBes estruturais e moleculares, apdés a ovulacdo, que compreendem o
processo de luteinizacdo, a formagdo do corpo luteo, o qual possui a principal funcdo de
secretar progesterona (P4) e manter a gestacdo (ROBINSON et al., 2008). Dessa forma, a
elucidacdo sobre os mecanismos celulares envolvidos na ovulagdo e luteinizagdo tem um
importante papel para preencher lacunas ainda existentes na fisiologia basica envolvida nestes
processos e, assim, servir como base para a resolucdo de problemas reprodutivos e aplicacdo
de biotecnologias reprodutivas.

O sistema renina angiotensina (RAS) possui uma participacdo efetiva nos eventos
reprodutivos nas diferentes espécies (GONCALVES et al., 2012). A angiotensina Il (Ang I1),
principal efetor do RAS, no foliculo pré-ovulatorio de bovinos possui papel essencial para a
ovulacao e tem sua acdo mediada pelo receptor de Ang Il tipo 2 (AGTR2) (FERREIRA et al.,
2007). Ainda no periodo pré-ovulatério de bovinos, a Ang Il participa do reinicio da meiose
oocitaria (GIOMETTI et al., 2005; BARRETA et al., 2008; SIQUEIRA, L. C. et al., 2012).
Nas células da granulosa, Ang Il atua como co-fator de LH para induzir a expressdo de
RNAmM para genes importantes para o0 processo ovulatorio, como metaloproteinase de
membrana ADAM17, anfirregulina (AREG), epirregulina (EREG) e prostaglandina
endoperoxidase sintetase-2 (PTGS2) (PORTELA et al., 2011). Ang Il também induz a sintese
de P4 no corpo luteo inicial de bovinos (KOBAYASHI et al., 2001). Esse conjunto de dados
evidencia a importancia de Ang Il durante o periodo peri-ovulatorio em bovinos.

A pro-renina também é um componente do RAS e foi considerado por muitos anos
apenas como precursor da renina, a qual cliva angiotensinogénio (AOG) para formar a
angiotensina | (Ang 1), que por sua vez, é clivada para formar a Ang Il. Em 2002, foi
identificado um receptor de (pro)renina [(P)RR], também conhecido por ATP6AP2, o qual
possui a capacidade de mediar as acGes de renina e de pré-renina formando uma via de
sinalizagéo intracelular independente da Ang Il (NGUYEN et al., 2002; URAOKA et al.,
2009). A ligacao de pro-renina ou renina ao seu receptor também participa da formacéo da

Ang | e, consequentemente, a pro-renina atua na via dependente da Ang Il (NGUYEN et al.,
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2002; URAOKA et al., 2009; FERRI et al., 2011). Além de a pro-renina possuir uma maior
afinidade ao (P)RR comparado a renina, as concentragdes de pro-renina, e ndo de renina,
aumentam consideravelmente no fluido folicular em resposta ao LH (HAGEMANN et al.,
1994; NABI et al., 2009). Dessa forma, o papel de prd-renina, independente da renina e da
Ang I, em eventos reprodutivos do periodo peri-ovulatério foi postulado desde a década de
80, mas apenas ganhou forca com a identificacdo do (P)RR em células mesangiais em 2002.

Uma funcdo para o (P)RR foi evidenciado na placenta de mulheres no inicio da
gestacdo (PRINGLE et al.,, 2011). Em bovinos, nosso grupo de pesquisa evidenciou uma
possivel participacdo de (P)RR durante a divergéncia folicular (FERREIRA, GASPERIN,
SANTOS, et al., 2011). Recentemente, demonstramos um papel de pré-renina no reinicio da
meiose via (P)RR, independente da Ang I, e identificamos a presenca de (P)RR nas células
da teca, da granulosa e do corpo liteo de bovinos (DAU et al., 2016). A ligagéo de pro-renina
ao seu receptor aumenta a quantidade de Ang Il, induz a fosforilagdo de receptor de fator de
crescimento epidermal (EGFR), estimula a expressao de genes pro-fibroticos, como fator de
crescimento e transformacéo — beta 1 (TGF-B1), inibidor do fator ativador de plasminogénio tipo |
(PAI-1), col&geno tipo | (COL-1) e fibronectina (FN-1) via fosforilacdo de quinases reguladas por
sinal extracelular 1/2 (ERK1/2) em células ndo reprodutivas (NGUYEN et al., 2002; URAOKA et
al., 2009; FERRI et al., 2011; LIU et al., 2011; SHIBAYAMA et al., 2013). Esses mesmos
fatores estimulados pela pré-renina/(P)RR, em células ndo reprodutivas, sdo descritos para
ovulacdo e luteinizagdo em bovinos (SPICER e STEWART, 1996; KOBAYASHI et al., 2001,
CASEY et al., 2005; TAJIMA et al., 2005; FERREIRA et al., 2007; HOU et al., 2008; LI, Q. et
al., 2009; PORTELA et al., 2011; MARONI e DAVIS, 2012). Entretanto, a funcdo de (P)RR
nas células foliculares de bovinos durante o periodo peri-ovulatorio ainda precisa ser
elucidado.

Os objetivos do presente trabalho foram investigar o papel de (P)RR na ovulacdo de
bovinos; avaliar se LH estimula (P)RR nas células foliculares e determinar o envolvimento de
(P)RR com genes regulados pelo LH nas células da teca e da granulosa. Além disso,
investigamos o papel de pré-renina via (P)RR no reinicio da meiose oocitaria e na sintese de

P4 no corpo lateo bovino.



2. REVISAO BIBLIOGRAFICA

2.1 OVULACAO

O processo ovulatdrio é ativado por gonadotrofinas liberadas pela adeno-hipéfise apds
estimulo de GnRH sintetizado no hipotalamo (ESPEY, 1980; RUSSELL e ROBKER, 2007).
O LH é liberado de forma pulsétil, sendo que a frequéncia aumenta e a amplitude dos pulsos
diminui de acordo com a reducdo dos niveis de P4 e aumento de estrogeno (E2) produzido
pelo foliculo dominante (BAIRD et al., 1976; BAIRD et al., 1981). Em bovinos, o pico de LH
ocorre em torno de 2 horas apés aplicacdo do analogo de GnRH (KOMAR et al., 2001). Os
foliculos tornam-se capazes de ovular a partir do momento em que se tornam dominantes
(>10 mm de diametro); e sua responsividade ao pico de LH aumenta a partir de foliculos
maiores (>12mm de didmetro) em Bos taurus (SARTORI et al., 2001). O receptor de LH
(LH-R), membro da superfamilia de receptor ligado a proteina G, além de estar presente nas
células da teca, possui seus niveis aumentados em foliculos pré-ovulatorios nas células da
granulosa de ratos (PENG et al., 1991), murinos (EPPIG et al., 1997) e bovinos (ROBERT et
al., 2003). Em todas as fases do desenvolvimento folicular ha expressdo de diferentes
isoformas de transcrito para LH-R nas células da granulosa, entretanto apenas os transcritos
de LH-R em foliculos dominantes séo capazes de formar uma proteina funcional (ROBERT et
al., 2003).

O pico de LH estimula fatores de crescimento semelhantes ao fator de crescimento
epidermal (EGF), dentre os quais inclui-se a AREG, EREG e B-celulina (BTC) (PARK et al.,
2004). A transativacdo do EGFR ocorre nas células da granulosa pela enzima proteolitica
ADAM17 (ou TACE, enzima conversora do TNF) que libera o dominio desses fatores
(AREG e EREG) e regula fosforilacdo de proteina quinase ativada por mitégeno (MAPK)
(YAMASHITA et al.,, 2007; PANIGONE et al., 2008; YAMASHITA et al., 2009;
YAMASHITA e SHIMADA, 2012). A fosforilacdo de ERK1/2 nas células da granulosa é
essencial para que ocorra a ovulacdo, uma vez que em camundongo Knockout condicional
para ERK1/2 nas células da granulosa foram observados odcitos inclusos e auséncia de corpo
liteo apos superovulacdo (FAN et al., 2009). Contudo, a ablagdo do EGFR nas células da
granulosa em camundongos ndo bloqueia completamente nem a atividade de MAPK e,

consequentemente, nem a ovulacdo (PANIGONE et al., 2008). Dessa forma, sugere-se a
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existéncia de rotas alternativas envolvendo, por exemplo, 0s componentes do RAS, além dos
fatores semelhantes ao EGF, para ativacdo de MAPK e sinaliza¢do para a regulacdo génica
dos eventos liderados pelo pico pré-ovulatorio de LH.

A prostaglandina é originada do acido araquid6nico pela via PTGS2. Em resposta ao
pico de LH, a isoforma PTGS2 é aumentada nas células da granulosa (LIU et al., 1997;
RICHARDS, 1997), e as concentragdes das prostaglandinas E2 (PGE2) e F2 (PGF2) séo
elevadas no fluido folicular (SIROIS, 1994; LIU et al., 1997). A PTGS2 est4 envolvida com
a cascata de fatores semelhantes ao EGF induzida por LH, em que a ativagdo de EGFR induz
um aumento no RNAm de PTGS2 em foliculos pré-ovulatorios (SASAKI et al., 1998; PARK
et al., 2004). Prostaglandina E2 (PGE2) possui efeitos similares ao LH, participando do
processo de ovulacdo por induzir a sintese de fatores de crescimento semelhantes ao EGF via
AMPCc/PKA e MAPK (BEN-AMI et al., 2006; SHIMADA et al., 2006).

Apos o pico de LH, a concentracdo de P4 torna-se maior em relacéo ao estradiol E2 no
ovario, dando inicio ao processo de luteinizacdo (KOMAR et al., 2001). Os niveis de E2 no
fluido folicular diminuem gradativamente a partir de 3 horas ap6s GnRH (hora 0) em bovinos
(TONELLOTTO DOS SANTOS et al., 2012), reduzindo em torno de 70% na hora 12
(KOMAR et al., 2001). A reducédo da concentracdo de E2 intrafolicular ocorre pela queda de
enzimas esteroidogénicas como 17a-hidroxilase (17a-OH), o que reflete na reduzida producao
de androgeno e aromatase (CYP19A1l), e consequentemente, na menor capacidade de
conversao de andrégeno para E2 nas células da granulosa (KOMAR et al., 2001). A sintese
P4, por sua vez, é controlada pela 3p-hidroxiesteroide desidrogenase (HDS3B2), que quando
inibida por trilostano intrafolicular em vacas induzidas com GnRH, apesar de resultar em
menores concentraces de P4 no fluido folicular, ndo afeta a ovulacdo (Li et al., 2007). Em
camundongos knockout para receptor de P4, entretanto, a P4 foi essencial para ovulacéo
(Lydon et al., 1995). Em bovinos, a fosforilacdo de ERK1/2, estimulada por LH, nas células
da teca promove a sintese de androgenos e regula a sintese de P4 (TAJIMA et al., 2005;
FUKUDA et al., 2009). O tratamento in vitro de células da teca com EGF, por sua vez, reduz
a sintese de androstenediona induzida por LH (STEWART et al., 1995). Juntos, esses
resultados em bovinos sugerem que ERK1/2 pode estar mediando a esteroidogénese nas
células da teca imediatamente apds o pico de LH e EGFR no final do periodo pré-ovulatério

bovino.

2.2 ESTEROIDOGENESE
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A esteroidogénese consiste na producdo de importantes esteroides, mediada por
enzimas esteroidogénicas, nas células da teca e da granulosa de forma interativa. O colesterol
é transportado pela proteina reguladora da esteroidogénese (STAR) para dentro da
mitocdndria, onde é convertido para pregnenolona pela enzima P450scc (CYP11Al)
(MILLER, 2007). A pregnenolona, por sua vez, pode ser convertida pela HDS3B2 para P4 ou,
entdo, transformada em 17a-hidroxipregnenolona pela enzima 17a-hidroxilase (CYP17A1l)
nas células da teca. Contudo, nas células da granulosa a P4 sintetizada é secretada e ndo
metabolizada em andrégeno (STOKLOSOWA, 1989). Isso é explicado pelas diferentes
enzimas presentes em cada célula, uma vez que as células da teca possuem grande quantidade
de CYP17ALl, enquanto a mesma € ausente nas células da granulosa. Dessa forma, tanto as
células da teca quanto as da granulosa séo capazes de produzir pregnenolona e P4 a partir do
colesterol, uma vez que ambas apresentam StAR, CYP11A1l e HSD3B2 (KING e LAVOIE,
2012). Nas células da teca, portanto, a partir da 17a-hidroxiprogesterona, o principal
horménio produzido € a androstenediona pelas atividades das enzimas CYP17Al1 e HSD3B2.
A androstenediona pode ser convertida em testosterona por isoenzimas da 17p3-hidroxisteroide
deidrogenase (HSD17B). Ademais, a androstenediona e testosterona sdo secretados pelas
células da teca e, entdo, grande parte destes andrdgenos sdo absorvidos pelas células da
granulosa. As células da granulosa, ao contrario das células da teca, apresentam a enzima
aromatase (CYP19A1), a qual converte androstenediona em estrona (transformada em
estradiol pela enzima HSD17B) ou, alternativamente, testosterona em estradiol (TREMBLAY
et al., 1989; SIMPSON et al., 1994). Logo, as células da teca expressam enzimas necessarias
para converter colesterol para andrégeno, entretanto, a conversao de androgenos para E2 deve
ocorrer nas células da granulosa.

A capacidade esteroidogénica nas células pode ser mediada pela transcri¢cdo dos genes
das enzimas esteroidogénicas, entre as quais, a STAR, que determina a habilidade que uma
célula esteroidogénica tem para responder a um determinado estimulo (MILLER, 2007). A
CYP11A1l € a enzima limitante para a producdo de esteroides, determinando a capacidade
quantitativa das células esteroidogénicas. A capacidade qualitativa, entretanto, é verificada
pela enzima CYP17A1, cuja presenca nas células da teca determina a conversdo da P4 em
androstenediona (BREMER e MILLER, 2008). Além disso, a ablacdo de CYP17A1 no ovario
de ratos reduz a produgao de 17a-hidroxiprogesterona, e, consequentemente, de testosterona e
androstenediona (LI, Y. et al., 2009).

O estimulo da sintese de andrégenos (BAIRD et al., 1976; BAIRD et al., 1981) e da
expressdo génica de StAR e das enzimas esteroidogénicas CYP11Al, HSD3B2 e CYP17A1
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nas células da teca de mamiferos ocorre, dentre outros mediadores, em resposta ao pico de LH
(MAGOFFIN e WEITSMAN, 1993a; b; ¢c; CAMPBELL et al., 1998; RONEN-FUHRMANN
et al., 1998). Nas células da granulosa, ap6s o pico gonadotréfico, enquanto ocorre uma
reducdo gradativa de CYP19A1 (KOMAR et al., 2001), h& um aumento na expressao do
RNAm de StAR, CYP11A1 e HSD3B2 (JONES et al., 1983; RONEN-FUHRMANN et al.,
1998; LEE et al, 2012). A insulina e/ou IGF-1 também induz um aumento na
esteroidogénese das células foliculares: aumentando a expressdo de RNAm de CYP19A1,
CYP11Al, HSD3B2 e a secrecdo de E2 pelas células da granulosa bovina cultivadas in vitro
por 48 horas acrescidas com FSH (SPICER et al., 2002; SPICER e AAD, 2007; MANI et al.,
2010), bem como induzindo de forma dose-dependente aumento sobre a producdo de
esteroides e expressdo de RNAm de HSD3B2, CYP11Al e CYP17A1 estimulado pelo LH em
celulas da teca de ratos (MAGOFFIN e WEITSMAN, 1993a; b; c), suinos (MORLEY et al.,
1989), ovinos (CAMPBELL et al., 1998) e bovinos (STEWART et al., 1995) submetidas a
cultivos in vitro. Contudo, a regulacdo da esteroidogénese gonadal por mediadores das

gonadotrofinas ndo esta completamente elucidada e necessita ser melhor explorada.

2.3 LUTEINIZACAO E LUTEOLISE

A formacdo do corpo liteo ocorre pela transicdo morfoldgica e molecular das células
foliculares apds a ovulacéo e é caracterizado pela producdo de P4, necessaria para mantenca
da gestacdo (ROBINSON et al., 2008). A medida que a inadequada sintese de P4 pode ter
consequéncias criticas sobre a fertilidade e o desenvolvimento embrionario inicial, a
luteinizacdo € considerada um importante processo no ciclo reprodutivo (MANN e
LAMMING, 2001). Nas vacas, a fase luteal corresponde a 14 dias do ciclo estral bovino
(periodo entre duas ovulagbes com duracdo média de 21 dias); e caracteriza-se pelo periodo
de secrecao de P4 pelo corpo lateo (CL), o qual inicia com a transicdo de células foliculares
para luteinicas apds o pico de LH e, no caso da auséncia de embrido, termina com o processo
de regressao estrutural e funcional do CL denominado lutedlise (REKAWIECKI et al., 2008).

A transicdo foliculo-luteal é resultado de uma acdo coordenada de fatores
autocrinos/paracrinos a partir da sinalizacdo do LH. As células da teca e da granulosa cessam
a producdo de andrdgenos e E2, respectivamente, e comecam a sintetizar P4 (RICHARDS,
1980). Dessa forma, a expressdo de enzimas necessarias para conversao de colesterol em P4
aumentam (CYP11A1 e HSD3B2) e enzimas que convertem P4 em E2 diminuem (CYP19A1
e HSD17B) (JONES et al., 1983; TREMBLAY et al., 1989; SIMPSON et al., 1994; RONEN-
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FUHRMANN et al., 1998; LEE et al., 2013). Além disso, as células da teca e da granulosa se
reorganizam junto aos fibroblastos, as células endoteliais, da parede vascular (pericitos) e do
sistema imune para a formacgédo do corpo liteo (JABLONKA-SHARIFF et al., 1993; SMITH
et al., 1994; NISWENDER et al., 2000; ROBINSON et al., 2009). As células foliculares, por
sua vez, sofrem alteracbes morfoldgicas, em que as células da granulosa transformam-se em
células luteais grandes e as células da teca ddo origem as células luteais pequenas
(DONALDSON e HANSEL, 1965).

A proliferacdo das células, durante a luteinizacdo, ocorre rapidamente a partir de
sucessivas mitoses (JABLONKA-SHARIFF et al., 1993) e é requisito para neovascularizacdo
que culmina na extensa rede capilar do CL (REYNOLDS et al., 1992). A proliferacéo celular
e a vascularizacdo local influenciam na capacidade do CL de sintetizar P4, bem como
substancias vasoativas, fatores de crescimento e angiogénicos (ACOSTA e MIYAMOTO,
2004). Os fatores que regulam esses mecanismos locais tratam-se de uma complexa rede de
fatores de crescimento angiogénicos e peptideos vasoativos, muitos dos quais ainda
necessitam ser explorados (ROBINSON et al., 2009).

A lutedlise deve ocorrer, na auséncia de concepgdo, ao término da vida lUtea,
caracterizando o0 momento em que ha alto nivel de E2 e quedas na concentracdo de P4
momentos antes da ovulacdo. A lutedlise ocorre em duas fases: funcional pela diminuicdo da
secrecdo de P4 (MCGUIRE et al., 1994) e estrutural pela perda de tecido luteal, incluindo a
degeneracdo de seus capilares no ovério e, consequentemente, a diminuicdo do fluxo
sanguineo para o CL (PATE, 1994; NISWENDER et al.,, 2000). Esse mecanismo &
desencadeado pela PGF2a, que ¢ liberada pelo endométrio em resposta a ligacdo entre a
ocitocina luteal e seus receptores no endométrio. A sinalizacao de ocitocina para liberacdo da
PGF2a ocorre pela auséncia do interferon-tau liberado pelo embrido de ruminantes
(SPENCER et al., 2004). Portanto, na presenca de um concepto, o CL deve permanecer ativo
mantendo alto os niveis de P4 importantes para mantenca da gestacéo.

A involucéo estrutural do CL envolve, dentre outros processos, principalmente a apoptose
(DAVIS e RUEDA, 2002). A morte celular programada ocorre a partir da ativacdo de uma
vasta rede de receptores de citocinas, segundos mensageiros e proteinas (ORRENIUS et al.,
1992; ANTONSSON, 2001; KORZEKWA et al., 2008). O ligante Fas, pertencente a super-
familia TNF, quando ligado ao seu receptor (Fas) induz apoptose durante a lutedlise
(SAKAMAKI et al., 1997; OKUDA e SAKUMOTO, 2003). Os membros da familia de
proteinas Bcl-2 regulam a via mitocondrial de morte celular, na qual a taxa de BAX (pro-

apoptdtico) em relacdo ao anti-apoptotico Bcl2 determina a inducdo da apoptose
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(ANTONSSON, 2001). Ainda, proteinas da familia Bcl-2 induzem a ativacdo das caspases e,
subsequente, liberagdo mitocondrial de fatores apoptéticos (DAVIS e RUEDA, 2002). Dentre
os membros da familia de proteases de cisteina (caspases), a caspase-3 é considerada o
principal efetor da apoptose durante a lutedlise, uma vez que, camundongos com ablacdo da
caspase-3 apresentam auséncia de regressdo luteal, bem como atraso da degradagdo do DNA
(CARAMBULA et al., 2002). Portanto, a PGF2a deve ativar citocinas pro-apoptéticas, que
atuam na via de apoptose dependente de caspase-3, para induzir a lute6lise (CARAMBULA
et al., 2003). Ademais, oxido nitrico (NO) também estd envolvido na regressdao do CL,
mediando a a¢do da PGF2a tanto na fase funcional por inibir a secre¢do P4, quanto na fase
estrutural da lutedlise por aumentar, além da mobilizacdo intracelular de calcio, a expressdo
de Fas, Bax e caspase-3, bem como a fragmentacdo do DNA (KORZEKWA et al., 2006;
ACOSTA et al., 2009).

2.4 RAS: PRO-RENINA E RECEPTOR DE (PRO)RENINA

O Sistema Renina-Angiotensina (RAS) é um dos principais mecanismos de ajuste e
manutencdo da pressdo sanguinea. Nesse sistema, a renina, ativada apos clivagem de um
prosegmento de 43 aminoacidos (aa) da pré-renina, é sintetizada nos rins e liberada na
circulacdo, na qual atua clivando angiotensinogénio (AOG) para formar Ang | (SEQUEIRA
LOPEZ e GOMEZ, 2010). A glicoproteina denominada AOG ¢ sintetizada primariamente no
figado e secretada na circulagdo em funcdo da variacdo da pressdo sanguinea e atua como
precursor de Ang | (MENARD et al., 1983; DESCHEPPER, 1994). A Ang | trata-se de um
decapeptideo que quando clivado pela enzima conversora da angiotensina (ECA) forma o
octopeptideo Ang Il (SKEGGS et al., 1956; WEI et al., 1991). A Ang Il é considerada o
principal efetor do RAS e atua via seus receptores de angiotensina tipo 1 (AGTR1) e tipo 2
(AGTR2) (HALL, 2003; HUNYADY e CATT, 2006; PORRELLO et al., 2009).

A pré-renina, membro da superfamilia de aspartil proteases, deriva da pré-pro-renina e
contém um prosegmento de 43 aa que esta associado ao N-terminal lobular bi-homélogo da
renina (340aa) (DO et al., 1987; WU et al., 2008). Inicialmente, a pré-pré-renina sofre uma
clivagem de 23 aminodacidos para formacdo da pro-renina; € a mesma por sua vez, tem seu
prosegmento clivado por calicreina, catepsina-B e convertases para formacdo da renina (DO
et al., 1987; PITARRESI et al., 1992; WU et al., 2008). Enquanto a sintese de pré-renina
também ocorre em tecidos extra-renais, incluindo o ovario (DO et al., 1987; ITSKOVITZ et

al., 1987; ITSKOVITZ et al.,, 1992), a formacdo de renina se restringe as células
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justaglomerulares nos rins, onde a mesma entdo permanece, estocada em granulos (SEALEY
et al., 1977; PERSSON, 2003; KROP et al., 2008). Apenas uma pequena parcela da pro-
renina produzida nos rins é convertida para renina e, portanto, a maior parte de pro-renina é
liberada continuamente na circulacdo (PRATT et al.,, 1987). Por isso, em geral séo
encontradas maiores concentracdes de pro-renina do que de renina no plasma.

A pré-renina, além de ser ativada pela clivagem e consequente formagdo da renina,
também desempenha suas funcbes pela ligacdo ao (P)RR/ATPAP2 (NGUYEN et al., 2002),
pelo qual a pré-renina apresenta afinidade duas a trés vezes maior que a renina (NABI et al.,
2009). Nesse caso, a ativacdo decorre da mudanca conformacional do prosegmento da pré-
renina, expondo o seu sitio ativo sem haver perda estrutural por clivagem (PITARRESI et al.,
1992; SUZUKI et al., 2003). A ligacdo pro-renina-(P)RR estimula a clivagem de AGT para
formacdo de Ang I, mas também ativa uma cascata de sinalizagdo intracelular pela
fosforilacdo de ERK1/2 independentemente da Ang Il (URAOKA et al., 2009). Além disso, a
pro-renina quando ligada ao seu receptor induz fosforilagdo de EGFR (LIU et al., 2011;
SHIBAYAMA et al., 2013) e estimula expressdao de RNAmM de moléculas pro-fibréticas como
TGF-B1, PAI-1, COL-1 e FN-1 ap6s ativacdo da ERK1/2 (NGUYEN et al., 2002; HUANG et
al., 2006; FERRI et al., 2011). Essa funcdo estd associada a natureza estrutural do (P)RR
(350aa/ 35-37 KDa) que apresenta trés dominios: extracelular (o sitio de ligacédo de pré-renina
ou renina); transmembrana (que fixa o receptor a membrana celular); e cauda citoplasmatica
(responsavel pela sinalizacdo intracelular) (NGUYEN e CONTREPAS, 2008). Entretanto,
(P)RR também pode ser encontrado como uma proteina de transmembrana integral ou no
plasma na sua forma soltvel [(P)RRs; 28kDa]. O (P)RRs é liberado na circulacdo através de
uma clivagem realizada por proteases, como furina (COUSIN et al., 2009) e ADAM19
(desintegrina/metaloproteinase) (YOSHIKAWA et al., 2011) . O (P)RRs apresenta dominio
extracelular com capacidade de ligacdo a renina ou prorenina (COUSIN et al., 2009) e tem
sido relacionado com circulacdo materna e fetal (NARTITA et al., 2016; TERADA et al.,
2017). Entretanto, mais estudos sdo necessarios para esclarecer sobre a funcédo do (P)RRs.

O bloqueio da interacdo entre pré-renina e (P)RR na sequéncia "handle region"” pode
ser realizado utilizando o peptideo de 10 aa HRP (handle region decoy peptide) (SUZUKI et
al., 2003; ICHIHARA et al., 2004; ICHIHARA et al., 2006). No entanto, a eficiéncia desse
blogueio tem se mostrado questionavel tanto in vitro como in vivo (BATENBURG et al.,
2007; FELDT, MASCHKE, et al., 2008). Outra opg¢do disponivel é o alisquireno (inibidor
ativo de renina), que ja foi empregado com eficiéncia para reduzir expressivamente a ativacéo

intracelular e extracelular estimulada pela ligacdo prd-renina-(P)RR (BISWAS et al., 2010;
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FERRI et al., 2011; MA et al., 2012), embora também tenha apresentado falhas em alguns
experimentos (SARIS et al., 2006; SAKODA et al., 2010). Quanto a especificidade desses
blogueadores, deve-se destacar que o alisquireno inibe as atividades de renina livre e do
(P)RR ligado a pro-renina ou a renina (BISWAS et al., 2010), diferentemente de HRP, o qual
atua apenas bloqueando a ligacdo pré-renina/(P)RR (SUZUKI et al., 2003; ICHIHARA et al.,
2004; ICHIHARA et al., 2006).

2.5 RECEPTOR DE (PRO)RENINA NO PERIODO PERI-OVULATORIO

A acdo local de RAS no ovario de mamiferos € proposto com base nos seguintes
achados: o aumento das concentracbes de Ang Il e/ou pro-renina no fluido folicular em
resposta ao pico de LH em ratos (HUSAIN et al., 1987), coelhos (YOSHIMURA et al.,
1994), bovinos (HAGEMANN et al., 1994; ACOSTA et al., 2000) e humanos (GLORIOSO
et al., 1986; DO et al., 1988); em ratas, mesmo ap6s nefrectomia bilateral, as concentracGes
de Ang Il permaneceram elevadas no fluido folicular (HUSAIN et al., 1987); o pico de LH
induziu o aumento dos niveis de Angll e de atividade de renina, e/ou, de enzimas com
atividade semelhante a da renina no fluido folicular de ovarios perfundidos de coelhas
(YOSHIMURA et al., 1994); na espécie bovina, demonstrou-se que o pico de LH induzido
pelo andlogo de GnRH, além de elevar a expressdo de RNAmM de AGTR2 e de ECA nas
células da teca, aumenta a expressédo do RNAm de AGT nas células da granulosa e a
concentracdo de Ang Il no fluido folicular (ACOSTA et al., 2000; SHIMIZU et al., 2007;
SIQUEIRA et al., 2013).

A Ang I, induzida por P4 e prostaglandina, atua sobre a retomada da meiose oocitaria
bovina (GIOMETTI et al., 2005; BARRETA et al., 2008; SIQUEIRA, L. C. et al., 2012), o
que também foi evidenciado em coelhas (YOSHIMURA et al., 1996). Além disso, Ang Il age
como cofator de LH no estimulo de genes envolvidos nos processos de reinicio da meiose
e/ou ovulacdo como: PTGS2, AREG, EREG e ADAM17 nas células da granulosa de foliculos
pré-ovulatorios bovinos (PORTELA et al., 2011). Ademais, a inducdo da ovulacdo por hCG
em coelhas (YOSHIMURA et al., 1996) ou GnRH em vacas (FERREIRA et al., 2007) é
prejudicada por injecao intrafolicular de PD123,319 (antagonista especifico de AGTR2) o que
indica, fortemente, que a atuagdo de Ang Il ocorre via AGTR2 nas células da teca e da
granulosa durante o periodo pré-ovulatério.

A participacdo de pro-renina nos eventos fisiologicos ovarianos, independentemente

de uma relagdo com os niveis sistémicos de renina de origem renal, foi sugerida na década de
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80. Nos referidos trabalhos, os autores relacionam a uma resposta ao pico de LH efeitos
como: a elevacdo nos niveis de pré-renina (sem aumento de renina) na circulacdo (SEALEY
et al., 1985); e 0 aumento nas concentracdes de pré-renina no fluido folicular em comparacéo
proporcional a sua concentragdo plasmatica (GLORIOSO et al., 1986). Néao obstante, cerca de
95% do total de renina detectado no fluido folicular corresponde a pré-renina sintetizada e
liberada principalmente pelas células da teca do foliculo ovariano (DO et al., 1988;
SCHULTZE et al., 1989). Em funcdo disso, a ativacdo de rotas fisiol6gicas, bem como a
clivagem do AOG para producdo de Ang I, via ligacdo de pro-renina/receptor, sem
necessidade de sua conversdo para renina, passou a ser considerada (ITSKOVITZ et al.,
1988).

A expressdo do (P)RR foi evidenciada no coracdo, cérebro, placenta, pulmao, figado,
musculo esquelético e pancreas humano (NGUYEN et al., 2002). Nosso grupo de pesquisa
ainda identificou a expressdo de RNAmM desse receptor nas células da teca e granulosa do
ovario bovino (FERREIRA et al., 2011). Recentemente, identificamos (P)RR por western blot
no complexo cumulus-odcito, células da teca e da granulosa e corpo luteo de bovinos (DAU
et al., 2016).

A pré-renina deve participar, via (P)RR, nos eventos peri-ovulatérios em mamiferos,
tendo em vista que o pico de LH estimula a producdo de pré-renina e a atividade de renina
intrafolicular em coelhos (YOSHIMURA et al., 1994), bovinos (HAGEMANN et al., 1994) e
humanos (GLORIOSO et al.,, 1986). Recentemente, nosso grupo de pesquisa além de
demonstrar a expressdo de (P)RR nas células ovarianas de bovinos (FERREIRA, GASPERIN,
SANTOS, et al.,, 2011; DAU et al., 2016), evidenciou sua fun¢do no reinicio da meiose
oocitaria (DAU et al., 2016). A interacdo de pré-renina e (P)RR, além de estimular a
producdo de Ang Il que promove a retomada da meiose oocitéria e é essencial para a ovulacéo
(GIOMETTI et al., 2005; FERREIRA et al., 2007), estimula a fosforilacdo de ERK1/2,
independente de Ang Il (NGUYEN et al., 2002; URAOKA et al., 2009). A ativacdo de
ERK1/2 nas células da granulosa é essencial para a maturacdo do o6cito e ovulacdo em
camundongos (FAN et al., 2009) e regula a esteroidogénese induzida por LH nas células da
teca de bovinos (TAJIMA et al., 2005; FUKUDA et al., 2009). O (P)RR também tem sido
relacionado ao EGFR (LIU et al., 2011; SHIBAYAMA et al., 2013), o qual esta envolvido
com os genes regulados por LH (STEWART et al., 1995). Esse conjunto de evidéncias aponta
para um papel determinante da pré-renina via (P)RR nas células foliculares durante o periodo
pré-ovulatdrio. Entretanto, h4 diversos pontos a serem esclarecidos para a confirmagdo dos

mecanismos envolvidos no postulado RAS local durante a ovulagdo de mamiferos.
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O possivel efeito da pro-renina/(P)RR na esteroidogénese e luteinizacdo de mamiferos
também deve ser considerado, tendo em vista que uma correlagdo temporal foi evidenciada
em mulheres, indicando que a regulacdo de LH sobre E2 provavelmente estimule a sintese de
pré-renina, aumentando, em sequéncia, a P4 plasmaética (ITSKOVITZ et al., 1987). Em vacas
superovuladas, por sua vez, as concentragcdes de pro-renina e de renina no fluido folicular
estdo negativamente correlacionadas com a producdo de E2 e positivamente correlacionadas
com a concentracdo de P4 (HAGEMANN et al., 1994). Isso sugere que a pro-renina presente
no fluido folicular bovino deve atuar sobre o aumento de P4 em resposta ao pico de LH
(KOMAR et al., 2001; FORTUNE et al., 2009).

Portanto, nossa hipdtese é que assim como (P)RR participa no reinicio da meiose
oocitaria, possui efeito na ovulacdo e na luteinizacdo nas células da teca e da granulosa de
bovinos. Em funcdo disso, nosso objetivo geral foi determinar a participacdo da pro-renina via

(P)RR no periodo pré-ovulatério, na esteroidogenese e na luteinizagcdo em bovinos.
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Abstract

The discovery of a receptor that binds prorenin and renin in human endothelial
and mesangial cells highlights the possible effect of renin-independent prorenin in the
resumption of meiosis in oocytes that was postulated in the 1980s.This study aimed
to identify the (pro)renin receptor in the ovary and to assess the effect of prorenin on
meiotic resumption. The (pro)renin receptor protein was detected in bovine cumulus-
oocyte complexes, theca cells, granulosa cells, and in the corpus luteum. Abundant
(pro)renin receptor messenger ribonucleic acid (MRNA) was detected in the oocytes
and cumulus cells, while prorenin mRNA was identified in the cumulus cells only.
Prorenin at concentrations of 10, 10°, and 10® M incubated with oocytes co-
cultured with follicular hemisections for 15 h caused the resumption of oocyte
meiosis. Aliskiren, which inhibits free renin and receptor-bound renin/prorenin, at
concentrations of 1077, 10, and 10 M blocked this effect (P<0.05). To determine the
involvement of angiotensin Il in prorenin-induced meiosis resumption, cumulus-
oocyte complexes and follicular hemisections were treated with prorenin and with
angiotensin Il or saralasin (angiotensin Il antagonist). Prorenin induced the
resumption of meiosis independently of angiotensin Il. Furthermore, cumulus-oocyte
complexes cultured with forskolin (200 uM) and treated with prorenin and aliskiren
did not exhibit a prorenin-induced resumption of meiosis (P<0.05). Only the oocytes’
cyclic adenosine monophosphate levels seemed to be regulated by prorenin and/or
forskolin treatment after incubation for 6 h. To the best of our knowledge, this is the
first study to identify the (pro)renin receptor in ovarian cells and to demonstrate the
independent role of prorenin in the resumption of oocyte meiosis in cattle.

Keywords: aliskiren, angiotensin Il, saralasin, prorenin, oocyte, cumulus cell.
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1. Introduction

Evidence is accumulating that supports possible roles for the (pro)renin
receptor ([P]JRR)-dependent system in the development of insulin resistance and
hypertension. Interestingly, women with diabetes and hypertension often present with
infertility problems [3, 28, 33]. Likewise, delays in oocyte maturation have been
documented in animal models of diabetes [12, 14]. Findings from other studies
carried out in the 1980s have suggested that prorenin has a role in the resumption of
oocyte meiosis [29], but this remains unclear.

Oocytes are arrested during the first meiotic division (prophase 1) by the follicular
environment. The preovulatory luteinizing hormone (LH) surge induces the closure of
gap junctions and a reduction in the inhibitory cyclic guanosine monophosphate
(cGMP) signal from the cumulus cells to the oocyte in vivo. The low level of cGMP
generated by the granulosa cells results in phosphodiesterase 3 activation, cyclic
adenosine monophosphate (cCAMP) hydrolysis, and the subsequent resumption of
meiosis in the oocyte [15, 27, 38, 40, 45, 55]. The oocyte also resumes nuclear
maturation when the cumulus-oocyte complex (COC) is removed from the follicular
environment [42]. We have used forskolin (FSK) to maintain the high concentration of
cAMP and to delay meiosis in an in vitro model [6, 13, 52]. Furthermore, follicular
hemisections have been used to mimic the follicular environment and to delay the
resumption of meiosis [4, 22, 43, 48, 51]. We have used these in vitro and in other in
vivo models to study the role of angiotensin Il (Angll) in the resumption of meiosis in
cattle [1, 49, 4, 22].

The classic concept of the renin-angiotensin system (RAS) portrays prorenin as
an enzymatically inactive precursor of renin, which is an aspartyl protease, and as

being dependent on Angll to trigger the activation of intracellular signaling pathways.
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In fact, plasma prorenin levels, but not plasma renin levels, increase after the LH
surge [46]. Similarly, prorenin levels in the follicular fluid increase to about 12-times
the concentrations detected in women’s plasma after LH stimulation during in vitro
fertilization procedures, and approximately 99% of the total renin identified in ovarian
follicular fluid is prorenin [23].

The (P)RR was the first receptor identified that binds to an aspartyl protease [37].
The (P)RR acts within an extracellular-signal-regulated kinase (ERK1/2) pathway [54]
that seems to be essential for the resumption of meiosis in mammals [16]. The (P)RR
also stimulates the Angll pathway by binding to renin and prorenin, which promotes
the cleavage of angiotensinogen to angiotensin | (Angl) [37, 54]. The presence of
(P)RR messenger ribonucleic acid (mRNA) has been demonstrated in the bovine
theca and granulosa cells during follicular dominance [18]. However, the presence of
the (P)RR protein in ovarian follicular cells is yet to be confirmed, and the role of
prorenin in the resumption of meiosis in oocytes is unknown. The aim of this study
was to characterize the (P)RR in the cumulus-oocyte complex (COC), theca cells,
granulosa cells, and corpus luteum (CL). Moreover, we evaluated the role of prorenin

in the induction of oocyte meiotic resumption in cattle.

2. Materials and methods

All experimental procedures using cattle were reviewed and approved by the
Federal University of Santa Maria Care and Use Committee (no. 003/2012).

2.1. Chemicals

All of the chemicals used were purchased from Sigma-Aldrich Corporation (St

Louis, MO, USA) unless otherwise indicated.
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2.2. Collection of the ovaries

Bovine ovaries at different stages of the estrous cycle were obtained from a
local abattoir and transported to the laboratory in phosphate-buffered saline (PBS) at
4 °C for mRNA and protein analyses [8, 9], or in a 0.9% NaCl solution containing
penicillin (100 IU/ml) and streptomycin sulfate (50 ug/ml) at 30 °C for the COC culture
experiments [4].

2.3. Western blotting

Proteins from the COCs, theca cells, granulosa cells, and CL were extracted
using radioimmunoprecipitation assay buffer. The proteins were boiled at 95 °C for 5
min, subjected to 12% sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis, and the proteins were transferred onto nitrocellulose membranes.
After blocking the membranes for 3 h using 5% skimmed milk in Tris-buffered saline
(TBS) containing 0.1% Tween® 20 (TBS-T), the blots were incubated overnight with
an antibody to the (P)RR (anti-ATP6IP2; diluted 1:1000; ab40790; Abcam nplc,
Cambridge, UK) at 4 °C while being agitated. Subsequently, the blots were washed
three times for 5 min each time in TBS-T. The blots were then incubated with a goat
anti-rabbit secondary antibody (diluted 1:2000; IgG-HRP; sc-2004; Santa Cruz
Biotechnology, Inc., Dallas TX, USA) for 1 h while being agitated, which was followed
by three washes for 5 min each in TBS-T. The immunoreactivity was detected using
the Clarity™ Western ECL Substrate (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) according to the manufacturer’s instructions, and the images were visualized
using the ChemiDoc™ XRS+ imaging system (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The blots were incubated in a western blot stripping buffer, which
comprised B-mercaptoethanol, 20% SDS, and 1 M Tris-HCI, at pH 6.8, for 1 h at 50

°C. Then, the membranes were washed three times with TBS-T with each wash
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lasting 20 min, and the membranes were re-blotted with an anti-beta actin antibody
(diluted 1:5000; control; ab8227; Abcam plc, Cambridge, UK).

2.4. Ribonucleic acid extraction, reverse transcription, and the
guantitative polymerase chain reaction

Total ribonucleic acid (RNA) was extracted using Trizol® (Invitrogen, Carlsbad,
CA, USA) in accordance with the manufacturer’s instructions. A NanoDrop 1000
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) was used to quantify
the RNA and verify lack of contamination. Only RNAs with purity values of more than
1.8, based on the ratios of the absorbance at 260 and 280 nm, were used in the
experiments. The integrity was verified in a 1.2% agarose gel that visualized the
ribosomal RNA (rRNA). To generate the complimentary deoxyribonucleic acid
(cDNA), the RNA (1 pg) was first treated with 0.2 U of deoxyribonuclease | (DNase |,
Amplification Grade, Invitrogen Life Technologies, Waltham, MA, USA) and it was
heated at 37 °C for 5 min, then at 65 °C for 10 min. Subsequently, the reverse
transcription was performed using a QuantiTect Reverse Transcription Kit® (Qiagen,
Venlo, Limburg, Netherlands) in accordance with the manufacturer’s instructions.

The quantitative real-time polymerase chain reaction (RT-PCR) was conducted in

a Step One Plus® instrument (Applied Biosystems, Foster, CA, USA) using the Power
SYBR Green PCR Master Mix (Applied Biosystems, Foster, CA, USA) and primers
that were specific for bovine prorenin and the (P)RR [18]. After an initial denaturation
step at 95 °C for 3 min, 40 cycles at 95 °C for 15 s were carried out, followed by 30 s
at 60 °C and 30 s at 72 °C to amplify each transcript. The reaction was performed in
duplicate, and the melting-curve was analyzed to determine the product’s identity.
The target mRNA concentration was normalized to the amplification of the

constitutional gene GAPDH, which was the housekeeping gene [18]. The calculation
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of the relative expression was performed as described by Pfaffl [41]. All of the
primers were designed using Primer Express Software, version 3 (Life Technologies,
Carlsbad, CA, USA), and the primers were synthesized by Invitrogen (Waltham,
Massachusetts, USA). The primers used in the experiments were as follows: prorenin
(F-GGGTGCCGTCCACCAA and R-TCCGTCCCATTCTCCACATAG), (P)RR (F-
TGATGGTGAAAGGAGTGGACAA and R-TTTGCCACGCTGTCAAGACT) [18], and
GAPDH (F-GATTGTCAGCAATGCCTCCT and R-GGTCATAAGTCCCTCCACGA)
[18].

2.5. Preparation of the follicular hemisections

The follicular hemisections were obtained from transparent follicles that
ranged in diameter from 2 to 5 mm. These follicles were isolated from the ovaries and
halved as described by Richard & Sirard [43], washed in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-buffered tissue culture medium (TCM)-199
(Gibco Labs, Waltham, MA, USA), and incubated for 2 h before the COCs were
added. Eight follicular hemisections were added to 200 pl of medium. This co-culture
system was validated in our laboratory [4, 13, 22, 48, 51].

2.6. Oocyte recovery and in vitro cumulus-oocyte complex cultures

The COCs were aspirated from follicles that were 3-8 mm in diameter, and
those that were categorized as grades 1 ( >3 layers of compact cumulus cells and
homogeneous ooplasm) or 2 (<3 layers of compact cumulus cells and ooplasm filling
zona pellucida) were selected using a stereomicroscope in accordance with the
method described by Leibfried & First [32]. The COCs (n = 20) were suspended in
200 ul of TCM-199 (Gibco Labs, Waltham, MA, USA) supplemented with 100 IU/ml of
penicillin, 50 pg/ml of streptomycin sulfate, 0.2 mM of sodium pyruvate, 0.4% fatty

acid-free bovine serum albumin, and 0.5 pg/ml of FSH (Folltropin®-V, Bioniche,
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Ontario, CA, USA), as described previously [2, 4, 11, 13, 21, 48]. The COCs were
cultured in the presence or absence of the follicular hemisections at 39 °C in an
atmosphere of 5.0% CO: in air and under saturated humidity for 15 h [4, 13, 48]. At
the end of the culture period, the oocytes were denuded by vortexing, fixed in 4.0%
paraformaldehyde for 15 min, and the oocytes were transferred to 0.5% Triton-X-100.
The evaluation of the resumption of meiosis was performed using 10 pg/ml of
Hoechst 33342 (Life Technologies, Carlsbad, CA, USA) and fluorescence
microscopy. The oocytes were classified according to the nuclear maturation stage
as germinal vesicles, germinal vesicle breakdown (GVBD), and metaphase | (MI)
after 15 h of culture.

2.7. Cyclic adenosine monophosphate and cyclic guanosine
monophosphate measurements

cAMP and cGMP levels were measured in the oocytes and cumulus cells after
incubation for 6 h. Pooled samples of 60 COCs were washed briefly in HEPES-
buffered TCM-199 containing 1 mM 3-isobutyl-1-methylxanthine [44], and the COCs
were denuded by vortexing for 5 min. The oocytes (n = 50) were extensively washed
in PBS to obtain cumulus cell-free oocytes, and these were transferred to 100 pl of
0.1 M HCI. Those oocytes (n = 10) that did not denude were discarded. The HEPES-
buffered TCM-199 containing the remaining cumulus cells was centrifuged at 12,000
g for 5 min and the pellet was resuspended in 100 pl of 0.1 M HCI. The cells were
lysed for approximately 20 min on ice and stored at —80 °C until the samples were
assayed using a cAMP enzyme immunoassay (EIA) kit (No 581001; Cayman
Chemical, Ann Arbor, MI, USA) or a cGMP EIA kit (N° 581021; Cayman Chemical,
Ann Arbor, MI, USA) according to the manufacturer’s instructions. The experiment

was performed in triplicate.
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2.8. Experimental design

2.8.1. Characterization of the (pro)renin receptor protein in ovarian cells

The expression profile of the (P)RR protein was evaluated in COCs using
follicles that were 3—8 mm in diameter (n = 200), theca cells and granulosa cells from
follicles that were 4-5 mm in diameter (n = 6) and larger than 10 mm (n = 3) in
diameter, and in the CL (n = 3). The COCs were aspirated and those categorized as
grades 1 and 2 were selected using stereomicroscopy [32] and washed in PBS at 4
°C. The follicles that were 4-5 mm in diameter were isolated from pairs of ovaries.
The follicles that did not demonstrate obvious signs of atresia were dissected from
the stromal tissue. The follicles were sectioned and washed extensively with PBS to
obtain the theca cells only. The remaining PBS was filtered through a 40-um nylon
filter and it was centrifuged at 12,000 g for 2 min to obtain the granulosa cells from
these follicles. Follicles that were larger than 10 mm and healthy, which was
indicated by the presence of transparent follicular fluid and the absence of CL, were
selected from the pairs of ovaries collected from a local abattoir and partially
dissected to obtain the entire follicle with some stromal tissue, to avoid rupture of the
follicle. The follicular fluid was removed and the granulosa cells were recovered by
flushing with PBS. Then, the PBS containing the granulosa cells was filtered through
a 40-um nylon cell strainer and it was centrifuged at 12,000 g for 2 min. These
follicles were hemisectioned and the theca cells were dissected from the stromal
tissue, and scraping and washing with PBS at 4 °C eliminated the granulosa cells.
The absence of cross-contamination by theca and granulosa cells was confirmed
using the RT-PCR to detect cytochrome P450 aromatase and 17a-hydroxylase
(CYP17A1) mRNA, respectively [9, 10, 19]. The primers used were as follows: P450

(F-GTGTCCGAAGTTGTGCCTATT and R-GGAACCTGCAGTGGGAAATGA) [34],
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and CYP17A1 (F-GAATGCCTTTGCCCTGTTCA and R-
CGCGTTTGAACACAACCCTT) [10]. The bovine CLs that were macroscopically
classified as mid-cycle, that is, at days 8—12 of the estrous cycle [36], were dissected
from the ovaries and washed with PBS at 4 °C. All of the samples were stored in PBS
supplemented with 1.0% (v/v) protease and a phosphatase inhibitor at -80 °C before
undergoing western blot analysis of the (P)RR protein. The theca and granulosa cells
were additionally stored in Trizol® (Invitrogen, Carlsbad, CA, USA) at -80 °C before
undergoing the RT-PCR for mRNA detection.

2.8.2. Characterization of prorenin and (pro)renin receptor messenger
ribonucleic acid in the cumulus cells and oocytes
The COC were aspirated from follicles that were 1-3, 4-5, 6-8, and >8 mm in
diameter and those categorized as grades 1 and 2 were selected [32]. The oocytes
(n = 200) were denuded in HEPES-buffered TCM-199 medium by vortexing, washed
in PBS, and stored in Trizol® (Invitrogen, Carlsbad, CA, USA) at =80 °C. The TCM
199 medium containing the remaining cumulus cells was centrifuged and the pellet
was stored in Trizol® (Invitrogen, Carlsbad, CA, USA) at =80 °C. Aromatase mMRNA
was measured in the oocytes using RT-PCR to detect contamination by the cumulus
cells. All samples found to be positive for P450 were discarded. Contamination of the
cumulus cells with oocytes was ruled out by the presence of denuded oocytes with
intact zonae pellucidae. The experiment was performed in quadruplicate.

2.8.3. Examination of the roles of prorenin and the (pro)renin receptor in the
resumption of meiosis in oocytes

To determine the effect of prorenin on nuclear maturation, four control groups
were prepared as follows: 1) COCs without follicular hemisections (positive control);

2) COCs with follicular hemisections (negative control); 3) COCs with follicular
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hemisections treated with 10" M Angll (positive RAS control); and 4) COCs with
follicular hemisections treated with 10-1* M Angll plus 10° M saralasin (Sar) (negative
RAS control). To test the effect of prorenin on the nuclear maturation of oocytes,
three doses of prorenin (101° 10°, and 10® M) were added to the co-culture
systems. The experiment was performed in triplicate using 20 COCs per group.

To analyze the functional requirements of the (P)RR in the resumption of meiosis,
three control groups were prepared as follows: 1) COCs without follicular
hemisections (positive control); 2) COCs with follicular hemisections (negative
control); and 3) COCs with follicular hemisections and prorenin (101° M). The test
groups comprised co-cultures of the COCs and follicular hemisections supplemented
with 1071° M of prorenin and three doses of aliskiren (107, 10, and 102 M), which is
a direct renin inhibitor and potent inhibitor of the receptor-bound renin or prorenin [7].
The COCs were cultured without follicular hemisections and with two concentrations
of aliskiren (10° and 107 M) to assess its cytotoxicity. Both experiments were
performed in triplicate using 20 COCs per group.

To determine whether the effect of prorenin on the resumption of meiosis in
oocytes is independent of Angll, the COC and follicular hemisection co-cultures were
treated with Angll (10 M), Angll (10** M) with Sar (10° M), prorenin (101° M),
prorenin (10-1° M) with aliskiren (10" M), Angll (10'1* M) with prorenin (10-1° M), and
prorenin (101° M) with Sar (10-° M). For the positive control group, the COCs were
cultured without follicular hemisections. The experiment was performed in triplicate
using 20 COCs per group.

2.8.4. Investigation of the induction of oocyte meiotic resumption by prorenin in

the absence of follicular hemisections
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The COCs were cultured in the absence (positive control) or presence
(negative control) of 200 uM FSK and the cultures were supplemented with prorenin
(1010 M). Aliskiren (107 M) was added to the cultures that contained FSK and
prorenin to determine whether prorenin affected the resumption of oocyte meiosis in
the absence of follicular hemisections. The experiment was performed in triplicate
using 20 COCs per group.

2.8.5. Examination of the induction of the resumption of meiosis by prorenin
via the cyclic adenosine monophosphate and cyclic guanosine monophosphate
pathways

In this experiment, the COCs were cultured in the presence or absence of FSK
(200 uM) and prorenin (1071° M) to verify the cAMP and cGMP levels in the oocytes
and cumulus cells. We removed 180 COCs per group from culture after 6 h to
measure the cAMP and cGMP levels in the oocytes (n = 150/group) and the cumulus
cells (from 180 COCs/group). Other COCs (n = 60 COCs/group) were cultured for 15
h to assess nuclear maturation. This experiment was performed in triplicate.

2.9. Statistical analysis

The data obtained from the analysis of the mMRNA expression levels and the
evaluation of the cAMP and cGMP levels were tested for normality using the Shapiro-
Wilk test, and normalized when necessary. The differences between the groups were
analyzed using a multiple comparison least-squares means (LSMEANS) Student’s t-
test. The resumption of meiosis data were analyzed using the Categorical Data
Analysis Procedure (PROC CATMOD analysis). The analyses were performed using
SAS statistical software (SAS Institute Inc., Cary, NC, USA), and the significance

level adopted was 5%. The gene expression data are presented as the means *
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standard errors (SE) of the means, and the nuclear maturation data are presented as

percentages.

3. Results

3.1. Characterization of the (pro)renin receptor protein in the bovine
ovary

The presence of the (P)RR protein was examined in ovarian cells using
western blotting. A band of approximately 42 kDa that corresponded to the (P)RR
protein (predicted molecular weight: 39 kDa) was detected in the COCs, theca cells,
and granulosa cells from both follicle size categories, namely, 4-5 mm and larger
than 10 mm in diameter, and in the bovine CL (Fig. 1).

4-5mm >10mm
cocC TC GR TC GR CL

(P)RR | SN e G e S 42 kDa

DACTIN D T ™ e e " 10 kDa

Figure 1 (Pro)renin receptor [(P)RR] protein expression in cumulus-oocyte
complexes from follicles that were 3—8 mm in diameter, theca and granulosa cells
from follicles that were 4-5 mm in diameter, theca and granulosa cells from follicles
that were larger than 10 mm in diameter, and in the corpus luteum from bovine
ovaries. Western blot images revealed a specific band at approximately 42 kDa for
the (P)RR and at 42 kDa for B-actin. The Western blot was repeated at least three

times.
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3.2. Characterization of prorenin and (pro)renin receptor mRNA in the
cumulus cells and oocytes

Quantitative RT-PCR characterized the abundance of prorenin and (P)RR
transcripts in the cumulus cells and oocytes according to the development of the
follicles. (P)RR mRNA was detected in the cumulus cells and oocytes from follicles
that were 1-3, 4-5, 6-8, and > 8 mm in diameter. Prorenin mRNA was detected in
the cumulus cells only. However, the prorenin (Fig. 2A) and (P)RR mRNA levels (Fig.
2B) in cumulus cells were not affected by follicular diameter (P>0.05). Similarly, the
(P)RR transcript levels in the oocytes did not change significantly among the follicles

of different sizes (Fig. 2C).
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Figure 2 Characterization of the (pro)renin receptor (P)RR and prorenin
messenger ribonucleic acid (MRNA) expression in cumulus cells and oocytes during
follicle development. Prorenin mRNA expression in cumulus cells (A), (P)RR mRNA
expression in cumulus cells (B), and oocytes (C). The experiment was performed in

quadruplicate and 800 cumulus-oocyte complexes were examined in each group.
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The statistical difference among the follicular sizes was evaluated at a level of
significance of P<0.05.
3.3. Prorenin induces the resumption of oocyte meiosis

This experiment was designed to examine the effect of prorenin on the
resumption of meiosis by examining the effects of Angll and Sar, which is a
competitive Angll antagonist. Angll stimulated the resumption of meiosis, which was
blocked by Sar. After a 15-h culture, prorenin at concentrations of 10-%°, 10-°, and 10
M significantly increased (P<0.05) the percentages of oocytes that reached the
metaphase | (MI) stage to 60.0%, 46.8%, and 50.8%, respectively, compared with the
negative control (22.3%) and the negative RAS control (24.9%; Fig. 3A). Prorenin
treatment at concentrations of 10%°, 10-°, and 10 M also induced the resumption of
meiosis in oocytes that were co-cultured with follicular hemisections (P>0.05) as was
observed in the positive RAS control group that involved Angll treatment and in which
67.0% of the oocytes reached MI (Fig. 3A).

The hypothesis that the (P)RR is required to induce the resumption of oocyte
meiosis was tested using aliskiren, which is a direct renin inhibitor, at three
concentrations (107, 10°, and 103 M) and prorenin at 101 M. The proportion of
oocytes that reached Ml in the absence of the follicular hemisections (positive control
group) was 74.0% and 78.6% of the oocytes reached Ml in the presence of follicular
hemisections and prorenin (P>0.05). Most of the oocytes did not acquire GVBD
competence in the presence of follicular cells, without prorenin (negative control), in
which 29.9% of the oocytes achieved MI (P>0.05), or in the presence of prorenin plus
aliskiren at concentrations of 107, 10°, and 103 M, where the percentages of oocytes
that reached MI were 30.8%, 43.7%, and 40.3%, respectively (Fig. 3B).

A toxicity test was performed to investigate the harmful effects of

aliskiren. COCs were incubated without follicular hemisections in the presence of 10-°
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M and 107 M aliskiren for 15 h. The percentages of oocytes treated with aliskiren at
10° M (n = 57 oocytes) and 10”7 M (n = 47 oocytes) that achieved MI were 69.9%
and 69.2%, respectively, which reflected the percentage of oocytes that achieved Mi
(74.0%) in the control group (n = 57 oocytes) (data not shown; P>0.05). Therefore,
there was no toxicity associated with aliskiren at the concentrations of 10°M and 10/
M after the 15-h culture.

To evaluate whether prorenin induces the resumption of oocyte meiosis
independently of the Angll pathway, the effects of prorenin and Sar were assessed
on co-cultures of COCs with follicular cells. Prorenin at a concentration of 1071° M
induced 57.0% of the oocytes that had been cultured with follicular cells to reach Mi,
and this ability was retained after the oocytes had been treated with prorenin plus Sar
at 10° M, with 48.7% of the oocytes reaching MI (P>0.05; Fig. 3C). To determine
whether prorenin had an additive effect on the oocyte meiotic progression that was
induced by Angll, prorenin plus Angll were added to the co-culture system. The
percentage of the oocytes that reached MI after 15 h of incubation with prorenin and
Angll (57.4%) did not differ significantly compared with those in the prorenin group

(57.0%) and the Angll group (51.8%) (Fig. 3C).
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Figura 3 The dose-response effects of prorenin (A), aliskiren plus 101° M
prorenin (B), and prorenin (10-1° M) plus angiotensin 1l (1071° M) or prorenin (10-1° M)
plus saralasin (10-° M; C) on the resumption of meiosis after 15 h of bovine cumulus-
oocyte complex and follicular hemisection co-culture. The experiment was performed
in triplicate, and the number of oocytes examined for each treatment is indicated at
the base of each bar. The different letters indicate the statistical differences between
the groups (P<0.05).

3.4. Prorenin induces oocyte meiotic resumption without follicular
hemisections

To determine whether prorenin is dependent on follicular cells for the induction
of GVBD and oocyte progression to Ml, FSK (200 uM) was used to block the
resumption of meiosis instead of follicular hemisections. A higher percentage of
oocytes incubated with prorenin reached MI (38.3%) than those incubated with FSK
and without prorenin (18.9%) or with prorenin plus aliskiren (8.6%) for 15 h (P<0.05)
(Fig. 4).
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Figura 4 The effect of prorenin (1072° M) on the resumption of forskolin (200 pM)-
inhibited meiosis after 15 h of cumulus-oocyte complex culture. The experiment was

performed in triplicate, and the number of oocytes examined for each treatment is indicated at



53

the base of each bar. The different letters indicate the statistical differences between the
groups (P<0.05).

3.5. Prorenin seems to induce meiosis resumption through cyclic
adenosine monophosphate pathways within the oocyte

This experiment was designed to assess the relationships between meiotic
progression and the levels of cAMP and cGMP in the cumulus cells and in the
oocytes after 6 h of incubation with and without FSK. A total of 60 COCs were
cultured for 15 h to evaluate the nuclear maturation stages. The percentage of
meiotic division was higher in the presence of prorenin (FSK plus prorenin) (49.9%)
than in the absence of prorenin (FSK without prorenin) (25.5%) (P<0.05). The highest
percentages of oocytes that reached MI were present in the control groups,
specifically, oocytes incubated with prorenin and without FSK (78.3%) and oocytes
incubated without FSK or prorenin (83.1%) (Fig. 5A). Oocytes treated with prorenin
and FSK contained cAMP at levels that did not differ from the positive control or the
prorenin groups (P>0.05). Compared with the control groups, the highest cAMP
levels were observed in the oocytes cultured with FSK and without prorenin (P<0.05)
(Fig. 5B). Cumulus cells incubated for 6 h with FSK, with FSK plus prorenin, without
FSK or prorenin, or with prorenin alone had mean + SE cAMP levels of 25.13 +
11.32, 16.52 + 6.14, 3.36 + 2.38, and 8.42 *= 7.76 fmol/cumulus complex,
respectively, which were not significantly different (data not shown). Cumulus cells
incubated for 6 h with FSK, with FSK plus prorenin, without FSK or prorenin, or with
prorenin alone had mean + SE cGMP levels of 0.70 £ 0.32, 0.53 £ 0.12, 1.30 + 0.67,
and 6.02 + 4.93 fmol/cumulus complex, respectively, which were not significantly
different (data not shown). Oocytes incubated for 6 h with FSK, with FSK plus
prorenin, without FSK or prorenin, or with prorenin alone had mean + SE cGMP

levels of 1.15 + 0.18, 1.42 + 0.19, 1.56 £ 0.24, and 1.21 + 0.01 fmol/oocyte,
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respectively, differences that were not significant (data not shown).
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Figura 5 The effects of prorenin (101° M) on the resumption of meiosis after 15 h of
culture (A) and the cyclic adenosine monophosphate levels within the oocytes after culturing
the cumulus-oocyte complexes for 6 h (B). The different letters indicate the statistical
differences between the groups (P<0.05). The experiment was performed in triplicate, and the

number of oocytes examined in each treatment is indicated at the base of each bar.
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4. Discussion

The most significant findings from this study are: (1) the (P)RR protein is
present in all ovarian follicular cells; (2) (P)RR mRNA is transcribed in bovine oocytes
and cumulus cells; (3) prorenin induces meiotic resumption in oocytes in a manner
that is independent of the Angll pathway; and (4) prorenin induces the resumption of
meiosis in oocytes that has been blocked by FSK.

The presence of the (P)RR protein in bovine CCOs, theca, granulosa, and
luteal cells has been demonstrated by our group, which concurs with the previous
identification of (P)RR mRNA in these follicular layers [18]. (P)RR mRNA was also
observed in the COCs and prorenin mRNA in the bovine cumulus cells, but not in the
oocytes. These transcripts were consistently maintained within follicles of different
sizes, which supports the results obtained from superovulated heifers that showed
that prorenin and active renin concentrations remain constant in the follicular fluid
until the LH peak [24].

The prorenin concentrations used in the present study had been established
by other researchers [54]. The concentrations tested were enough to increase the
percentage of oocytes that reached MI compared with both the negative and
negative RAS controls, but this effect was not dose-dependent. However, the ERK 1
and 2 were phosphorylated in a dose-dependent manner from 1 nM prorenin in
endothelial cells cultured in vitro [54]. ERK 1/2 activation occurs from the first hours
of maturation, and increases in accordance with the progression of meiosis in bovine
oocytes [21]. Moreover, studies have evidenced that the activities of ERK 1/2 play

pivotal roles in regulating the meiotic progression of oocytes [16, 17, 39]. Whether or
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not prorenin induces the resumption of meiosis by activating the ERK 1/2 cascade
remains to be determined.

Aliskiren inhibits not only the free and bound forms of renin, but also receptor-
bound prorenin [7]. Thus, aliskiren blocks the intracellular and extracellular pathways
activated by prorenin, impairing both ERK1/2 phosphorylation and Angl generated
from angiotensinogen [20, 35]. In the present study, aliskiren at 10-7, 10-°, and 103 M
inhibited prorenin’s effect on the resumption of meiosis. These concentrations were
used because 10° M aliskiren was sufficient to reduce prorenin-induced Ang|
production in human smooth muscle cells [20].

The binding of prorenin to the (P)RR leads to the conversion of
angiotensinogen to Angl [20], and it activates intracellular ERK1/2 independently of
Angll production [54]. However, prorenin did not act as a cofactor to Angll in the
resumption of oocyte meiosis. In this study, Sar did not block the effect of prorenin on
the resumption of oocyte meiosis that had been impaired by the follicular
hemisections, which suggests that the role of prorenin in the resumption of bovine
oocyte meiosis is independent of the Angll pathway. Another fact that must be
mentioned with respect to oocyte meiotic resumption is the increase in intrafollicular
prorenin levels that is induced by the preovulatory LH surge in vivo [23, 24]. This fact
concurs with our results, which showed that prorenin induces the resumption of
meiosis in bovine oocytes co-cultured with follicular hemisections in vitro.

The positive effect of Angll on oocyte meiotic resumption depends on
the follicular cells [22]. To determine whether prorenin depends on the follicular cells
to induce GVBD and progression to MI, FSK was used to block meiotic resumption
instead of follicular hemisections. Prorenin induced the resumption of oocyte meiosis

in a manner that was independent of the follicular hemisections. Interestingly, the



57

oocytes underwent GVBD and progressed to Ml when they were cultured in the
presence of prorenin and even in the presence of high levels of FSK, which increases
intracellular cAMP levels. The findings from several studies have established that
high levels of cCAMP in oocytes are essential to maintain meiotic arrest in mammals
[25, 26, 31, 45, 47]. Moreover, direct stimulation of adenylyl cyclase with 100 uM FSK
delays the nuclear maturation of bovine oocytes [6]. In this study, prorenin induced
the resumption of meiosis in the presence of 200 uM of FSK in the absence of
follicular hemisections, cultured for 15 h.

Prorenin appeared to interact with the FSK-induced intra-oocyte cCAMP, which
was demonstrated by the following findings: (1) oocytes treated with prorenin and
FSK resumed meiosis; (2) the cAMP levels in these oocytes tended to be lower than
those in oocytes cultured with FSK alone; and (3) the cAMP levels did not differ from
those in oocytes cultured without FSK. The levels of CAMP in the cumulus cells did
not differ significantly in relation to their treatment with prorenin and/or FSK. Thus,
the cellular mechanism that regulates the synthesis and degradation of CAMP seems
to differ between oocytes and somatic cells. In addition, more cCAMP accumulates in
COC in response to FSK treatment compared with the amounts detected in zona-free
bovine oocytes after 6 h of culture [6].

The concentrations of cGMP in the bovine COCs in the control group after 6 h of
incubation were significantly lower compared with those observed after 3 h of
incubation and immediately after collection [5]. In the same way, the cGMP levels
decreased in rat oocytes during spontaneous nuclear maturation [53]. Thus, our
hypothesis was that as well as inducing a resumption of meiosis, prorenin also lowers
cGMP levels in bovine somatic cells and oocytes. However, prorenin did not have a

significant effect on the cGMP levels in bovine cumulus cells and oocytes after 6 h of
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incubation. Similarly, cGMP concentrations did not differ in response to the
manipulation of the nitric oxide-cGMP pathway in bovine COCs after 6 h of incubation
[5]. However, since the cGMP levels increased after 3 h of incubation with particular
treatments [5], the effect of prorenin on the cGMP levels in bovine cumulus cells and
oocytes cannot be ruled out.

The measurements of the cAMP and cGMP levels were performed after 6 h of
incubation, because this is when GVBD is expected in vitro and in vivo, following the
LH surge [30, 50]. The cAMP levels within oocytes have to be lower to resume
meiosis [45]. Similarly, the percentages of oocytes that achieved MI in the prorenin
and the positive control groups were 78.3% and 83.1%, respectively, after 15 h of
incubation, and both groups maintained low levels of cAMP within the oocytes
compared with the negative control group after 6 h of culture. The proportion of
oocytes that achieved MI after FSK and prorenin treatment also seemed to
correspond to the intra-oocyte CAMP concentrations that were observed in response
to the same treatment. Hence, these results together suggest that prorenin induces
the resumption of meiosis in bovine oocytes by reducing cAMP levels within the
oocytes.

Our findings confirm the postulated positive effect of the prorenin receptor in
the resumption of meiosis. The present study provides insights into the function of
(P)RR in an alternative RAS pathway during important reproductive events such as
meiosis resumption. We also suggest that (P)RR dysregulation involved in the
development of diabetes or hypertension might impair oocyte maturation, although
this remains to be investigated in future studies. Therefore, the signaling pathways
activated by (P)RR-bound prorenin are a new pharmacotherapeutic target to be

studied in the treatment of infertility and application of reproductive biotechnologies.
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In summary, prorenin induces the resumption of oocyte meiosis through the
(P)RR via an Angll-independent pathway, even in the presence of follicular cells.
Moreover, prorenin causes the resumption of FSK-inhibited oocyte meiosis in a
manner that is independent of the follicular cells, suggesting a potential role for
prorenin and/or the (P)RR in regulating intra-oocyte cAMP. In conclusion, these novel
findings have identified prorenin and/or the (P)RR, which is widespread in the bovine

ovary, as a potential inducer of the resumption of meiosis in oocytes.
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Abstract

The objective of this study was to evaluate whether prorenin induces genes related to
ovulation in granulosa cells through (P)RR or whether prorenin and (P)RR mRNA are
dependent of epidermal growth factor (EGF) signaling. In addition, we studied the profile of
mRNA encoding prorenin, (P)RR, and profibrotic proteins in granulosa cells during the
preovulatory period in cattle. Transcript for (P)RR and ADAM17 were detected in granulosa
cells, but no induction by luteinizing hormone (LH) with or without prorenin (P>0.05). LH
increased EREG mRNA in granulosa cells (P<0.05). Supplementation of culture medium with
three concentrations of prorenin plus LH induced AREG mRNA (P<0.05) and only 0.1 nM of
prorenin plus LH increased PTGS2 mRNA in granulosa cells in compared with control
(P<0.05). Prorenin/(P)RR did not stimulate LH-induced EREG and AREG transcript in
granulosa cells cultured for 6 h (P>0.05). PTGS2 mRNA was not induced by LH or prorenin
via (P)RR (P>0.05). EGFR pathway was not required for prorenin and (P)RR mRNA in vitro
(P>0.05). Intrafollicular injection with the EGF receptor inhibitor AG1478 did not abrogate
prorenin and (P)RR mRNA at 6 h post-GnRH (P>0.05). Granulosa cells were obtained from
bovine preovulatory follicles at 0, 3, 6, 12, and 24 h after gonadotropin-releasing hormone
(GnRH) administration. Prorenin mRNA and (P)RR protein increased in granulosa cells 12 h
post-GnRH (P<0.05). TGFB1, PAI-I, collagen type I, and fibronectin increased 12 and 24 h
post-GnRH (P<0.05). Finally, prorenin/(P)RR did not induce ovulation-related genes and its
molecular expression was not dependent of EGFR signaling in vitro and in vivo. Importantly,
we found that (P)RR protein and transcripts for prorenin or profibrotic genes were increased
from 12 h post-GnRH, suggesting that prorenin/(P)RR play a role at later stages in ovulation

inducing profibrotic genes in bovine granulosa cells.

Introduction

(Pro)renin receptor ([P]RR), encoded in ATP6AP2, promotes renin-angiotensin
system (RAS) signaling through an alternative pathway independent of angiotensin Il (Angll;
Nguyen et al. 2002). It is well known that binding of prorenin or renin to (P)RR stimulates
mitogen-activated protein (MAP) kinase ERK1 (p44) and ERK2 (p42) phosphorylation and it
upregulates transcription of transforming growth factor (TGF)-p, plasminogen activator

inhibitor (PAI)-1, type I collagen and fibronectin (profibrotic molecules) (Nguyen et al. 2002,
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Huang et al. 2006, Ferri et al. 2011). In the Ang Il dependent pathway, (P)RR activation also
stimulates Angll pathway, promoting the cleavage of angiotensinogen to angiotensin |
(Nguyen et al. 2002, Uraoka et al. 2009).

Prorenin exhibits higher affinity for (P)RR than for renin (Nabi et al. 2009). In ovarian
follicular fluid, prorenin levels increases two times more than renin levels in follicular fluid
after LH surge in cattle (Hagemann et al. 1994). (P)RR protein was identified in bovine ovary,
including granulosa cells from follicles larger than 10 mm in diameter (Dau et al. 2016). A
role of prorenin/(P)RR in the follicular divergence in vivo (Ferreira et al. 2011) and
resumption of meiosis in oocytes in vitro were described in cattle (Dau et al. 2016). Our
recent studies indicates that (P)RR also is involved in ovulation and progesterone synthesis
during luteinization.

The (P)RR signaling pathway has been demonstrated to be involved in epidermal growth
factor-like (JEGF]-like) cascade, although exist controversial data whether prorenin induces
epidermal growth factor receptor (EGFR) transactivation or EGFR is required for (P)RR
activation. Binding of prorenin to (P)RR induced EGFR phosphorylation in rat vascular
smooth muscle cells (Liu et al. 2011) and human embryo kidney 293 cells (Shibayama et al.
2013), but it was not observed in monocytes (Feldt et al. 2008). Prorenin/(P)RR also acts in
the dependent pathway of Ang I, which is considered essential for ovulation and an important
cofactor of LH for induction of the ovulatory cascade (Siqueira et al. 2012, Ferreira et al.
2007, Portela et al. 2011). In bovine granulosa cells in vitro, Ang Il increased the transcripts
for LH-induced metalloprotease 17 (ADAML17), epiregulin (EREG), amphiregulin (AREG),
and prostaglandin-endoperoxide synthase (PTGS2) (Portela et al. 2011). However, whether
prorenin induces EGF-like cascade in granulosa cells through (P)RR in cattle need to be

investigated.
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The aims of this study were to evaluate whether prorenin stimulates (EGF)-like cascade in
granulosa cells via (P)RR, to evaluate whether transcripts for prorenin and (P)RR require
EGFR transactivation, to characterize (P)RR mRNA and protein, as well as transcripts for

prorenin and profibrotic molecules in granulosa cells during preovulatory period in cattle.

Materials and methods

All experimental procedures with cattle were reviewed and approved by the local
Animal Ethics Committee of Federal University of Santa Maria (n°.115/2014) in agreement
with the National Council for the Control of Animal Experimentation (CONCEA; Brazilian

Ministry of Science, Technology, and Innovation).

Chemicals
All chemicals used in this study were obtained from Sigma-Aldrich Corporation (St

Louis, MO, USA), unless otherwise indicated.

Granulosa cells recovery for in vitro experiments

Approximately twenty pairs of ovaries from non-pregnant cows at different stages of
the estrous cycle were obtained from a local abattoir and transported to the laboratory in
saline solution containing penicillin (100 1U mL™?) and streptomycin sulfate (50 pg mL?) at
30°C. Follicles larger than 12 mm in diameter and considered healthy were selected for the
experiments. The follicles were considered healthy based on the presence of light yellow
follicular fluid, absence of corpus luteum, and by a high oestradiol (E2): progesterone (P4)
ratio (>2) in the fluid follicular (Ireland et al. 1980, McNatty et al. 1984). The E2 and P4
concentrations were measured by electrochemiluminescence in the follicular fluid pooled

from follicles (at the least 4) that were used for each experimental replicate with cultured
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theca cells. Granulosa cells isolation was adapted of studies previously described (da Rosa et
al. 2016, Portela et al. 2011). Briefly, granulosa cells were obtained by flushing performed
gently with DMEM-F12 suplemented with 0.1% of bovine serum albumin (BSA), 2.5 ug mL"
! of amphotericin, 100 IU mL™ of penicillin, 100 pg mL™ of streptomycin sulfate, and 0.5 Ul
mL of heparin sodium salt (basic medium). The absence of contamination with theca cells
was verified by the lack of cytochrome P450 17A1 (CYP17A1) mRNA in theca cells, as
determined by gRT-PCR (Buratini et al. 2007). The experiments in vitro were performed in

six replicates repeated on different days.

Granulosa cells cultures

The in vitro model was adapted from previous studies (Portela et al. 2011, da Rosa et
al. 2016). Isolated granulosa cells were washed twice in basic medium by centrifugation at
200 x g for 10 min, filtered through 70-um Nylon Mesh strainers (Fisher Scientific, Shanghai,
China), and seeded in 96-well tissue culture plates (Corning) at a concentration of 5.10* viable
cells per well. The number of viable cells were determined using 0.4% trypan blue (v/v). The
percentage of viable cells was over 90% for all replicates and it was estimated by flow
cytometry analysis (FACSVerse ™, BD Biosciences, Franklin Lakes, NJ, USA) using FITC-
Annexin V (5 uL; BD Biosciences) and propidium iodide (50 pg/mL) according to the
manufacturer’s instructions. The cells were cultured in DMEM/F12 (Gibco Labs, Waltham,
MA, USA) supplemented with 1ng mL? of follicle-stimullating hormone (FSH), 10'M of
androstenedione, 10ng mL™ of insulin, 2.5 pug mL* of transferrin, 4 ng mL? of selenium, 100
IU mL? of penicillin, 100 pg mL™ of streptomycin sulfate, 2.5 pg mL™ of amphotericin, and

0.1% of BSA at 38°C in 5.0% CO: and saturated humidity.

Animal procedures, intrafollicular injection, and collection of the granulosa cells
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Twenty cows (Bos taurus taurus) for the first in vivo experiment and forty cows for
the second in vivo experiment were submitted for the same hormonal protocol. Cows
exhibiting normal estrous cycles had luteolysis induced and a new follicular wave initiated
using a hormonal protocol, as previously described (Siqueira et al. 2012, Tonellotto dos
Santos et al. 2012). Briefly, 2 injections with a 12-h dosing interval of a prostaglandin F2a
(PGF2a) analog (cloprostenol, 250 mg, IM; Schering-Plough Animal Health, Brazil), 2 mg of
estradiol benzoate (EB), and an intravaginal progesterone device (1 g progesterone, DIB®;
Intervet, Brazil) for 9 days. The presence of preovulatory follicles (=12 mm) was evaluated by
transrectal ultrasonography using an 8-MHz, linear-array transducer (AquilaVet scanner, Pie
Medical, Netherlands) 12 h after removal of the vaginal device. Only cows with follicles >12
mm in diameter were challenged with 100 pg of gonadorelin acetate (Profertil®, Tortuga,
Brazil), and thus, were treated by intrafollicular injection and ovariectomized in the first in
vivo experiment and only ovariectomized in specific time points during the preovulatory
period in the second in vivo experiment.

Intrafollicular injections were preformed immediately after GnRH administration and
were guided by an ultrasound (Aquila Vet, Pie Medical Equipment BV, Holanda) equipped
with 7.5 MHz convex probe. A double-needle system was used to treat the preovulatory
follicle (intrafollicular region) with AG1478. Final concentrations of AG1478 of 5 uM (Park
et al. 2004) were administered after estimating the follicular fluid volume, as previously
described (Ferreira et al. 2007). The cows were examined by transrectal ultrasonography 2 h
after intrafollicular treatment, and those with reductions larger than 1 mm in diameter in the
injected follicle were discarded from study.

Cows were ovariectomysed by colpotomy (Drost et al. 1992) and granulosa
cells were obtained as previously described (Buratini et al. 2007), deposited in cryogenic

tubes containing 600 pL of PBS, immediately frozen in liquid nitrogen, and stored at —80°C
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for subsequent mMRNA and protein evaluation. The absence of granulosa cell contamination by
theca cells was confirmed by the lack of CYP17A1 mRNA, as determined by real time

polymerase chain reaction (qQRT-PCR) (Buratini et al. 2007).

Ribonucleic acid extraction, reverse transcription, and the quantitative polymerase
chain reaction

Total ribonucleic acid (RNA) extraction was performed using Trizol® (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. The RNA quantity and
purity (based on the ratios of the absorbance at 260 and 280 nm) was determined using a
NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Only RNAs
samples with an absorbance ration of >1.8 were used in the experiments. RNA integrity was
verified by visualization of ribosomal RNA (rRNA) in a 1.2% agarose gel. The
complimentary deoxyribonucleic acid (cDNA) was performed using RNA (500 ng)
previously treated with 0.1 U of deoxyribonuclease | (DNase I, Amplification Grade,
Invitrogen Life Technologies, Waltham, MA, USA) and incubated at 37°C for 5 min, then at
65°C for 10 min. Subsequently, the 15 pL of DNA-free RNA was reversed transcribed using 5
uL iScript™ cDNA Synthesis Kit® (Bio-Rad Laboratories, Hercules, CA), according to the
manufacturer’s instructions.

RT-PCR was conducted in a StepOnePlus™ instrument (Applied Biosystems, Foster
City, CA, USA) using 1pL of cDNA (25 ng) per reaction, Platinum SYBR Green gRT-PCR
SuperMix (Life Technologies, Carlsbad, CA, USA), and 0.2 uM of specific bovine primers.
The primer sequences (Table 1) were taken from the literature or designed using Primer
Express Software, version 3 (Life Technologies, Carlsbad, CA, USA), and the primers were
synthetized by Invitrogen (Waltham, Massachusetts, USA). After an initial denaturation step

at 95°C for 3 min, 40 cycles of 95°C for 15 s and 30s at 60°C, and 30 s at 72°C. Reactions
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were performed in duplicate, and melting-curves were analyzed to determine the identity of
the products. Variability in mRNA expression levels was expressed relative to expression of
the reference genes GAPDH and cyclophilin (PPIA) (Ferreira et al. 2011, Siqueira et al. 2012,
da Rosa et al. 2016). Calculation of relative expression levels was performed as previously

described(Pfaffl 2001).

Western blotting
Proteins were extracted from granulosa cells using radioimmunoprecipitation assay buffer,
and western blotting was performed as previously described (Dau et al. 2016). The proteins
were boiled at 95°C for 5 min, subjected to 12% sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis, and transferred onto nitrocellulose membranes. After
blocking the membranes for 3 h in Tris-buffered saline (TBS) containing 5% skimmed milk
and 0.1% Tween® 20 (TBS-T), the blots were incubated overnight at 4°C with antibodies
against (P)RR (anti-ATP61P2; 1:1000; ab40790; Abcam plc., Cambridge, UK), with gentle
agitation. Subsequently, the blots were washed 3 times for 5 min in TBS-T. The blots were
then incubated with a goat anti-rabbit secondary antibody (diluted 1:2,000; 1gG-HRP; sc-
2004; Santa Cruz Biotechnology, Inc., Dallas TX, USA) for 1 h while being agitated, which
was followed by 3 5-min washes in TBS-T. Immunoreactivity was detected using the
Clarity™ Western ECL Substrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA) in
accordance with the manufacturer’s instructions. The images were analyzed using the
ChemiDoc™ XRS+ imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The
blots were incubated for 1 h at 50°C in a western blot stripping buffer, which comprised p-
mercaptoethanol, 20% SDS, and 1 M Tris-HCI (pH 6.8). Then, the membranes were washed 3
times with TBS-T, with each wash lasting 20 min, and the membranes were re-blotted with an

anti-beta actin antibody (diluted 1: 5,000; control; ab8227; Abcam plc., Cambridge, UK). The
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specificity of the (P)RR antibody was verified by antigen blocking using the human ATP61P2
peptide (diluted 1: 1000; ab40790; Abcam plc., Cambridge, UK), as previously described

(Nostramo et al. 2015).

Experimental design

Evaluation of the effect of prorenin on transcripts for epidermal growth factor-like
cascade in granulosa cells through (pro)renin receptor

These experiments were designed to determine whether prorenin induces genes related
to ovulation in cultured granulosa cells via (P)RR. Bovine granulosa cells were incubated in
the absence or presence of LH (100 ng mL, The National Hormone and Peptide Program,
Torrance, CA, USA) and LH plus 3 doses of prorenin (0.01, 0.1, and 1 nM) for 6 h. The LH
concentration and time was determined based on previous study, wherein Ang Il increased
EREG, AREG and PTGS2 mRNA induced by 100 ng mL* of LH in bovine granulosa cells 6
h post-treatment (Portela et al. 2011). The prorenin concentrations used in the present study
were based in our previous study, wherein 0.1 nM prorenin induced the resumption of oocyte
meiosis (Dau et al. 2016). Transcripts for Bax, Bcl2, luteinizing hormone receptor (LHR),
(P)RR, ADAM17, EREG, AREG, and PTGS2 were verified in granulosa cells by qRT-PCR.
This experiment was performed in six replicates and repeated on different days.

The functional requirement of the (P)RR in EREG, AREG, and PTGS2 mRNA was
also evaluated after 6 h in culture using the following treatments: 1) control; 2) aliskiren
([PIRR inhibitor; 0.1 uM); 3) prorenin (0.1 nM); 4) prorenin with aliskiren (0.1 nM and 0.1
UM, respectively); 5) LH (100 ng mL™); 6) LH with prorenin (100 ng mL2and 0.1 nM,
respectively): 7) LH with aliskiren (100 ng mL™and 0.1 puM, respectively); 8) LH with

prorenin and aliskiren (100 ng mL?, 0.1nM, and 0.1 puM, respectively). The mRNA
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expression of EREG, AREG, and PTGS2 were verified in granulosa cells by gRT-PCR. This

experiment was performed in six replicates and repeated on different days.

Investigation of the EGFR signaling requirement for (P)RR expression in preovulatory
granulosa cells in vitro and in vivo

These experiments were designed to determine whether EGFR signaling is required
for expression of prorenin and (P)RR mRNA in cultured granulosa cells. In vitro experiment
was performed incubating bovine granulosa cells in the absence or presence of LH (100 ng
mL?) and LH plus 0.5 or 5 uM doses of AG1478 (an EGFR tyrosine kinase inhibitor) for 6 h.
Prorenin and (P)RR were verified in granulosa cells by qRT-PCR. This experiment was
performed in triplicate and repeated on different days. In vivo experiment was performed
using intrafollicular treatment with saline (vehicle/control; n = 4) or AG1478 (5 uM; n = 5)
in cows challenged with GnRH analogue (100 ug; IM). The ovary-bearing preovulatory
follicle from each cow was obtained by ovariectomy via colpotomy (Drost et al. 1992) at 6 h
after intrafollicular injection. This in vivo model was validated in our previous experiments,
wherein we observed a decrease in CYP17A1 protein expression verified in theca cells from
preovulatory follicles treated with AG1478 compared to control (P<0.05), which was
evaluated by western blotting. Prorenin and (P)RR were verified in granulosa cells by qRT-

PCR.

Characterization of the (pro)renin receptor, prorenin, and profibrotic molecules in
granulosa cells during the preovulatory period in cattle

This experiment was performed to evaluate whether (P)RR mRNA and protein or
transcripts for prorenin and profibrotic molecules are regulated in granulosa cells following

GnRH treatment. The ovary-bearing preovulatory follicle from each cow was obtained by



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

78

ovariectomy via colpotomy (Drost et al. 1992) at 0 (n=4),3(n=4),6 (n=23),12 (n=5), and
24 h (n = 4) post-GnRH administration. This in vivo model was adapted from previous studies
(Komar et al. 2001, Bridges et al. 2006) and confirmed by measuring the estradiol (E2)
concentration in follicular fluid from all preovulatory follicles dissected from each ovary, as
previously described (Tonellotto dos Santos et al. 2012). (P)RR protein levels in granulosa
cells were evaluated by western blot. Transcripts of (P)RR, prorenin, fibronectin 1 (FN1),
plasminogen activator inhibitor 1 (PAI1), transforming growth factor beta-1 (TGFB1), and

collagen type I in granulosa cells were detected by qRT-PCR.

Statistical analysis

Data of relative transcript and protein abundance were tested for normality using the
Shapiro-Wilk test and normalized when necessary. Data were analyzed by ANOVA using
JMP software (SAS Institute Inc., Cary, NC, USA). The effects of different treatments on
gene expression in granulosa cells were analyzed using a multiple-comparison test, least-
squares means Student’s t-test. The significance level adopted was 5% and gene-expression

results are presented as the mean + standard error of the mean.

Results

Lack of an effect of prorenin on transcripts for epidermal growth factor-like cascade
through (pro)renin receptor in cultured granulosa cells

Transcripts for Bax and Bcl2 were expressed in granulosa cells cultured for 6 h
without LH, with LH plus 0, 0.01, 0.1, and 1 nM prorenin, respectively (data not shown).
Bcl2 mRNA abundance (anti-apoptotic gene) was higher than Bax mRNA. The ratio
Bax/Bcl2 was not regulated by LH or prorenin in granulosa cells (P > 0.05). Supplementation

of culture medium with 1nM of prorenin plus LH increased LHR mRNA (Fig. 1a) in
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granulosa cells compared to control (P < 0.05). LH and/or prorenin (P > 0.05) did not
stimulate transcripts for (P)RR and ADAM17 when compared control, LH plus 0, 0.01, 0.1,
and 1 nM prorenin, respectively (data not shown). LH increased EREG mRNA (Fig. 1b) in
granulosa cells after 6 h of culture (P < 0.05). Treatment with LH plus three doses of prorenin
(0.01, 0.1, and 1 nM) significantly increased AREG mRNA expression (Fig. 1c¢) in granulosa
cells cultured for 6 h compared with that observed in control cells (without LH; P < 0.05).
Only 0.1 nM of prorenin plus LH increased PTGS2 mRNA (Fig. 1d) in granulosa cells
related to control cells (P<0.05). The supplementation of culture medium with LH plus
prorenin did not increase MRNA for EREG, AREG or PTGS2 in granulosa cells compared to
cells treated with LH alone at 6 h of culture (P > 0.05).

The hypothesis that the (P)RR is required for EREG, AREG, and PTGS2 mRNA in
granulosa cells was also tested using aliskiren, which is an (P)RR inhibitor, at 0.1 pM.
Treatment with aliskiren plus prorenin and LH or with aliskiren plus LH did not regulate LH-
induced EREG (Fig. 2a; P > 0.05) and AREG (Fig. 2b; P > 0.05) mRNA in granulosa cells
cultured for 6 h. Similarly, no effect was observed on PTGS2 mRNA (Fig. 2c; P > 0.05) in
granulosa cells 6 h after culture with LH, prorenin and/or aliskiren. Prorenin alone did not
stimulate EREG (Fig. 2a), AREG (Fig. 2b) or PTGS2 (Fig. 2c) mRNA in granulosa cells at 6

h of culture.

EGFR signaling was not required for prorenin and (P)RR expression in preovulatory
granulosa cells in vitro and in vivo

The supplementation of medium culture without LH, LH plus 0, 0.5, and 5 pM
AG1478 did not regulate prorenin or (P)RR mRNA expression in granulosa cells cultured for

6 h (data not shown). Similarly, intrafollicular injection of an EGFR inhibitor (AG1478) did



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

80

not decrease prorenin or (P)RR mRNA in granulosa cells compared to control group at 6 h

post-intrafollicular injection (P > 0.05; data not shown).

Protein for (pro)renin receptor and transcripts for prorenin and profibrotic molecules
increased in granulosa cells at later stages post-GnRH in cattle

While (P)RR mRNA (Fig. 3a) decreased in granulosa cells at 24 h following GnRH
treatment (P < 0.05), (P)RR mRNA (Fig. 3b) increased at 24 h compared to cells obtained at
Oh post-GnRH (P < 0.05). Prorenin mRNA (Fig. 3c) increased in bovine granulosa cells
isolated from a preovulatory follicle at 12 h post-GnRH administration compared that cells
obtained at 24 h (P < 0.05). Transcripts for TGFB1 (Fig. 3d), PAI1 (Fig. 3e), COL1 (Fig. 3f)
and FN1 (Fig. 3g) increased in granulosa cells at 12 and 24 h compared to 0 h after GnRH

treatment in cattle.

Discussion

The role of prorenin, independent of renin, through its receptor on ovulation, was
postulated in 1980°s (Itskovitz et al. 1988). The results obtained in this study revealed that
prorenin did not stimulate LH-induced (EGF)-like cascade in granulosa cells through (P)RR
in vitro. Prorenin and (P)RR mRNA were not regulated in granulosa cells by AG1478 (EGFR
inhibitor) at 6 h in our culture system. Similarly, intrafollicular blocking of EGFR did not
abrogate prorenin or (P)RR mRNA in granulosa cells at 6 h after intrafollicular treatment and
GnRH administration in cows. In adition, finding from this study demonstrated a marked
increase in the (P)RR protein and transcripts encoding prorenin and profibrotic molecules in
granulosa cells from 12 h following GnRH treatment in cattle.

The involvement of prorenin/(P)RR with genes related to ovulation in granulosa cells

was proposed because binding of prorenin to (P)RR has been related to EGFR transactivation
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(Liu et al. 2011, Shibayama et al. 2013), as well as to upregulation of PTGS2 gene expression
(Gonzalez et al. 2013). In addition, it is well stablished that prorenin via (P)RR acts in the
same signaling pathway of Ang Il (Nguyen 2008), which plays a role as LH co-factor for
stimulate (EGF)-like cascade in bovine granulosa cells (Portela et al. 2011). Our culture
system was adapted from (Portela et al. 2011) and in this study, similarly, LH
supplementation increased partially AREG and PTGS2 mRNA at 6 h of culture. Our culture
system was also validated by dramatic increase in level of EREG mRNA observed in
response to LH treatment of the granulosa cells 6 h post-culture, which is consistent with
results obtained in vivo 6 h after hCG challenge in cattle (Sayasith et al. 2013). Moreover,
Bcl2 mRNA is an anti-apoptotic gene and it was detected in higher levels than Bax mRNA,
which is pro-apoptotic gene, suggesting absence of apoptosis induction in granulosa cells
cultured for 6 h (Antonsson 2001).

Prorenin plus LH did not induce significantly EREG, AREG and PTGS2 mRNA in
granulosa cells compared to cells treated only with LH, as observed for Ang Il (Portela et al.
2011). Transcript for LHR was dramatically increased in granulosa cells when these cells
were treated with LH plus the higher dose of prorenin, but it did not induce the same response
for EREG, AREG, and PTGS2 mRNA. ADAML17 and (P)RR mRNA were detected in
granulosa cells submitted for all treatments, suggesting that its availability is not limiting to
EGFR transactivation or (P)RR activation, respectively. ADAML7 releases the ectodomains
of AREG and EREG and transactivates EGFR (Park et al. 2004) and its transcript is
transiently induced 6 to 12 h post-hCG in bovine granulosa cells in vivo (Sayasith and Sirois
2015). ADAM17 mRNA was not increased in granulosa cells by prorenin treatment at 6 h of
culture, as verified for Ang Il (Portela et al. 2011).

Lack of effect of prorenin to induce (EGF)-like cascade through (P)RR was confirmed

treating granulosa cells with prorenin alone and/or with aliskiren plus LH. Blocking (P)RR
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did not regulate LH-induced EREG and AREG mRNA in granulosa cells. Absence increased
levels of PTGS2 mRNA in granulosa cells in response for LH at 6 h post-treatment is
supported by previous studies in vitro (Portela et al. 2011) and in vivo (Li et al. 2007).
Although PTGS2 mRNA was not regulated for LH, prorenin and/or aliskiren treatment, LH
increased significantly AREG and EREG mRNA in granulosa cells at 6 h post-culture,
supporting our culture system for investigating ovulatory cascade induced by LH during
preovulatory period (Sayasith et al. 2013). The dose of prorenin used in this experiment was
chosen because LH only increased significantly PTGS2 mRNA in granulosa cells when
supplemented with 0.1 nM of prorenin in the first in vitro experiment. In addition, in vitro, 0.1
nM of prorenin induces resumption of meiosis in bovine oocytes, which is blocked by 0.1 uM
of aliskiren (Dau et al. 2016). Aliskiren in concentration of 0.1 pM inhibits intra- and
extracellular signaling of the (P)RR in vitro (Biswas et al. 2010, Ferri et al. 2011, Ma et al.
2012). Thus, in contrast to ovulatory cascade induced by Ang Il plus LH in granulosa cells in
vitro (Portela et al. 2011), we found no evidence that prorenin activates (EGF)-like cascade in
granulosa cells via (P)RR. These results suggest that prorenin/(P)RR acts in signaling
pathway different of the Angll in bovine granulosa cells.

In vitro and in vivo experiment were used to evaluate whether EGFR acts upstream of
the (P)RR signaling pathway in granulosa cells. Prorenin and (P)RR mRNA were not
increased by LH at 6 h of culture and neither regulated by AG1478 in vitro. Similarly,
intrafollicular blocking of EGFR also did not regulate prorenin and (P)RR mRNA expression
in granulosa cells induced by GnRH, supporting our result obtained in vitro. The AG1478 (an
EGFR inhibitor) effect was observed from expected increase of CYP17A1 protein in theca
cells according previous study (Spicer and Stewart 1996). In addition, AG1478 blocked LH-

induced NPPC mRNA in granulosa cells in our models in vitro and in vivo (data submitted for
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publication). Taken together, EGFR signaling was not required for prorenin and (P)RR
transcripts in granulosa cells at 6 h after LH or GnRH treatment in cattle.

Evidencing that prorenin/(P)RR were not involved at the beginning of the ovulatory
cascade and based on knowledge that LH surge induces prorenin level in follicular fluid in
cattle (Hagemann et al. 1994), we addressed the question of whether prorenin/(P)RR mRNA
are upregulated in granulosa cells by LH surge during preovulatory period. Prorenin mRNA
and (P)RR protein was increased in granulosa cells from 12 h post-GnRH, proposing that
prorenin and (P)RR are required in the final process of ovulation. Profibrotic molecules are
induced by binding prorenin to (P)RR (Huang et al. 2006, Nguyen et al. 2002, Ferri et al.
2011, Nguyen 2008) and have been related for rupture of preovulatory follicle, which occurs
between 24 and 32 h post-GnRH in cattle (Dow et al. 2002, Liu et al. 2013). Thus, we
investigated profile of transcripts encoding profibrotic molecules in the same granulosa cells
to determine whether it has the same expression pattern than prorenin mRNA or (P)RR
protein. TGFBL1, PAI1, COL1, and FN1 mRNA were upregulated from 12 h after GnRH
administration in cattle, supporting our hypothesis. These results, although remains to be
confirmed, suggest that prorenin may induce profibrotic molecules in granulosa cells through
(P)RR to promote follicular rupture.

The (P)RR protein increased in granulosa cells at the end of the ovulatory process.
This result support increased prorenin levels in follicular fluid after LH surge (Hagemann et
al. 1994) and positive correlation between prorenin and progesterone levels (Hagemann et al.
1997), which increases dramatically in the follicular fluid at 24 h post-GnRH in cattle
(Fortune et al. 2009). The endogenous LH surge is expected to occur 2 h after GnRH analog
treatment in cows, increasing E2 in the follicular fluid within 3 h post-GnRH (Komar et al.
2001). The profile of E2 concentration in follicular fluid was previously determined by our

research group (Tonellotto dos Santos et al. 2012) and was similar to prior study (Komar et al.
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2001), validating our in vivo model to verify profile of gene expression in granulosa cells
during preovulatory period. Moreover, the highest abundance of mRNA for PAI-1 was
detected in granulosa cells collected at about time of ovulation (24h), as observed in
periovulatory bovine follicular in preceding study (Dow et al. 2002).

In summary, prorenin did not induce ovulatory cascade in granulosa cells via (P)RR
and EGFR was not required for prorenin or (P)RR mRNA expression in granulosa cells at 6 h
after LH or GnRH treatment in cattle. Protein for (P)RR and transcripts for prorenin and
profibrotic molecules in granulosa cells were upregulated from 12 h after GnRH. Collectively,
these results suggest that prorenin plays a role at end of preovulatory cascade through (P)RR

in bovine granulosa cells.
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Figure legends

Fig. 1. The dose-response effects of combined treatment with prorenin (0.01, 0.1, and
1 nM) and LH (100 ng mL1) on mRNA expression of (a) LHR, (b) EREG, (c) AREG, and (d)
PTGS2 in granulosa cells at 6 h post-treatment. Results are shown as the mean * standard
error. The different letters indicate the statistical differences among groups (P < 0.05).
Experiment was performed in six replicates.

Fig. 2. Effect of combined treatment with prorenin (0.1), LH (100 ng mL™), and
aliskiren (0.1 pM) on mRNA expression of (a) EREG, (b) AREG, and (c) PTGS2 in
granulosa cells at 6 h post-treatment. Results are shown as the mean + standard error. The
different letters indicate the statistical differences among groups (P < 0.05). Experiment was
performed in six replicates.

Fig. 3. Profile of (pro)renin receptor ([P]JRR) (mean * standard error) (a) mRNA and
(b) protein expression as well as, of transcripts for (c) prorenin, (d) transforming growth
factor beta 1 (TGFB1), (e) plasminogen activator inhibitor 1 (PAI1), (f) type | collagen
(COL1), and (g) fibronectin (FN1) in bovine granulosa cells isolated from preovulatory
follicles obtained at 0 (n=4), 3(n=4), 6 (n=3), 12 (n =5), or 24 h (n = 4) after GnRH was
administered to induce an LH surge. Western blot images revealed a specific band at
approximately 42 kDa for the (P)RR and at 42 kDa for B-actin (ACTB). Representative blots
from each time point and summaries of densitometric analysis are shown. Different letters

indicate statistical differences observed between groups (P < 0.05).
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Table 1. Primers used for quantitative real-time PCR.

Gene Primer sequence Reference or
accession number

GAPDH F: GATTGTCAGCAATGCCTCCT Ferreira et al. (2011Db)
R: GGTCATAAGTCCCTCCACGA

PPIA F. GGTCATCGGTCTCTTTGGAA Ledoux et al. (2006)
R: TCCTTGATCACACGATGGAA

(P)RR F: TGATGGTGAAAGGAGTGGACAA Ferreira et al. (2011b)
R: TTTGCCACGCTGTCAAGACT

PRORENIN F: GGGTGCCGTCCACCAA NM_001206509.1
R: TCCGTCCCATTCTCCACATAG

FN1 F: TGGGACCACGCAGAACTATG NM_001163778.1
R: GCGATACATGACCCCTTCGT

PAILl F. CACCATCTCTGTGCCCATGAT NM_174137.2
R: GGTAGGGCAATTCCAGGATGT

TGFB1 F: CTGAGCCAGAGGCGGCGGACTAC NM_001166068.1
R: CTGTGCGAGCTAGACTTCATTTTG

coL1 F: CATGACCGAGACGTGTGGAA NM_001034039.2
R: CAGTCCTTAAGTTCGTCGCAGAT

ADAML17 F. TTCATGGGACAATGCAGGTTT XM _002691486.2
R: GAAGTGCCTTTCACCAGGTTTT

AREG F: CCATTTTCTTGTCGAAGTTTCTTTC Li et al. (2009)
R: TGTTTTTATTACAATCCTGCTTCGAA

EREG F: ACTGCACAGCATTAGTTCAAACTGA XM_010806226.1
R: TGTCCATGCAAACAGTAGCCATT

LHR F: GCACAGCAAGGAGACCAAATAA ENSBTAT00000022047
R: TTGGGTAAGCAGAAACCATAGTCA

BAX F: TTCTGACGGCAACTTCAACT NM_173894
R: CGAAGGAAGTCCAATGTCCA

BCL2 F: CATCGTGGCCTTCTTTGAGT NM_001166486
R: CATGCTAGGGCCATACAGC

CYP17A1 F. CCATCAGAGAAGTGCTCCGAAT Lagaly et al. (2008)
R: GCCAATGCTGGAGTCAATGA

CYP19A1 F. GTGTCCGAAGTTGTGCCTATT Luo and Wiltbank
R:

GGAACCTGCAGTGGGAAATGA

(2006)
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Abstract

The objective of this study was to evaluate the function of (pro)renin receptor ([P]RR),
named ATP6AP2, in ovulation and whether it increases in theca cells after luteinizing
hormone (LH) surge. In addition, we studied the potential effects of prorenin/(P)RR and
epidermal growth factor (EGF) signaling on thecal steroidogenesis. Theca cells were obtained
from bovine preovulatory follicles at 0, 3, 6, 12, and 24 h after gonadotropin-releasing
hormone (GnRH). (P)RR mRNA and protein expression increased in theca cells at 6 h post-
GnRH (P<0.05). LH treatment increased (P)RR mRNA in theca cells cultured for 6 h
(P<0.05). Two out of 6 cows (33.4%) did not ovulate after GnRH and intrafollicular treatment
with aliskiren ([P]JRR inhibitor; P>0.05) compared with 66,6% (4/4) in the control group.
Prorenin or LH did not increase ADAM17 mRNA in vitro (P>0.05). Intrafollicular injection
of the EGF receptor inhibitor AG1478 did not regulate LH-induced (P)RR (P>0.05), but
increased CYP17Al expression in theca cells (P<0.05). In cultured theca cells,
androstenedione and testosterone synthesis were not regulated by prorenin/(P)RR and/or LH.
Finally, prorenin did not regulate ovulation-related genes and/or thecal steroidogenesis in
vitro. Importantly, we found that prorenin/(P)RR inhibition partially affected ovulation and
that (P)RR functions as a novel target of renin-angiotensin system, independently of EGFR, in

preovulatory theca cells.

Introduction

In 2002, the (pro)renin receptor ([P]RR), also known as ATP6AP2, was found to
promote renin-angiotensin system (RAS) signaling through an alternative pathway. Binding
of prorenin to (P)RR induces mitogen-activated protein kinases (MAPKS) activation,
independent of angiotensin 11 (Ang Il) (Uraoka et al. 2009). Although prorenin was thought to
be an inactive precursor of renin, the presence of the (P)RR in the ovary was postulated in the

1980s (Sealey et al. 1985; Glorioso et al. 1986; Itskovitz et al. 1988). A possible functional
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role for prorenin was uncovered when the (P)RR was identified and it was shown that
prorenin exhibited a 2—3-fold higher affinity for (P)RR than for renin (Nguyen et al. 2002;
Nabi et al. 2009).

Prorenin levels in ovarian follicular fluid are 12 times higher than those in the blood of
women (Glorioso et al. 1986) and are increased by luteinizing hormone (LH) surge in heifers
(Hagemann et al. 1994). Prorenin is mainly secreted by theca cells in cattle (Schultze et al.
1989), where (P)RR was identified (Dau et al. 2016). Increased (P)RR mRNA expression in
the second largest follicle suggested an association with follicular dominance (Ferreira et al.
2011b), although the reason for these modifications in expression remain speculative. A role
of prorenin/(P)RR in the resumption of meiosis in vitro was also described in bovine oocytes
(Dau et al. 2016). Nevertheless, the involvement of ovarian (P)RR in other relevant biological
processes, such as ovulation or steroidogenesis, has not been explored.

The (P)RR signaling pathway has been proposed to be mediated by the epidermal growth
factor receptor (EGFR). In rat vascular smooth muscle cells, prorenin stimulated EGFR
phosphorylation and pretreatment with EGFR inhibitor impaired prorenin-induced
extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) phosphorilation (Liu et al.
2011). In human embryo kidney 293 cells, prorenin caused EGFR phosphorylation, which
were inhibited by (P)RR siRNA (Shibayama et al. 2013). However, prorenin did not induce
EGFR transactivation and EGFR inhibitor had no effect in MAPK/ERK pathway in
monocytes, suggesting that EGFR may act upstream of the (P)RR signaling pathway (Feldt et
al. 2008). Thus, the crosstalk between (P)RR and EGFR is unclear. In bovine theca cells
cultured in vitro, EGF decreases LH/cAMP-induced androstenedione synthesis (Spicer and
Stewart 1996). At later stages in ovulation, the mRNA levels of cytochrome P450 17A1
(CYP17A1) decrease in theca cells and, consequently, androstenedione/testosterone

production decrease in follicular fluid (Komar et al. 2001; Fortune et al. 2009). Taken
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together, we hypothesized that EGFR regulates CYP17A1 induced by LH and it is mediated
by prorenin/(P)RR.

The aims of this study were to evaluate whether (P)RR expression increases in theca cells
after an LH surge, to investigate the role of (P)RR in the ovulation and whether it is related
with EGFR signaling, to determine whether EGFR regulates steroidogenic enzymes in theca

cells, and to determine the effect of prorenin/(P)RR signaling in thecal steroidogenesis.

Materials and methods
All experimental procedures with cattle were reviewed and approved by the local

Animal Ethics Committee of Federal University of Santa Maria (n°.115/2014) in agreement
with the National Council for the Control of Animal Experimentation (CONCEA; Brazilian

Ministry of Science, Technology, and Innovation).

Experimental design

Characterization of the (pro)renin receptor in theca cells during the preovulatory
period

To evaluate whether (P)RR increased in theca cells after GnRH treatment, the ovary-
bearing preovulatory follicle was randomly isolated by ovariectomy via colpotomy (Drost et
al. 1992) from individual cows at 0 (n=3),3 (n=3),6 (n=3), 12 (n=3), and 24 h (n = 4)
post-GnRH administration. This in vivo model was adapted from previous studies (Komar et
al. 2001; Bridges et al. 2006) and confirmed by measuring the estradiol (E2) concentration in
follicular fluid from all preovulatory follicles dissected from each ovary, as previously
described (Tonellotto dos Santos et al. 2012). The transcript and protein levels of (P)RR were

evaluated in theca cells by gqRT-PCR and western blotting, respectively.

Evaluation of the effect of LH on (pro)renin receptor mRNA expression in theca cells
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This experiment was designed to determine whether LH induces (P)RR mRNA
expression in cultured theca cells. Bovine theca cells were incubated in basal culture medium
alone or with LH (The National Hormone and Peptide Program, Torrance, CA, USA; 100 ng
mL1) for 6 h. The time was determined based on the result of the first experiment. Expression
of the (P)RR transcript was evaluated by gRT-PCR. This experiment was performed in

triplicate and repeated on different days.

Examining the roles of the (pro)renin receptor on ovulation

The preovulatory follicle from each cow challenged with GnRH was treated with PBS
(vehicle/control; n = 4) or aliskiren (10 uM; n = 6), which is a direct renin inhibitor and a
potent inhibitor of the receptor-bound renin or prorenin (Biswas et al. 2010). The
concentration of aliskiren used in this experiment was enough to block prorenin effect in the
resumption of meiosis in bovine oocytes (Dau et al. 2016). We monitored ovulation at 24, 48,
and 72 h after intrafollicular treatment by ultrasound, as previously described (Ferreira et al.
2007). Briefly, ovulation was identified by the disappearance of the preovulatory follicle
between 2 consecutives evaluations and corpus luteum formation. These findings were
confirmed by measuring plasma P4 concentrations (>2 ng mL™) obtained from jugular vein at

6 days post-follicular treatment and measured by electrochemiluminescence.

Examination of the effect of prorenin on ADAM17, AREG, and EREG mRNA
expression in theca cells

The effect of prorenin on the transcription of genes involved in ovulation was
evaluated in the absence or presence of LH (100 ng mL™?) and LH plus 3 doses of prorenin
(0.01, 0.1, and 1 nM) for 24 h. The time was determined based on previous studies, wherein

AREG and ADAM17 mRNA were increased in bovine theca cells 24 h following GnRH
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injection in cows (Li et al. 2009). The prorenin concentrations used in the present study were
based in our previous studies, wherein 0.1 nM prorenin induced the resumption of oocyte
meiosis via the Ang Il-independent pathway (Dau et al. 2016). The concentration of LH also
was established by previous studies (Stewart et al. 1995). ADAM17, AREG, and EREG
MRNA were verified in theca cells by gRT-PCR. This experiment was performed in triplicate

and repeated on different days.

Investigation of the EGFR requirement for LH-induced (P)RR expression in
preovulatory theca cells in vivo

Cows were randomly treated intrafollicularly with saline (vehicle/control; n = 4) or
AG1478 (an EGFR tyrosine kinase inhibitor; 5 uM; n = 5) after challenge with GnRH. The
ovary-bearing preovulatory follicle from each cow was obtained by ovariectomy via
colpotomy (Drost et al. 1992) at 6 h after intrafollicular injection. (P)RR and CYP17Al
protein expression were verified in theca cells by western blotting and the levels of E2, P4,
androstenedione, and testosterone were measured in the follicular fluid by

electrochemiluminescence.

Examination of prorenin and (pro)renin receptor on thecal steroidogenesis

The effect of prorenin on LH-induced steroidogenesis was evaluated in the absence or
presence of LH (100 ng mL™) and LH plus 3 doses of prorenin (0.01, 0.1, and 1 nM) for 24 h.
The functional requirement of the (P)RR in theca cell steroidogenesis was also evaluated after
24 h in culture using the following treatments: 1) without LH; 2) LH (100 ng mL™); 3)
prorenin (0.1 nM); 4) prorenin with aliskiren ([P]RR inhibitor 0.1 uM); 5) LH with prorenin;
and 6) LH with prorenin and aliskiren. The concentration of aliskiren (0.1 uM) and LH (100

ng mL™) were established by previous studies (Stewart et al. 1995; Dau et al. 2016). The
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MRNA expression of STAR, CYP11A1, HSD3B2, and CYP17A1 were verified in theca cells
by gRT-PCR. Androstenedione and testosterone secretion were evaluated in the culture
medium by UHPLC-MS/MS. This experiment was performed in triplicate and repeated on

different days.

Chemicals

All chemicals used in this study were purchased from Sigma-Aldrich Corporation (St

Louis, MO, USA), unless otherwise indicated.

Animal procedures, intrafollicular injection, and collection of the theca cells

Cows (Bos taurus) exhibiting normal estrous cycles had luteolysis induced and a new
follicular wave initiated using a hormonal protocol, as previously described (Siqueira et al.
2012; Tonellotto dos Santos et al. 2012). Briefly, 2 injections with a 12-h dosing interval of a
prostaglandin F2a (PGF2a) analog (cloprostenol, 250 mg, IM; Schering-Plough Animal
Health, Brazil), 2 mg of estradiol benzoate (EB), and an intravaginal progesterone device (1 g
progesterone, DIB®; Intervet, Brazil) for 9 days. The presence of preovulatory follicles (>12
mm) was evaluated by transrectal ultrasonography using an 8-MHz, linear-array transducer
(AquilaVet scanner, Pie Medical, Netherlands) 12 h after removal of the vaginal device. Only
cows with follicles >12 mm in diameter were challenged with 100 pg of gonadorelin acetate
(Profertil®, Tortuga, Brazil), and thus, were treated by intrafollicular injection and/or
ovariectomized.

Intrafollicular injections were guided by an ultrasound (Aquila Vet, Pie Medical
Equipment BV, Holanda) equipped with 7.5 MHz convex probe. A double-needle system was
used to treat the preovulatory follicle (intrafollicular region) with aliskiren or AG1478. Final
concentrations of aliskiren of 10 uM or AG1478 of 5 uM were administered after estimating

the follicular fluid volume, as previously described (Ferreira et al. 2007; Ferreira et al.
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2011a). The aliskiren and AG1478 concentrations used in this study were established
previously (Park et al. 2004; Dau et al. 2016). The cows were examined by transrectal
ultrasonography 2 h after intrafollicular treatment, and those with reductions larger than 1 mm
in diameter in the injected follicle were discarded from study.

Theca cells were obtained at specific time points during the preovulatory
period. Theca cells were dissected from the stromal tissue as previously described (Buratini et
al. 2007), deposited in cryogenic tubes containing 600 uL of PBS, immediately frozen in
liquid nitrogen, and stored at —80°C for subsequent mRNA and protein evaluation. The
absence of theca cell contamination by granulosa cells was confirmed by the lack of
aromatase (CYP19A1) mRNA, as determined by real time polymerase chain reaction (qRT-

PCR; (Buratini et al. 2007).

Theca cell recovery for in vitro experiments

Pairs of ovaries (n=15) from non-pregnant cows at different stages of the estrous cycle
were obtained from a local abattoir and transported to the laboratory in saline solution
containing penicillin (100 1U mL™) and streptomycin sulfate (50 pg mL™) at 30°C. Follicles
larger than 10 mm in diameter and considered healthy were selected for the experiments. The
follicles were considered healthy based on the presence of light yellow follicular fluid, corpus
luteum (<1 cm or absent), and by E2: progesterone (P4) ratio higher than two in the fluid
follicular (Ireland et al. 1980; McNatty et al. 1984). Theca cell isolation was performed as
previously described (Stewart et al. 1995; Comim et al. 2013). Briefly, follicles were
dissected from the ovary and hemisectioned, after which the internal walls of the follicles
were rinsed in PBS to eliminate granulosa cells. The theca cell layer was peeled away from
the surrounding stroma and digested in 1 mg mL™ of collagenase solution for 1 h at 37°C. The

absence of contamination with granulosa cells was verified by the lack of aromatase
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(CYP19A1) mRNA in theca cells, as determined by qRT-PCR (Buratini et al. 2007). The E2
and P4 concentrations were measured by electrochemiluminescence in the follicular fluid
pooled from follicles (n = 4) that were used for each experimental replicate with cultured

theca cells. In vitro experiments were performed in triplicate.

Theca cells cultures

The in vitro model was adapted from previous studies (Stewart et al. 1995; Comim et
al. 2013). After enzymatic digestion, the theca cells from four follicles per replicate were
washed in culture media, seeded in 60-mm plates, and cultured for 48 h in DMEM/F12
(Gibco Labs, Waltham, MA, USA) supplemented with 1 pg mL™? of transferrin, 1 ng mL™* of
selenium, 100 IU mL? of penicillin, 50 pg mL™ of streptomycin sulfate, 2.5 ug mL? of
amphotericin, and 10% fetal bovine serum (FBS) at 38.5°C in 5.0% CO: and saturated
humidity. At the end of the culture period, the cells were trypsinized (0.25% trypsin) at 37°C
for 5 min, and seeded in 96-well plates (Corning) at a concentration of 3 x 10* viable
cells/well under the same culture conditions for 24 h. Cell viability was determined by
staining with 0.4% Trypan Blue. Subsequently, the cells were washed twice and cultured in
150 uL of the same basic medium, although without FBS, and supplemented with 100 ng mL"

L of insulin and different treatments, as indicated.

Ribonucleic acid extraction, reverse transcription, and the quantitative polymerase
chain reaction

Total ribonucleic acid (RNA) extraction was performed using Trizol® (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. The RNA quantity and
purity (based on the ratios of the absorbance at 260 and 280 nm) was determined using a

NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Only RNAs
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samples with an absorbance ration of >1.8 were used in the experiments. RNA integrity was
verified by visualization of ribosomal RNA (rRNA) in a 1.2% agarose gel. The
complimentary deoxyribonucleic acid (cDNA) was performed using RNA (500 ng)
previously treated with 0.1 U of deoxyribonuclease | (DNase I, Amplification Grade,
Invitrogen Life Technologies, Waltham, MA, USA) and incubated at 37°C for 5 min, then at
65°C for 10 min. Subsequently, the 15 pL of DNA-free RNA was reversed transcribed using 5
uL iScript™ cDNA Synthesis Kit® (Bio-Rad Laboratories, Hercules, CA), according to the
manufacturer’s instructions.

gRT-PCR was conducted in a CFX384 Touch™ ® instrument (BIO-RAD) using 2uL of
cDNA (3.125 ng) per reaction, GoTag® gPCR Master Mix (Promega, Madison, WI, USA),
and 0.2 uM of specific bovine primers. The primer sequences (Table 1) were taken from the
literature or designed using Primer Express Software, version 3 (Life Technologies, Carlsbad,
CA, USA), and the primers were synthetized by Invitrogen (Waltham, Massachusetts, USA).
After an initial denaturation step at 95°C for 3 min, 40 cycles of 95°C for 10 s and 1 min at
60°C, and melting curve from 65°C to 95°C by 0.5 °C for 5s were carried out to amplify each
transcript. Reactions were performed in duplicate, and melting-curves were analyzed to
determine the identity of the products. Variability in mMRNA expression levels was expressed
relative to expression of the reference genes GAPDH and cyclophilin (PPIA) (Ferreira et al.
2011a; Ferreira et al. 2011b; Siqueira et al. 2012). gRT-PCR assays were validated using
standard curve and reactions with efficiency between 90 and 110% and coefficient of
determination (R"2) greater than 0.98 were considered optimized. Calculation of relative

expression levels was performed as previously described (Pfaffl 2001).

Western blotting
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Proteins were extracted from theca cells using radioimmunoprecipitation assay buffer, and
western blotting was performed as previously described (Dau et al. 2016). The proteins were
boiled at 95°C for 5 min, subjected to 12% sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis, and transferred onto nitrocellulose membranes. After blocking the
membranes for 3 h in Tris-buffered saline (TBS) containing 5% skimmed milk and 0.1%
Tween® 20 (TBS-T), the blots were incubated overnight at 4°C with antibodies against (P)RR
(anti-ATP61P2; 1:1000; ab40790; Abcam plc., Cambridge, UK) and CYP17A1 (anti-
cytochrome P450 17A1; 1:100; ab80206; Abcam plc., Cambridge, UK), with gentle agitation.
Subsequently, the blots were washed 3 times for 5 min in TBS-T. The blots were then
incubated with a goat anti-rabbit secondary antibody (diluted 1:2,000; IgG-HRP; sc-2004;
Santa Cruz Biotechnology, Inc., Dallas TX, USA) for 1 h while being agitated, which was
followed by 3 5-min washes in TBS-T. Immunoreactivity was detected using the Clarity™
Western ECL Substrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA) in accordance with
the manufacturer’s instructions. The images were analyzed using the ChemiDoc™ XRS+
imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The blots were incubated
for 1 h at 50°C in a western blot stripping buffer, which comprised -mercaptoethanol, 20%
SDS, and 1 M Tris-HCI (pH 6.8). Then, the membranes were washed 3 times with TBS-T,
with each wash lasting 20 min, and the membranes were re-blotted with an anti-beta actin
antibody (diluted 1: 5,000; control; ab8227; Abcam plc., Cambridge, UK). The specificity of
the (P)RR antibody was verified by antigen blocking using the human ATP6IP2 peptide
(diluted 1: 1000; ab40790; Abcam plc., Cambridge, UK), as previously described (Nostramo

et al. 2015).

Androstenedione and testosterone measurements by Ultra High-Performance Liquid

Chromatography-Tandem Mass Spectrometry (UHPLC-MS/MS)
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The identification and quantification of androstenedione and testosterone in the culture
medium were performed by Ultra High-Performance Liquid Chromatography-Tandem Mass
Spectrometry (UHPLC-MS/MS), as previously described (Rigo et al. 2015). Briefly, the
samples were diluted 1: 5 in acetonitrile and injected in the UHPLC-MS/MS system. An
analytical solution (internal pattern) for androstenedione and testosterone was added to the
mixture (to reach a final concentration of 50 ng L) and was injected again in the system. The
linearity and the detection limits of each analyte were determined using analyte solutions with
concentration ranging from 50 to 5000 ng L. The spectrophotometer was operated in
selected reaction monitoring (SRM) mode with 2 transitions for each analyte. The ionization
mode used was electrospray ionization in positive mode for androstenedione and testosterone,
with a column oven temperature of 40°C, a pressure of 15,000 psi, a capillary of 2.8 kV, a
desolvation temperature of 500°C, a gas flow rate of 800 L h™, a collision gas (argon) flow
rate of 0.15 mL min, and a source temperature of approximately 150°C. The mobile phase
consisted of aqueous solution as solvent A and 0.05% ammonium hydroxide plus methanol as
solvent B. A boiling gradient was used with a flow rate of 0.150 mL min, an injection
volume of 10 pL, and a total running time of 5 min. The limit of detection (LOD) was 0.003
pug Lt and limit for quantification (LOQ) was 0.01 pg L for testosterone and

androstenedione.

Estradiol, progesterone, androstenedione, and testosterone measurements by
electrochemiluminescence immunoassay

The identification and quantification of E2 (coefficient of variation [CV] 1.5%;
sensitivity 0.0118 ng mL™), P4 (CV 1.23%; sensitivity 0.21 ng mL™), androstenedione (CV
6.2%; sensitivity 0.3 ng mL™) and testosterone (CV 2.7%; sensitivity 0.1 ng mL™) in the

follicular fluid were performed by electrochemiluminescence immunoassay (ADVIA
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Centaur® P4 assay; Bayer Diagnostics, Tarrytown, NY, USA) in accordance with the

manufacturer’s protocol.

Statistical analysis

The ovulation rates following different treatments were statistically analyzed using the
Categorical Data Analysis Procedures (CATMOD) procedure for categorical data modeling.
The gene-expression and hormonal-synthesis data were tested for normality using the
Shapiro-Wilk test, and normalized when necessary. The treatment effect in gene-expression
and hormonal-synthesis were assessed by paired Student’s t-test. Multiple-comparisons
between times or treatments were analyzed using least-squares means. Statistical analyses
were performed using SAS statistical software (SAS Institute Inc., Cary, NC, USA), and the
significance level adopted was 5%. Ovulation data are presented as percentages and gene-
expression and homonal-synthesis results are presented as the mean + standard error of the

mean.

Results

(Pro)renin receptor mRNA and protein expression increased in theca cells after
treating cows with GnRH

(P)RR mRNA (Fig. 1a) and protein (Fig. 1b) levels increased dramatically in bovine
theca cells isolated from preovulatory follicles at 6 h post-GnRH administration in vivo (P <
0.05). While (P)RR transcript levels were not different at other timepoints after GnRH
administration (0, 3, 12, and 24 h; P > 0.05), the relative abundance of (P)RR protein levels
were constant between 0 and 3 h, representing higher expression relative to that observed after

12 and 24 h (P < 0.05).
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LH induces (P)RR mRNA expression in cultured theca cells

Based on results showing that the (P)RR mRNA and protein expression levels were
elevated at 6 h after GnRH treatment, we examined whether LH could stimulate (P)RR
transcription in theca cells cultured for 6 h. The LH increased (P)RR mRNA compared with

control group (P < 0.05; Fig. 2).

The (pro)renin receptor was not essential for bovine ovulation
Blocking the intrafollicular (pro)renin receptor in the preovulatory follicle did not
completely impair ovulation. Two out of 6 cows (33.4%) did not ovulate, while all cows from

the control group underwent ovulation (4 out of 4).

Effects of prorenin on ADAM17, AREG, and EREG mRNA in theca cells in vitro
The metalloproteinase ADAM17 mRNA was not affected by prorenin or LH in theca
cells cultured for 24 h, compared to control group (P > 0.05; data not shown). The levels of

AREG and EREG mRNA were very low or undetectable in theca cells.

EGFR signaling was not required for LH-induced (P)RR expression, but regulated
CYP17A1 expression in preovulatory theca cells in vivo

The intrafollicular injection of an EGFR inhibitor (AG1478) did not decrease LH-
induced (P)RR protein expression in theca cells compared to control group at 6 h post-
intrafollicular injection (Fig. 3a). However, intrafollicular injection with AG1478 increased
CYP17A1 protein expression in theca cells relative to that observed with saline treatment at 6
h after intrafollicular injection (Fig. 3b). Consequently, androstenedione (Fig. 3c) and

testosterone (Fig. 3d) tended to increase in the follicular fluid (P < 0.1). The control and
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AG1478 groups did not differ in terms of E2 levels in the follicular fluid (Fig. 3e), but P4

(Fig. 3f) appeared to decrease following AG1478 treatment (P < 0.1).

Lack of an effect of prorenin on steroidogenesis in cultured theca cells

Two in vitro experiments were designed to verify the effect of prorenin/(P)RR on
steroidogenesis in theca cells. Supplementation with LH and prorenin at concentrations of
0.01, 0.1, and 1 nM in the culture medium did not increase STAR (Fig. 4a), CYP11A1 (Fig.
4b), or HSD3B2 (Fig. 4c) mRNA expression compared to that observed in theca cells cultured
for 24 h in the presence or absence of LH (P > 0.05). Treatment with LH plus 0.1 nM of
prorenin significantly decreased CYP17A1 mRNA expression in theca cells cultured for 24 h,
compared with that observed in control cells (without LH; Fig. 4d). However,
androstenedione (Fig. 4e) and testosterone (Fig. 4f) synthesis were not regulated by prorenin
and/or LH in theca cells cultured for 24 h.

The hypothesis that the (P)RR is required for steroidogenesis in theca cells was also
tested using aliskiren, which is an (P)RR inhibitor, at 0.1 uM. Treatment with aliskiren plus
prorenin or with prorenin plus LH did not regulate the mRNA expression of STAR or the
steroidogenic enzymes CYP11A1, HDS3B2, or CYP17A1 between treatments (P > 0.05; data
not shown). Similarly, no effect was observed on androstenedione and testosterone production

(data not shown).

Discussion

The results obtained in this study demonstrated that (P)RR transcription and protein
production increased in theca cells following the gonadotropin surge in cattle challenged with
GnRH. The (P)RR transcript was also induced by LH in cultured theca cells. The

intrafollicular blocking of (P)RR impaired 2 out of 6 GnRH-induced ovulations. However,
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prorenin did not induce an increase in ADAM17 mRNA in theca cells, and LH-induced
(P)RR expression was not regulated by an EGF-like pathway. Despite the marked changes of
(P)RR expression in theca cells in response to LH, a role of prorenin in regulating
steroidogenesis was not observed. In addition, this study provides the first in vivo
confirmation that CYP17Al expression may be regulated through EGFR signaling after an
LH surge in bovine theca cells.

In the present study, (P)RR mRNA and protein expression were markedly increased in
theca cells 6 h after GnRH injection in cattle. These results support the observation of
increased prorenin levels in follicular fluid after LH surge (Glorioso et al. 1986; Hagemann et
al. 1994). The temporal changes expected to occur after GnRH analog treatment in cows are
well established: an endogenous LH surge within 2 h; an immediate increase in E2 (3 h), and
a second, larger increase in P4 levels in the follicular fluid at 24 h (Komar et al. 2001; Bridges
et al. 2006; Fortune et al. 2009; Tonellotto dos Santos et al. 2012). In temporal studies
performed in woman, prorenin seems to be induced by LH and E2, and may play a role in P4
synthesis (Sealey et al. 1985) (Itskovitz et al. 1987), supporting our data obtained at different
time points during the preovulatory period in cattle.

The (P)RR acts through of both Ang Il-dependent and -independent pathways
(Nguyen and Contrepas 2008). Recently, we identified a role for prorenin/(P)RR in the
resumption of meiosis in bovine oocytes (Dau et al. 2016), as observed for Ang Il (Barreta et
al. 2008). However, intrafollicular (P)RR blocking in the preovulatory follicle did not
significantly compromise the rate of ovulation, as evidenced by injecting Ang Il antagonists
into ovulatory follicles (Ferreira et al. 2007). This finding may be explained by the presence
of active Ang Il receptors (AGTR1 and AGTR2), which seems to have been supported by the
lack of (P)RR signaling, which was blocked by aliskiren. The intra- and extracellular

signaling of the (P)RR is inhibited by aliskiren (Biswas et al. 2010; Ferri et al. 2011; Ma et al.
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2012), which can also efficiently block the resumption of meiosis in bovine oocytes induced
by prorenin (Dau et al. 2016).

The involvement of the (P)RR in the EGF-like pathway was investigated as a potential
mechanism to clarify why 2 out of 6 cows did not ovulate, in contrast to control cows
showing 100% ovulation. The EGFR pathway is a critical mediator of the LH surge during
the induction of ovulation-related genes in follicular cells (Park et al. 2004), and a previous
report showed that prorenin binding to the (P)RR promotes ERK1/2 phosphorylation via
EGFR signaling in rat vascular smooth muscle cells (Liu et al. 2011) and in human embryo
kidney 293 cells (Daud et al. 1990). Moreover, the transcripts of genes related to the EGF-like
pathway, such as AREG and ADAML17, were increased in theca cells 24 h post-GnRH
administration in cattle (Li et al. 2009). Thus, we hypothesized that prorenin may act as a co-
factor of LH to induce ADAM17, AREG, and EREG expression in theca cells. However, LH
and/or prorenin did not stimulate changes in the abundance of ADAM17 mRNA in theca cells
cultured for 24 h. ADAML17 plays an important role in preovulatory follicles, releasing the
ectodomains of AREG and EREG and transactivating the EGFR (Park et al. 2004). Therefore,
the constant presence of ADAM17 mRNA suggests that its availability is not limiting to
EGFR transactivation. Nevertheless, the AREG and EREG transcripts were expressed at very
low or undetectable levels in cultured theca cells, as also observed in theca cells from bovine
preovulatory follicles 6 h post-GnRH (Sayasith et al. 2013). Thus, we considered that EGFR
may act upstream of the (P)RR signaling pathway in theca cells.

The intrafollicular blocking of EGFR did not regulate (P)RR protein expression in
theca cells induced by GnRH, suggesting that the peak of gonadotropins may have induced
(P)RR independently of the EGFR pathway. However, the present study evidenced the role of
EGFR in ovarian steroidogenesis in cattle. Intrafollicular blocking of the EGFR pathway

increased CYP17ALl expression in theca cells challenged with GnRH and tended to increase
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androstenedione and testosterone levels in follicular fluid. These data supported the results
obtained from bovine theca cell culture, wherein the supplementation of EGF in the culture
medium decreased androstenedione production induced by LH and IGF-1 (Spicer and Stewart
1996). Moreover, the production of androstenedione in follicular fluid and CYP17A1 mRNA
in theca cells decreased 6 h after cows were treated with GnRH injection (Komar et al. 2001).
Thus, we confirmed EGFR as a potentially new modulator of the steroidogenic enzyme
CYP17Al in theca cells after GnRH. Alternatively, in our study, when EGFR was blocked,
the P4 levels appeared to decrease in the follicular fluid, supporting the increase observed in
conversion into androgens. In addition, P4 levels are increased in the follicular fluid at 6 h
post-GnRH treatment (Fortune et al. 2009). Therefore, EGFR also may be required for P4
synthesis induced by gonadotropins.

The (P)RR did not appear to be involved in regulating the expression of genes related to
ovulation in theca cells. Thus, the (P)RR may be induced by LH to modulate thecal
steroidogenesis. Many factors may account for these findings, considering that the (P)RR-
bound prorenin or renin stimulates Ang Il production by to increase cleavage of Angl and
actives the ERK1/2 pathway (Nguyen 2008; Uraoka et al. 2009). One consideration is that
Ang Il can increase hCG-induced testosterone synthesis in rabbit theca cells cultured in vitro
(Feral et al. 1995). In addition, ERK1/2 phosphorylation is required for androgen synthesis by
bovine theca cells (Tajima et al. 2005). However, this was not confirmed in the present study.
Only LH (100 ng mL™) plus 0.1 nM prorenin regulated CYP17A1 mRNA in theca cells after
24 h of culture, which was consistent with the depletion of CYP17A1 mRNA in theca cells in
cattle at 24 h post-GnRH administration (Dieleman et al. 1983; Voss and Fortune 1993;
Komar et al. 2001). The absence of the role of prorenin/(P)RR on thecal steroidogenesis in

our culture system was confirmed using prorenin and/or aliskiren, which did not affect the
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transcription of steroidogenic enzymes and the synthesis of androstenedione and testosterone
by theca cells.

The present study provides insights into the function of the (P)RR as an
alternative RAS pathway in the ovulatory process. Interestingly, this system and EGF
signaling are involved in polycystic ovarian syndrome (PCOS), a common endocrine disorder
of women that is characterized by increased androgen synthesis (Palumbo et al. 1993;
Poretsky et al. 1999; Armanini et al. 2012; Alphan et al. 2013; Arefi et al. 2013). Thus, our
results suggest that EGFR dysregulation may be involved in the development and/or in
maintaining PCOS in woman, although this remains to be explored in future studies. In
addition, signaling pathways activated by (P)RR-bound prorenin are new
pharmacotherapeutic targets to be studied for reproductive disorder.

High expression of (P)RR mRNA and protein in theca cells determined in this study
occurred before the Ang Il levels plateaued in follicular fluid, as described previously by our
research group (Siqueira et al. 2012). The (P)RR transcript was induced by LH in theca cells,
as observed for AGTR2 mRNA encoding the Ang Il receptor (Siqueira et al. 2012).
Intrafollicular injection with a (P)RR antagonist revealed that (P)RR was partially required for
ovulation. This finding highlight the requirement for alternative signaling pathways beyond
(P)RR in the ovulation process, which may be limited to Ang Il production. It is well known
that Ang Il plays a critical role in ovulation in cattle (Ferreira et al. 2007). In our culture
system, prorenin neither affected the regulation of owvulation-related genes nor thecal
steroidogenesis. Despite the fact that EGFR regulates the CYP17Al protein in theca cells
from preovulatory follicles, EGFR did not mediate (P)RR induction post-GnRH treatment. In
conclusion, LH induced (P)RR in theca cells and (P)RR appeared to be an alternative target
for RAS to impact the ovulation process, independently of the EGFR pathway. In addition, it

was observed that EGFR is a potential regulator of CYP17ALl in theca cells in cattle.
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Figure legends
Fig. 1. Profile of (pro)renin receptor ([P]JRR) (mean * standard error) (a) mRNA and

(b) protein expression in bovine theca cells isolated from preovulatory follicles obtained at 0
(n=3),3(n=3),6 (n=3), 12 (n=3), or 24 h (n = 4) after GnRH was administered to induce
an LH surge. Western blot images revealed a specific band at approximately 42 kDa for the
(P)RR and at 42 kDa for B-actin (ACTB). Representative blots from each time point and
summaries of densitometric analysis are shown. The different letters indicate statistical
differences observed between groups (P < 0.05).

Fig. 2. Effect of LH (100 ng mL™?) on (P)RR mRNA expression in theca cells cultured
in vitro for 6 h. Different letters indicate statistical differences observed between groups (P <
0.05). Experiment was performed in triplicate.

Fig. 3. Effect of intrafollicular EGFR blocking using AG1478 (an EGFR tyrosine
kinase inhibitor; n = 5; 5 uM) or saline (control; n = 4) on (a) (P)RR and (b) CYP17A1l
protein expression in theca cells, and the levels of (c) androstenedione, (d) testosterone, (e)
estradiol, and (f) progesterone in the follicular fluid of cows that received intramuscular
injection of GnRH, at 6 h post-treatment. Western blot images revealed a specific band at
approximately 42 kDa for the (P)RR, at 60 kDa for CYP17Al, and at 42 kDa for B-
actin(ACTB). Representative blots from each group and a summary of the densitometric
analysis are shown. Different letters indicate the statistical differences between groups (P <
0.05).

Fig. 4. The dose-response effects of combined treatment with prorenin (0.01, 0.1, and
1 nM) and LH (100 ng mL™) on mRNA expression of (a) STAR, (b) CYP11A1, (c) HSD3B2,
and (d) CYP17ALl in theca cells, and on (e) androstenedione and (f) testosterone secretion in
the culture medium, at 24 h post-treatment. The results are shown as the mean * standard
error. Different letters indicate the statistical differences among groups (P < 0.05).

Experiment was performed in triplicate.
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Table 1 Information about primers used in the expression analysis of candidate

MRNAs

F, forward primer; R, reverse primer

Gene Primer sequence Reference or
accession number

GAPDH F. GATTGTCAGCAATGCCTCCT Ferreira et al. (2011Db)
R: GGTCATAAGTCCCTCCACGA

PPIA F: GGTCATCGGTCTCTTTGGAA Ledoux et al. (2006)
R: TCCTTGATCACACGATGGAA

(P)RR F: TGATGGTGAAAGGAGTGGACAA Ferreira et al. (2011b)
R: TTTGCCACGCTGTCAAGACT

ADAM17 F. TTCATGGGACAATGCAGGTTT XM _002691486.2
R: GAAGTGCCTTTCACCAGGTTTT

AREG F. CCATTTTCTTGTCGAAGTTTCTTTC Li et al. (2009)
R: TGTTTTTATTACAATCCTGCTTCGAA

EREG F: ACTGCACAGCATTAGTTCAAACTGA XM _010806226.1
R: TGTCCATGCAAACAGTAGCCATT

STAR F: CCCAGCAGAAGGGTGTCATC Buratini et al. (2005)
R: TGCGAGAGGACCTGGTTGAT

HSD3B2 F: GCCCAACTCCTACAGGGAGAT Orisaka et al. (2006)
R: TTCAGAGCCCACCCATTAGCT

CYP11A1 F: CTTGCACCTTTCTGGCTAGG Orisaka et al. (2006)
R: AAGGGGAAGAGGTAGGGTGA

CYP17A1 F. CCATCAGAGAAGTGCTCCGAAT Lagaly et al. (2008)
R: GCCAATGCTGGAGTCAATGA

CYP19A1 F: GTGTCCGAAGTTGTGCCTATT Luo and Wiltbank
R:

GGAACCTGCAGTGGGAAATGA

(2006)
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Abstract

Despite the importance of the renin-angiotensin-aldosterone system in mammalian
reproduction, the role of the (pro)renin receptor, (P)RR, in the corpus luteum remains
speculative. The aim of this study was to evaluate molecular profiles of the prorenin, (P)RR,
and profibrotic proteins during luteinization and luteolysis. Additionally, we investigated the
effect of prorenin in promoting progesterone synthesis through (P)RR, and whether it
occurred via mitogen-activated protein kinase and/or epidermal growth factor (EGF) signaling
pathways. We report a remarkable increase in the expression of prorenin and (P)RR mRNA in
vivo in luteal tissue on day 10 compared to day 5 of the estrous cycle (P < 0.05). Prorenin and
(P)RR remained present during luteolysis and profibrotic genes increased significantly after
prostaglandin treatment. Intrafollicular treatment with a (P)RR inhibitor, aliskiren, decreased
serum progesterone levels on day 6 after addition of gonadotropin-releasing hormone to cows
that ovulated (P < 0.05). Prorenin induced progesterone synthesis via (P)RR in cultured luteal
tissue, even in the presence of saralasin, an angiotensin receptor antagonist. However,
synthesis was abolished by AG1478, an EGF receptor tyrosine kinase inhibitor (P < 0.05).
Prorenin induced phosphorylation of the mitogen-activated protein kinase ERK1 in cultured
luteal tissue (P < 0.05) and progesterone synthesis was partially reduced by blocking ERK
activation with PD0325901. In summary, we report for the first time that prorenin promotes
progesterone synthesis by acting through (P)RR, through a process that, at least in cultured

bovine luteal tissue, is mediated by ERK1/2 and EGF receptor pathways.

Introduction
The (pro)renin receptor, (P)RR, has been hypothesized to be an important modulator
of the renin-angiotensin-aldosterone system (RAS) in ovarian cells, such as oocytes, theca,

and granulosa cells (Ferreira et al. 2011b, Dau et al. 2016). Emerging evidence supports the
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existence of a functional RAS in the corpus luteum (CL) of mammals. Nevertheless, the role
of a (P)RR-dependent system in the CL during luteinization and/or luteolysis remains unclear.

The effect of renin-independent prorenin on progesterone (P4) synthesis was initially
proposed in the 80’s (Sealey et al., 1986). Luteinizing hormone-induced prorenin was found
to stimulate P4 synthesis (Sealey et al. 1985, Itskovitz et al. 1987). In superovulated heifers,
prorenin levels in follicular fluid positively correlated with P4 concentration (Hagemann et al.
1994). However, only in 2002, was the effect of prorenin revealed to depend on (P)RR in
human fetal mesangial cell line (Nguyen et al. 2002).

Prorenin has high affinity for (P)RR (Nabi et al. 2009), which is widespread in bovine
ovaries (Dau et al. 2016). In addition, (P)RR seems to play a role in follicular divergence in
cattle (Ferreira et al. 2011b), resumption of meiosis in cattle (Dau et al. 2016), and in early
gestation placentae in women (Pringle et al. 2011).

Binding of prorenin to (P)RR stimulates the angiotensin 11 (Ang 1) pathway,
promoting the cleavage of angiotensinogen to angiotensin I (Nguyen et al. 2002, Uraoka et al.
2009). Moreover, (P)RR activation mediates epidermal growth factor receptor (EGFR)
transactivation, as well as mitogen-activated protein kinases (MAPKs) ERK1 (p44) and
ERK2 (p42) phosphorylation in rat vascular smooth muscle cells (Liu et al. 2011) and human
embryonic kidney (HEK) 293 cells (Shibayama et al. 2013). Profibrotic genes are also
upregulated by phosphorylation of ERK1/2 following prorenin binding to (P)RR on
mesangial and aortic smooth muscle cells (Nguyen et al. 2002, Huang et al. 2006, Ferri et al.
2011). The prorenin/(P)RR pathway in non-reproductive cells has been related to luteinization
or luteolysis in the CL. In bovines, Ang Il induces P4 synthesis in the early CL, while
inhibiting P4 release from mid-cycle CL (Hayashi & Miyamoto 1999, Kobayashi et al. 2001).
EGFR and ERK1/2 signaling pathways have also been related to CL maturation and P4

synthesis (Murray et al. 1993, Pan et al. 2014). Profibrotic molecules have been implicated in
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luteal regression (Casey et al. 2005, Kliem et al. 2007, Hou et al. 2008, Maroni & Davis
2012).

The aim of this study was to evaluate the molecular expression profile of prorenin,
(P)RR and profibrotic genes in luteal tissue during luteinization and luteolysis. Additionally,
we investigated the role of (P)RR in P4 synthesis in luteal cells and its relationships with

EGFR and/or ERK1/2 signaling.

Materials and methods

Experimental procedures with cattle were reviewed and approved by the local Animal
Ethics Committee of the Federal University of Santa Maria (nr. 115/2014) in agreement with
the National Council for the Control of Animal Experimentation (CONCEA), Brazilian

Ministry of Science, Technology, and Innovation.

Chemicals
All chemicals were purchased from Sigma-Aldrich Corporation (St Louis, MO, USA),

unless otherwise indicated.

Animal procedures, intrafollicular injection, and CL collection

Thirty cows of European breed (Bos taurus taurus), aged 4-8 years, were supplied by
Lion Farm. The animals were kept in their native field with free access to water and feed.
Cows exhibiting normal estrous cycle were synchronized with an intramuscular injection of
sodic cloprostenol (500 ug, PGF2A; Intervet, Sdo Paulo, Brazil). Following estrus detection,
ovulation was monitored by ultrasonography. The animals were randomly ovariectomized on
days 5 (n = 4) and 10 (n = 5) after ovulation. Another group of cows with a CL of 10 days (0

h) after estrus observation received 500 pg PGF2A by intramuscular injection; the animals
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were then randomly ovariectomized after 12 (n = 3), 24 (n = 4), and 48 h (n = 4). This in vivo
model was adapted from previous protocols (Shirasuna et al. 2008, Shirasuna et al. 2012a)
and confirmed by P4 serum measurements. CL samples were obtained at specific stages of the
estrous cycle, dissected from the stromal tissue as previously described (Shirasuna et al.
2008), deposited in cryogenic tubes, frozen immediately in liquid nitrogen, and stored at -80
°C for mRNA and protein evaluation.

Luteolysis was induced in 20 cows (4-8 years of age) supplied by Tiger Farm and kept
in their native field with free access to water and feed. A new follicular wave was initiated
using a previously described hormonal protocol (Tonellotto dos Santos et al. 2012, Siqueira et
al. 2013). Briefly, cows were given two intramuscular (IM) injections of 250 mg PGF2A at
12-h intervals and one IM injection of 2 mg estradiol benzoate. Additionally, an intravaginal
P4 device (1 g P4, DIB®; Intervet) was removed on day 9. The presence of preovulatory
follicles (> 12 mm in diameter) was evaluated by transrectal ultrasonography using an 8-MHz
linear-array transducer (AquilaVet scanner; Pie Medical Equipment BV, Maastricht,
Netherlands) 12 h after removal of the intravaginal P4 device on day 0. Only cows with
follicles > 12 mm in diameter were treated with 100 ng of gonadorelin acetate (Profertil®;
Tortuga, Brazil), and were subjected to intrafollicular injection guided by ultrasound
(AquilaVet) using a 7.5-MHz convex probe. A double-needle system was used to inject
aliskiren and/or vehicle (phosphate-buffered saline, PBS) in the preovulatory follicle. The
final intrafollicular concentration of aliskiren (10 umol/L) was calculated based on estimates
of the follicular fluid volume (Ferreira et al. 2007, Ferreira et al. 2011a) and was established
by previous studies (Park et al. 2004, Dau et al. 2016). The cows were examined by
transrectal ultrasonography 2 h after intrafollicular treatment; those with a reduction of > 1

mm in the diameter of the injected follicles were discarded.
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Recovery of luteal tissue for in vitro experiments

Cow ovaries were obtained from a local abattoir, and transported to the laboratory in
saline solution containing penicillin (100 IU/mL) and streptomycin sulfate (50 pg/mL) at 4
°C. CL samples with a diameter of 10-20 mm, showing a bloody surface and pink to tan or
orange color were selected. Specimens were defined as between early Il (days 5-6 after
ovulation) and mid (days 8-12 after ovulation) luteal stage according to previously described
criteria (Ireland et al. 1980, Miyamoto et al. 2000). CL (n = 5/per replicate) were dissected
from the ovaries and luteal slices were digested in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (Gibco, Grand Island, NY, USA) containing 1 mg/mL collagenase for 1 h at 37

°C.

CL cultures

Following enzymatic digestion, the mixed luteal cells were washed three times in
culture medium, filtered through 70-pum Nylon Mesh strainers (Fisher Scientific, Shanghai,
China) and seeded in 90-mm plates. Cells were cultured in DMEM/F12 supplemented with
100 IU/mL penicillin, 50 pg/mL streptomycin sulfate, and 10% fetal bovine serum (FBS; v/v)
at 37 °C in an atmosphere of 5% CO: (v/v) and saturated humidity for five days. Medium was
changed every two days. At the end of the culture period, cells were trypsinized, seeded in 96-
well plates (Corning, Corning, NY, USA) at a concentration of 3 x 10*viable cells/well, and
cultured for 12 h under the same conditions as above. Cell viability was determined by
staining with 0.4% trypan blue (v/v) and flow cytometry analysis (FACSVerse ™, BD
Biosciences, Franklin Lakes, NJ, USA) using FITC-Annexin V (5 pL; BD Biosciences) and
propidium iodide (50 pg/mL) according to the manufacturer’s instructions. Viability was over
85% for all replicates. Prior to treatment, cells were washed twice and pre-equilibrated with

200 pL of FBS-free medium containing 0.1% bovine serum albumin (v/v) for 2 h.
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RNA extraction, reverse transcription, and gquantitative real-time polymerase chain
reaction (QRT-PCR)

Total RNA extraction was performed using TRIzol® (Invitrogen, Carlshad, CA, USA)
in accordance with the manufacturer’s instructions. Quantity and purity of RNA were verified
with a NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) based
on the ratios of absorbance at 260 nm and 280 nm. Only RNA samples with a purity > 1.8
were used. RNA integrity was verified by visualization of ribosomal RNA (rRNA) on a 1.2%
agarose gel (w/v). Complementary DNA (cDNA) was synthesized starting from RNA (500
ng) pretreated with 0.1 U deoxyribonuclease | (amplification grade, Invitrogen) and incubated
at 37 °C for 5 min, followed by incubation at 65 °C for 10 min. Subsequently, DNA-free
RNA was reverse transcribed using the iScript™ cDNA Synthesis Kit® (Bio-Rad
Laboratories, Hercules, CA, USA) in accordance with the manufacturer’s instructions.

gRT-PCR was conducted in a CFX384 Touch™ ® instrument (Bio-Rad Laboratories)
using the GoTag® qPCR Master Mix (Promega, Madison, WI, USA) and specific bovine
primers (0.2 umol/L; Table 1). Primer sequences were based on published data or designed
using Primer Express version 3 software (Invitrogen), and synthesized by Invitrogen.
Transcripts were amplified following an initial denaturation step at 95 °C for 3 min, 40 cycles
at 95 °C for 10 s and 60 °C for 1 min, and a melting curve from 65 °C to 95 °C with 5-s steps
of 0.5 °C. Reactions were performed in duplicate, and melting curves were analyzed to
determine the product’s identity. Variations in mRNA levels were normalized to the mean of
the reference genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and cyclophilin
(PPIA) (Casey et al. 2005, Hou et al. 2008). Relative expression was calculated as previously

described (Pfaffl 2001).
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Western blotting

Proteins from luteal tissue were extracted using a radioimmunoprecipitation assay
buffer and western blots were performed as previously described (Dau et al. 2016). Proteins
were boiled at 95 °C for 5 min, subjected to 12% sodium dodecyl sulfate (SDS; w/v)
polyacrylamide gel electrophoresis, and then transferred to nitrocellulose membranes. After
blocking for 3 h using 5% skim milk in Tris-buffered saline (TBS; w/v) containing 0.1%
Tween® 20 (TBS-T; v/v), membranes were incubated overnight with antibodies against (P)RR
(1:1000, ab40790; Abcam plc, Cambridge, UK) and phospho-ERK1/2 (1:2000, #4370; Cell
Signaling, Danvers, MA, USA) at 4 °C with gentle stirring. Subsequently, membranes were
washed three times for 10 min each in TBS-T, incubated with a goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody (1:2000, sc-2004; Santa Cruz Biotechnology Inc.,
Dallas TX, USA) for 1 h with agitation, and followed by three washes of 10 min each in TBS-
T. Immunoreactivity was detected using the Clarity™ Western ECL Substrate (Bio-Rad
Laboratories) in accordance with the manufacturer’s instructions. Images were analyzed using
the ChemiDoc™ XRS+ imaging system (Bio-Rad Laboratories). Membranes were incubated
for 1 h at 50 °C with a western blot stripping buffer containing f-mercaptoethanol, 20% SDS
(w/v), and 1 mol/L Tris-HCI, at pH 6.8, washed three times for 20 min each in TBS-T, and
probed again with anti-ERK1/2 (1:1000, #4695; Cell Signaling) and/or anti-B-actin antibodies
(1:5000, ab8227; Abcam plc). The specificity of the (P)RR (ATP61P2) antibody was verified
by antigen blocking using human ATP61P2 peptide (1:1000, ab40790; Abcam plc) as

described previously (Nostramo et al. 2015).

P4 measurements
Identification and quantification of P4 in culture medium and serum were performed

using an electrochemiluminescence immunoassay (ADVIA Centaur® P4 assay; Bayer
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Diagnostics, Tarrytown, NY, USA) in accordance with the manufacturer’s protocol.
Sensitivity was 0.21 ng/mL and intra-assay and inter-assay coefficients of variation were 2.5

and 3.1%, respectively.

Experimental design

In vivo experiments

Molecular profiles of (P)RR, prorenin, and profibrotic genes in the CL during
luteinization and luteolysis

Ovaries with the CL in a specific luteal stage were randomly isolated by colpotomy-
based ovariectomy (Drost et al. 1992) from individual cows on days 5 (n =4) and 10 (n = 5)
after ovulation, and at 12 (n = 3), 24 (n = 4), and 48 h (n = 4) post-PGF2A treatment. (P)RR
protein levels in luteal tissue were assessed by western blot. Transcripts of (P)RR, prorenin,
fibronectin 1 (FN1), plasminogen activator inhibitor 1 (PAI1), transforming growth factor

beta-1 (TGFBL1), and collagen type I in luteal tissue were evaluated by gRT-PCR.

Effect of intrafollicular blocking of (P)RR on P4 synthesis during luteinization

The preovulatory follicle from each cow treated with gonadotropin-releasing hormone
(GnRH) was injected with PBS (vehicle/control; n = 4) or 10 umol/L aliskiren (n = 6), a
potent renin and (P)RR inhibitor (Biswas et al. 2010). Ovulation was monitored by ultrasound
at 24, 48, and 72 h after intrafollicular treatment as previously described (Ferreira et al. 2007).
Briefly, ovulation was identified by disappearance of the preovulatory follicle between two
consecutives ultrasound evaluations and CL formation. Blood was collected from the jugular
vein on days 6 and 8 after follicular treatment and serum P4 was measured by

electrochemiluminescence.
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In vitro experiments

Effect of prorenin and (P)RR on P4 synthesis and luteal steroidogenesis

The effect of prorenin in steroidogenesis and P4 synthesis was evaluated after treating
luteal tissue with three doses of prorenin (0.1, 1, and 10 nmol/L) for 4 h. (P)RR (ATP6AP2),
steroidogenic acute regulatory protein (STAR), cytochrome P450 family 11 subfamily A
member 1 (CYP11A1), and progesterone reductase (HSD3B2) transcripts were quantified by
gRT-PCR. P4 in culture medium was evaluated by an electrochemiluminescence
immunoassay. Functional requirements for (P)RR in P4 synthesis and its Ang Il-independent
effect were evaluated after subjecting luteal tissue to the following 4-h treatments: 1) control;
2) 1 pmol/L Ang I1; 3) 1 pmol/L Ang Il plus 10 pmol/L saralasin (a nonspecific Ang 11
receptor antagonist); 4) 1 nmol/L prorenin; 5) 1 nmol/L prorenin plus 10 umol/L aliskiren;
and 6) 1 nmol/L prorenin plus 10 umol/L saralasin. Cells were pretreated with saralasin or
aliskiren for 1 h prior to Ang Il or prorenin treatment. Concentrations of Ang I, saralasin,
prorenin, and aliskiren were based on previous reports (Uraoka et al. 2009, Dau et al. 2016).

Experiments were performed in quadruplicate and repeated on different days.

Examination of P4 induction by the prorenin pathway in luteal cells

The effect of prorenin on ERK1/2 phosphorylation in vitro was evaluated by treating
luteal tissue with three doses of prorenin (0.1, 1, and 10 nmol/L) for 20 min. ERK1/2
activation was evaluated by western blot. Experiments were performed in quadruplicate and
repeated on different days.

Functional requirements for ERK1/2 and EGF receptor pathways in P4 synthesis were
evaluated after subjecting luteal tissue to the following 4-h treatments: 1) control; 2) 1 nmol/L
prorenin; 3) 1 nmol/L prorenin plus 1 umol/L PD0325901 (a MAPK/ERK Kkinase inhibitor);

and 4) 1 nmol/L prorenin plus 5 umol/L AG1478 (an EGFR inhibitor). Cells were pretreated
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with the inhibitors for 1 h prior to prorenin treatment. P4 levels in culture medium were
evaluated by an electrochemiluminescence immunoassay. PD0325901 and AG1478
concentrations were based on previous reports (Park et al. 2004, Yao et al. 2016).

Experiments were performed in quadruplicate and repeated on different days.

Statistical analysis

Gene expression and hormonal synthesis data were tested for normality using the
Shapiro-Wilk test, and normalized when necessary. Differences between groups were
analyzed using a multiple comparison least-squares means (LSMEANS) Student’s t-test. Data
from P4 measurements following different treatments and on different days were compared
by two-way analysis of variance (ANOVA). Analyses were performed using SAS statistical
software (SAS Institute Inc., Cary, NC, USA), and a significance level of 5% was used. Gene

expression results are presented as means + standard errors of the means.

Results

Prorenin and (P)RR mRNA increase in CL on day 10 of the estrous cycle, and
transcripts of profibrotic genes increase after treatment with PGF2A

(P)RR mRNA increased dramatically in bovine luteal tissue obtained on day 10 (120 h
after PGF2A treatment) compared to day 5 of the estrous cycle (0 h after PGF2A treatment; P
< 0.05), but was not affected by the amount of PGF2A (Fig. 1A). (P)RR was detected in CL
on days 5 and 10 after ovulation and at 12, 24, and 48 h post-PGF2A treatment, but did not
change significantly between different stages or in response to PGF2A (Fig. 1B). Prorenin
transcripts in the CL were also higher on day 10 than on day 5 of the estrous cycle (P < 0.05;

Fig. 1C), and remained constant 12, 24, and 48 h (P > 0.05) after PGF2A treatment.
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1552 Expression of FN1, PAI1, and TGFB1 was induced in luteal tissue following PGF2A
1553  treatment. Whereas FN1 mRNA in the CL (Fig. 1D) increased 24 h after PGF2A addition,
1554  PAIL (Fig. 1E) and TGFBL1 (Fig. 1F) increased already after 12 h. The transcripts of

1555  profibrotic molecules did not change. Collagen type | mRNA was not affected by PGF2A

1556  treatment at -120, 0, 12, 24, and 48 h (data not shown).

1557
1558 (P)RR is required in preovulatory follicles for P4 synthesis on day 6 post-GnRH
1559 Intrafollicular inhibition of (P)RR impaired P4 synthesis on day 6 after GnRH

1560 treatment in ovulated cows (P < 0.05; Fig. 2). Concentration of P4 on day 8 post-GnRH did
1561 not differ between aliskiren-treated and control animals (P > 0.05). The diameter of treated
1562  follicles was approximately 14 mm in both groups. Two out of six aliskiren-treated cows did
1563  not ovulate, whereas all cows from the control group (4/4) underwent ovulation. Cows that

1564  did not ovulate were discarded from P4 analysis.

1565
1566 Prorenin induces P4 synthesis via (P)RR in cultured luteal cells
1567 ATP6AP2 , STAR, CYP11A1, and HSD3B2 transcripts were detected after culturing

1568 luteal tissue for 4 h with 0, 0.1, 1, and 10 nmol/L prorenin (data not shown). However, none
1569  of the transcripts appeared to respond to prorenin levels. Prorenin (1 nmol/L) increased P4
1570  levels in the culture medium of luteal tissue (P < 0.05; Fig. 3A), yet this effect was abolished
1571 by aliskiren (P < 0.05; Fig. 3B). Saralasin pretreatment (Fig. 3B) inhibited Ang I1-induced (P
1572 < 0.05) but not prorenin-induced P4 synthesis (P > 0.05).

1573

1574 Prorenin induces P4 synthesis in luteal tissue via ERK1/2 activation and EGFR

1575 transactivation in vitro
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A 10 nmol/L concentration of prorenin was sufficient to induce ERK1/2
phosphorylation in luteal tissue after 20 min of culture, compared to control cells (P < 0.05;
Fig. 4A). Pretreatment with 1 pmol/L of the MAP kinase inhibitor PD0325901 did not
completely prevent the stimulatory effect of prorenin on P4 secretion (P < 0.05; Fig. 4B). In
contrast, the EGFR inhibitor AG1478 blocked prorenin-induced P4 release in bovine luteal

tissue cultured for 4 h (P > 0.05).

Discussion

For over 20 years, it has been suggested that a receptor mediating prorenin activities
independently of renin was important for reproductive events, including ovulation,
steroidogenesis, and CL maturation (Itskovitz et al. 1988). Results obtained in the present
study provide an additional insight into the role of prorenin/(P)RR in P4 synthesis by bovine
luteal cells: 1) prorenin and (P)RR mRNA increased in the CL from day 10 of the estrous
cycle; 2) (P)RR was required in preovulatory follicles for P4 release during luteinization; 3)
binding of prorenin to (P)RR induced P4 synthesis in luteal cells. Additionally, ERK1/2
phosphorylation and EGFR transactivation mediated prorenin-induced P4 secretion in luteal
tissue.

High P4 levels have been detected in the bovine CL from 6 to 10 days post-ovulation
(Rekawiecki et al. 2010), coinciding here with increased prorenin and (P)RR transcription.
These results suggest that prorenin may play a role in P4 synthesis (Sealey et al. 1985,
Itskovitz et al. 1987, Hagemann et al. 1994). On the contrary, profibrotic molecules
upregulated by ERK1/2 phosphorylation following prorenin binding to (P)RR in non-
reproductive cells (Nguyen et al. 2002, Huang et al. 2006, Nguyen 2008, Ferri et al. 2011) did

not increase in the CL during luteinization in cattle.
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In this study, a 12-h PGF2A treatment stimulated FN1, PAI1, and TGFB1 expression
in the bovine CL. Similar results on TGFB1 and PAI1 in PGF2A-treated cows were reported
previously (Kliem et al. 2007, Hou et al. 2008), further supporting our in vivo model. In cows,
luteolysis is induced between 30 min and 2 h after PGF2A administration (Shirasuna et al.
2012a, Shirasuna et al. 2012b); it depends on a decrease in P4 and the degeneration of luteal
tissue (McGuire et al. 1994, Pate 1994, Niswender et al. 2000). Supplementation with TGFB1
lowers P4 secretion in bovine luteal cell cultures and stimulates profibrotic activities in luteal
fibroblasts during CL structural regression (Hou et al. 2008, Maroni & Davis 2012). To the
best of our knowledge, this is the first time that a quantitative FN1 mRNA profile is
demonstrated during luteolysis in cattle. Transcripts for components of collagen type | are
usually upregulated in regressed luteal tissue in cattle (Casey et al. 2005). In contrast, here,
collagen type | mMRNA expression was not induced by PGF2A. Interestingly, prorenin/(P)RR
transcripts and (P)RR protein were still detected in luteal tissue during CL regression in cattle.
Taken together, stimulation of profibrotic genes by prorenin/(P)RR during bovine luteolysis
cannot be ruled out.

The involvement of prorenin was more evident during luteinization than during
luteolysis in our first experiment. Moreover, the effect of prorenin/(P)RR on P4 synthesis in
luteal cells was confirmed in vivo and in vitro. Use of aliskiren to block intrafollicular (P)RR
in the preovulatory follicle lowered P4 serum levels on day 6 post-treatment in cows that
ovulated. This result demonstrates that (P)RR in the preovulatory follicle is required for P4
synthesis during luteinization. In vitro, prorenin binding to (P)RR also upregulated P4
production by luteal cells.

STAR, CYP11A1, and HSD3B2 transcripts were detected in luteal tissue cultured for 4
h after PGF2A treatment. STAR, CYP11A1, and HSD3B2 are steroidogenic luteal cell

markers critical for P4 synthesis (Tsai & Wiltbank 1998, Atli et al. 2012, Maroni & Davis
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2012). Briefly, STAR transports cholesterol into the mitochondria, CYP11A1 transforms
cholesterol into pregnenolone, and HSD3B2 converts pregnenolone to P4 (Rekawiecki et al.
2008). Downregulation of STAR and HSD3B2 and inhibition of steroidogenic pathways by
PGF2A appears to decrease the release of P4 in bovine CL (Tsai & Wiltbank 1998, Atli et al.
2012). Thus, the availability of STAR, CYP11Al, and HSD3B2 signals the presence of
undifferentiated luteal cells in our culture system and allows for P4 synthesis.

(P)RR mRNA was detected in luteal tissue cultured for 4 h and prorenin treatment (1
nmol/L) increased P4 levels in the culture medium. This effect was blocked by aliskiren,
indicating that (P)RR-bound prorenin stimulated P4 release by luteal cells in vitro. Aliskiren
inhibits ERK1/2 phosphorylation and Ang I production from angiotensinogen, which is
induced by (P)RR binding to prorenin or renin (Biswas et al. 2010, Ferri et al. 2011, Ma et al.
2012). Our observation is in line with evidence showing that Ang Il stimulates P4 secretion in
the early CL (Kobayashi et al. 2001). To examine whether prorenin induced P4 through an
Ang ll-independent pathway, luteal tissue were pretreated with saralasin and prorenin.
Saralasin (10 pmol/L) did not prevent prorenin-dependent resumption of meiosis in bovine
oocytes, confirming that the role of prorenin was independent of the Ang Il pathway (Dau et
al. 2016). In this study, saralasin did not completely block prorenin-induced P4 production in
luteal cells, although it abolished Ang Il-induced P4 synthesis. These results suggest that
prorenin induces P4 secretion in luteal cells through both Ang 11-dependent and -independent
pathways.

ERK1/2 activation in granulosa cells is required for P4 release during luteinization
(Fan et al. 2009, Pan et al. 2014). In endothelial cells, 1 nmol/L prorenin is sufficient to
induce ERK phosphorylation in a dose-dependent manner (Uraoka et al. 2009). In the present
study, 10 nmol/L prorenin activated ERK1/2 intracellular signaling in bovine luteal tissue.

The involvement of MAPKS in prorenin-induced P4 synthesis was investigated using a



1650

1651

1652

1653

1654

1655

1656

1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

1670

1671

1672

1673

1674

144

MAPK/ERK kinase inhibitor in vitro. Pretreatment with 1 pmol/L PD0325901 did not inhibit
completely prorenin-induced P4 secretion, even though 0.5-3 pmol/L PD0325901 was shown
to be sufficient to inhibit ERK1/2 phosphorylation in cancer cell lines (Yao et al. 2016).
These results suggest that prorenin stimulates P4 synthesis via ERK1/2 and support the
possible involvement of other signaling pathways such as the Ang 11 pathway.

EGFR has also been demonstrated to mediate prorenin/(P)RR function (Liu et al.
2011, Shibayama et al. 2013). Prorenin has been shown to induce EGFR transactivation in
HEK 293 cells (Shibayama et al. 2013) and pretreatment with AG1478 in rat vascular smooth
muscle cells abrogated prorenin-induced ERK1/2 phosphorylation (Liu et al. 2011). Here,
AG1478 blocked prorenin-induced P4 synthesis in luteal cells. The cross-talk between EGFR
and ERK1/2 in prorenin-induced P4 release requires further investigation. Nevertheless,
EGFR transactivation may be an important mediator of prorenin-dependent P4 secretion in
the bovine CL. This result supports a role for EGF/EGFR in P4 synthesis, as already
demonstrated in mice (Hsieh et al. 2011, Pan et al. 2014) and ovine models (Murray et al.
1993).

The present study provides insights into the function of (P)RR as an alternative RAS
pathway responsible for P4 synthesis. RAS is studied largely in connection with diabetes and
hypertension, which are often related to infertility (Amaral et al. 2008, Hutcheon et al. 2011,
Nartita et al. 2016). Interestingly, (P)RR function has been reported in human placenta during
early gestation (Pringle et al. 2011). Secretion of P4 is critical for regulating the estrous cycle,
early embryonic development, and maintaining pregnancy (Niswender et al. 2000). Thus,
(P)RR may be an important pharmacotherapeutic target in reproductive disorders.

In summary, the high expression of prorenin and (P)RR mRNA in the bovine CL
coincides with elevated P4 levels in cattle (Rekawiecki et al. 2010). Our results indicate that

PGF2A in CL stimulates the expression of profibrotic molecules, which are upregulated by
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prorenin/(P)RR (Ferri et al. 2011). Prorenin induces the release of P4 in cultured luteal tissue.
(P)RR is required for P4 secretion in vitro and in vivo. This appears to be mediated by
ERK1/2 and EGFR transactivation in our culture system (Fig. 5). In conclusion, (P)RR plays
a role in P4 synthesis in bovine luteal cells, and ERK1/2 and EGFR are potential mediators of

prorenin-induced P4 secretion in cattle.
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Figure legends

Figure 1 mRNA and protein expression levels in bovine corpus luteum (CL). (A)
mRNA and (B) protein profiles of (pro)renin receptor, (P)RR. mRNA profiles of (C)
PRORENIN, (D) fibronectin (FN1), (E) plasminogen activator inhibitor 1 (PAI1), and (F)
transforming growth factor beta-1 (TGFB1) in bovine CL samples isolated from ovaries at -
120 h (day 5 of estrous cycle; n = 4), 0 (day 10 of estrous cycle; n =5), 12 (n = 3), 24 (n = 4),
and 48 h (n = 4) after PGF2A treatment. Results are shown as mean + standard error. Western
blot images revealed a specific band at approximately 42 kDa for (P)RR and at 42 kDa for 3-
actin. Representative blots from each time point and a summary of the densitometric analysis
are shown. Different letters indicate statistical differences between groups (P < 0.05).

Figure 2 Effect of intrafollicular aliskiren on progesterone levels of cows challenged
with gonadotropin-releasing hormone (GnRH). Serum progesterone (ng/mL) on day 6 and 8
after intramuscular injection of GnRH and intrafollicular injection of 10~ mol/L aliskiren (n =
4) or phosphate-buffered saline (control; n = 4) in cows that ovulated. Results are shown as
mean + standard error. Different letters indicate statistical differences between groups (P <
0.05).

Figure 3 Effect of prorenin on progesterone levels via (P)RR in cultured luteal tissue.
Dose-response effect of (A) prorenin, and (B) different combinations of compounds, such as 1
pmol/L angiotensin 11 plus 10 umol/L saralasin, 1 nmol/L prorenin plus 10 pmol/L aliskiren,
or 1 nmol/L prorenin plus 10 umol/L saralasin, on progesterone (ng/mL) in the culture
medium of luteal tissue after 4 h of treatment. Results are shown as mean + standard error.
Different letters indicate statistical differences between groups (P < 0.05). Experiments were
performed in quadruplicate.

Figure 4 Role of mitogen-activated protein kinase (MAPK) and epidermal growth

factor receptor (EGFR) pathway on progesterone levels induced by prorenin. (A) Dose-
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response effect of prorenin on MAPK ERK1/2 phosphorylation in luteal tissue after 20 min of
treatment. (B) Effect of 1 nmol/L prorenin plus 1 pumol/L PD0325901 (MAPK/ERK kinase
inhibitor) or 1 nmol/L prorenin plus 5 pumol/L AG1478 (epidermal growth factor receptor
inhibitor) on the level of progesterone (ng/mL) in the culture medium after 4 h of treatment.
Western blot images revealed specific bands of approximately 44 and 42 kDa for the
phosphorylated and non-phosphorylated ERK1/2, respectively. Representative blots from
each group and a summary of the densitometric analysis are displayed. Results are shown as
mean + standard error. Different letters indicate statistical differences between groups (P <
0.05). Experiments were performed in quadruplicate.

Figure 5 Proposed model of the (pro)renin receptor in the regulatory mechanism of

progesterone synthesis in luteal cells.
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Table 1. Information about primers used in the expression analysis of candidate mRNAs

Gene Primer sequence Reference or
accession number

GAPDH F: GATTGTCAGCAATGCCTCCT Ferreira et al. (2011Db)
R: GGTCATAAGTCCCTCCACGA

PPIA F: GGTCATCGGTCTCTTTGGAA Ledoux et al. (2006)
R: TCCTTGATCACACGATGGAA

ATP6AP2 F: TGATGGTGAAAGGAGTGGACAA Ferreira et al. (2011b)
R: TTTGCCACGCTGTCAAGACT

PRORENIN F: GGGTGCCGTCCACCAA NM_001206509.1
R: TCCGTCCCATTCTCCACATAG

FN1 F: TGGGACCACGCAGAACTATG NM_001163778.1
R: GCGATACATGACCCCTTCGT

PAILl F. CACCATCTCTGTGCCCATGAT NM 174137.2
R: GGTAGGGCAATTCCAGGATGT

TGFB1 F: CTGAGCCAGAGGCGGCGGACTAC NM_001166068.1
R: CTGTGCGAGCTAGACTTCATTTTG

coL1 F: CATGACCGAGACGTGTGGAA NM_001034039.2
R: CAGTCCTTAAGTTCGTCGCAGAT

STAR F: CCCAGCAGAAGGGTGTCATC Buratini et al. (2005)
R: TGCGAGAGGACCTGGTTGAT

HSD3B2 F: GCCCAACTCCTACAGGGAGAT Orisaka et al. (2006)
R: TTCAGAGCCCACCCATTAGCT

CYP11A1 F: CTTGCACCTTTCTGGCTAGG Orisaka et al. (2006)
R: AAGGGGAAGAGGTAGGGTGA

F, forward primer; R, reverse primer;
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7. DISCUSSAO

A owvulacdo e, consequente, luteinizacdo das células foliculares ocorre durante o
periodo peri-ovulatério, o qual compreende desde o pico de gonadotrofinas até o aumento da
sintese de progesterona. Ao longo dos anos, nosso grupo de pesquisa tem evidenciado a
participacdo do RAS nesses mecanismos celulares decorrentes do pico de LH em bovinos.
Buscando preencher lacunas existentes sobre o papel da pro-renina nas células foliculares
durante o periodo peri-ovulatério, conduzimos modelos experimentais in vivo e in vitro,
muitos dos quais foram amplamente utilizados pelo nosso grupo de pesquisa para elucidar o
envolvimento de Ang Il neste mesmo periodo (FERREIRA et al., 2007; PORTELA et al.,
2011; TONELLOTTO DOS SANTOS et al., 2012; SIQUEIRA et al., 2013).

No reinicio da meiose oocitaria, evidenciamos o papel da prorenina via (P)RR
utilizando o modelo in vitro de co-cultivo de complexo cumulus-o6cito e metades foliculares
(DAU et al., 2016; GIOMETTI et al. 2005; BARRETA et al., 2008). Ainda, confirmamos o
efeito de prorenina no reinicio da meiose de odcitos mesmo na auséncia de metades
foliculares modelo na presenca de forscolina (DAU et al., 2016). O cultivo de células da
granulosa foi adaptado do modelo de estudo que prop6e o papel da Ang Il como co-fator de
LH para ativar a cascata pré-ovulatoria de fatores de crescimento semelhantes ao EGF
(PORTELA et al., 2011). Embora nosso sistema tenha apresentado resultados similares ao
estudo supracitado quando as células foram tratadas com LH, a pré-renina testada em trés
doses diferentes ndo estimulou os genes regulados por LH nas células da granulosa. A nossa
hipdtese, embora ndo tenha sido confirmada, foi fundamentada nos dados de Ang Il nas
células da granulosa e, ainda, reforcada pela transativacdo de EGFR e aumento de RNAm
para PTGS2 em resposta a ligacdo de pro-renina ao seu receptor em células ndo reprodutivas
(L1U et al., 2011; PORTELA et al., 2011; GONZALEZ et al., 2013; SHIBAYAMA et al.,
2013). Dessa forma, avaliamos se EGFR poderia ser necessario nas células da granulosa para
expressdo de RNAm para pro-renina e (P)RR através do mesmo modelo de estudo in vitro,
entretanto, suplementando o meio com LH e AG1478. Nenhuma regulacdo foi observada para
0s genes avaliados nas células da granulosa em resposta ao LH ou inibidor de EGFR ap0és 6
horas de cultivo.

O perfil de expressdao molecular de pré-renina, (P)RR e genes profibroticos nas células
da teca e da granulosa foi estabelecido através da avaliacdo das células obtidas em momentos
especificos apds o tratamento de vacas com GnRH. Este modelo de experimento in vivo

também foi utilizado, em estudos prévios do nosso laboratorio, para caracterizar o RAS nas
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células da teca e da granulosa (SIQUEIRA, C. S. et al., 2012; TONELLOTTO DOS SANTOS
et al., 2012). Observamos nos nossos resultados que, enquanto o (P)RR € estimulado ap6s o
pico de LH no inicio do processo ovulatorio nas células da teca, 0 mesmo é aumentado mais
préximo da ruptura folicular nas células da granulosa. O (P)RR aumentou nas células da
granulosa nas 24 horas ap6s GnRH, como também foi observado quanto a expressdo de
RNAm para AOG nas mesmas células e niveis de Ang Il no fluido folicular em estudos
prévios (SIQUEIRA, C. S. et al., 2012). Com base nestes resultados, podemos sugerir que 0
(P)RR nas células da granulosa esta envolvido com a produgdo de Ang Il intrafolicular e na
ovulacdo através do estimulo dos genes profibréticos. Entretanto, essa proposta ainda
necessita ser confirmada através de estudos futuros. Nas células da teca, o (P)RR aumenta 6
horas ap6s GnRH, mesmo momento em que a abundancia de RNAm para AGTR2 é detectada
na sua menor quantidade no mesmo tipo celular (SIQUEIRA, C. S. et al., 2012), sugerindo
uma participagdo da via independete de Ang Il, através de (P)RR, nas células da teca neste
mesmo periodo.

Buscando determinar se EGFR intrafolicular € necessario para a expressao génica de
(P)RR, induzido por LH, nas células da teca de bovinos, utilizamos um modelo in vivo através
de injecdo intrafolicular com AG1478 (inibidor de EGFR) e induzimos o pico de
gonadotrofinas com GnRH intramuscular em vacas pré-sincronizadas. A expressédo de (P)RR
foi independente de EGFR nas células da teca 6 horas ap0s tratamento. Ainda, confirmamos
nossos resultados obtidos in vitro nas células da granulosa, em que o0 RNAm de pro-renina e
(P)RR ndo foram regulados pelo inibidor de EGFR. O efeito de AG1478 intrafolicular foi
validado pelo aumento na quantidade de CYP17A1 detectada por western blot nas células da
teca tratadas com AG1478, o qual confirma o papel de EGFR na regulacdo de CYP17Al que
ocorre neste periodo pré-ovulatério (SPICER e STEWART, 1996; KOMAR et al., 2001).

O estimulo de LH sobre a expressdo de (P)RR nas células da teca foi confirmado in
vitro utilizando um modelo de cultivo das células da teca adaptado de prévios estudos
(STEWART et al., 1995; COMIM et al., 2013). A funcdo de (P)RR induzido por LH nas
células da teca foi investigado na esteroidogénese através deste mesmo modelo de cultivo.
Entretanto, ndo observamos nenhuma evidéncia de regulacdo na esteroidogénese nas células
da teca submetidas ao nosso sistema de cultivo. Resultados similares foram obtidos quando as
células da teca foram tratadas com Ang Il (RIGO et al., 2015).

A avaliagdo da fungdo do (P)RR intrafolicular para ovulagdo foi determinado
utilizando um modelo in vivo de injecdo intrafolicular com alisquireno administrada

imediatamente ap6s GnRH (IM) e observando a ovulagdo por ultrassom 24, 48 e 72 h apds
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tratamento, o que foi confirmado pela avaliagdo de P4 plasmatica dia 6 e dia 8 ap6s GnRH.
Embora ndo observamos regulacdo na taxa de ovulagéo por (P)RR, como observado para Ang
Il (FERREIRA et al., 2011), evidenciamos uma reducdo na sintese de progesterona em
resposta ao tratamento intrafolicular com alisquireno. O resultado sobre o papel de (P)RR
sobre a taxa de ovulacdo, apesar de prejudicado pelo baixo nimero de animais disponivel para
realizacdo deste experimento, pode ser explicado pela disponibilidade de AGTR2, o qual pode
ter suprido a auséncia da via independente da Ang Il [(P)RR]. Os dados referentes a regulacéo
da producéo de P4 por alisquireno intrafolicular, confirmam a correlacdo positiva entre pré-
renina e P4 no fluido folicular, demonstrada em estudos realizados na década de 80
(ITSKOVITZ et al., 1987; ITSKOVITZ et al., 1988; HAGEMANN et al., 1997).

A participagdo de pro-renina/(P)RR nas células do corpo luteo bovino promovendo a
sintese de P4 foi evidenciada pela alta expressio de RNAm para pro-renina e (P)RR
identificada no corpo luteo de vacas coletados no dia 10 do ciclo estral comparado ao dia 5, 0
que foi confirmado in vitro atraves de cultivo de corpo liteo. No nosso sistema de cultivo,
Ang Il induziu a sintese de P4, como observado em estudo prévio (KOBAYASHI et al.,
2001). O efeito de pré-renina via (P)RR observado nas células ldteas in vitro parece ser tanto
na via independente de Ang Il, quanto na via dependente da Ang Il, uma vez que saralasina
ndo bloqueou completamente a sintese de P4 induzida por pro-renina.

Pro-renina estimulou a fosforilacdo de ERK1/2 nas células de corpo lateo bovino in
vitro, assim como observado em células endoteliais (URAOKA et al., 2009). O mecanismo
pelo qual a pro-renina induz a sintese de progesterona foi investigado no mesmo sistema de
cultivo utilizando a suplementacdo do meio de cultivo com pro-renina e um bloqueador para
fosforilacdo de ERK1/2 (PD0325901) ou um inibidor de EGFR (AG1478). De acordo com
nossos resultados, observamos que pro-renina induz a sintese de P4 via ERK1/2, entretanto,
sugerimos a existéncia de outras vias de sinaliza¢do, como a via dependente da Ang Il ou de
EGFR. AG1478, por sua vez, bloqueou completamente o efeito de pro-renina na sintese de
P4. Nossos resultados suportam a participacdo de EGFR e ERK1/2 na sintese de progesterona
observado em outros estudos (MURRAY et al., 1993; FAN et al., 2009; HSIEH et al., 2011;
PAN et al., 2014).

A combinacdo de experimentos in vitro e in vivo proporcionaram a elucidacdo de
funcdo e mecanismos envolvidos com o gene alvo de estudo, como o (P)RR. Apesar de nédo
utilizarmos curto RNA de interferéncia para bloquear o (P)RR, o uso de farmacos
antagonistas e inibidores auxiliaram para evidenciarmos possiveis vias de acdo da pré-renina

e seu efeito através de (P)RR nas células foliculares durante o periodo peri-ovulatério de
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bovinos. Nossos resultados preenchem algumas lacunas existentes desde a década de 80
(ITSKOVITZ et al., 1988) sobre a participacdo de pro-renina via seu receptor nos eventos
reprodutivos desencadeados por LH.



8. CONCLUSAO

Os resultados do presente estudo permitem concluirmos que (P)RR participa do
inicio do periodo pré-ovulatorio, sendo estimulado nas células da teca nas primeiras horas
apos o pico de LH e atuando no reinicio da meiose oocitaria em bovinos. Nas células da
granulosa, (P)RR aumenta préximo da ovulacdo. Logo, os efeitos de (P)RR parecem ser
independentes de EGFR nas células da teca e da granulosa apds pico de LH. Entretanto, a
funcdo de (P)RR nas células da teca e da granulosa durante o periodo pré-ovulatorio ainda
precisa ser esclarecida. No corpo liteo, o (P)RR possui um importante papel na sintese de P4
e sugerimos o envolvimento de EGFR e ERK1/2 neste processo.
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