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Resumo

As células tronco sao classificadas em dois grandes grupos de acordo com sua origem
e capacidade de diferenciagao. Células tronco embrionarias (CTE) sio originadas do zigoto,
e podem ser classificadas como totipotentes, isto ¢é, capazes de originar um
individuo inteiro, ou pluripotentes, quando originam os trés folhetos embrionarios (ecto,
meso e endoderme). As células tronco adultas (CTA) sao as células tronco encontradas nos
tecidos fetais e adultos; classificadas como uni, oligo ou multipotentes dependendo da
variedade de tecidos originados a partir delas. Marcadores de células tronco, como antigenos
de superficie especificos, fatores de trancricao como OCT4 ¢ NANOG sio expressos em
CTE e algumas CTA, mas siao rapidamente reprimidos a medida que as células se
diferenciam. O presente trabalho tem como objetivo identificar marcadores de células tronco
e com isso, os efeitos do hormoénio enddcrino Fsh e do fator paracrino GDNF na atividade
proliferativa e génica dessas populagoes de células e também de células de Sertoli. Foi
observado que os marcadores Poubf3 e Gfrala siao principalmente expressos em
espermatogonias tronco indiferenciadas e que sua expressdo reduz significativamente sob
efeito do recombinante zebrafish Fsh. Por outro lado, genes como o igf3, nanos3 e nanog
tiveram sua expressido aumentada significativamente. O recombinante humano GDNF nio
altera significativamente a expressao desses genes, porém estimula a proliferagio de
espermatogonias tipo Aund e Adiff e células de Sertoli associadas. L.ogo, conclui-se que o
rzfFsh atua de maneira enddcrina na diferenciagao de espermatogonias tronco Pou5£3+ e
Gfrala+ via células de Sertoli, visto que seu receptor é principalmente expresso em cistos
indiferenciados. O thGDNF, que por sua vez ¢ expresso em células germinativas, estimula a
proliferacio de Aund e Adiff e células de Sertoli associadas através de seu receptor Gfrala,

expresso em ambas populagoes.
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Abstract

Stem cells are classified into two major groups according to their origin and capacity for
differentiation. Embryonic stem cells (ESCs) originate from the zygote, and can be classified
as totipotent, i.e., capable of originate whole individuals, or pluripotent, when they originate
the three embryonic leaflets (ecto, meso and endoderm). Adult stem cells (ASC) are the cells
found in fetal and adult tissues; classified as uni, oligo or multipotentes depending on the
variety of tissues originated from them. Markers of stem cells, such as specific surface
antigens and transcription factors such as OCT4 and NANOG are expressed in ESCs and
some ASCs, but are rapidly repressed as the cells differentiate. The present work aims to
identify stem cell markers and the effects of the endocrine hormone Fsh and paracrine factor
GDNF on the proliferative activity of these cell populations and Sertoli cells as well as gene
expression. It has been observed that the Pou5f3 and Gfrala markers are mainly expressed
in undifferentiated spermatogonia stem cell and their expression is significantly reducedbythe
recombinant zebrafish Fsh. On the other hand, genes like gf3, nanos3 and nanog had their
expression significantly increased. The human recombinant GDNF does not significantly
alter the expression of these genes, but it stimulates the proliferation of Aund and Adiff
spermatogonia and associated Sertoli cells. Therefore, it is concluded that rzfFsh acts as a
endocrine factor in the differentiation of the spermatogonia stem cell Pou5f3+ and Gfrala+
via Sertoli cells, since its receptor is mainly expressed in undifferentiated cysts. thGDNF,
which in turn is expressed in germ cells, stimulates the proliferation of Aund and Adiff and

associated Sertoli cells through its Gfrala receptor, expressed in both populations.
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1. Introducao Geral

1.1 Células tronco e seu nicho

As células tronco siao consideradas por defini¢ao biolégica como as tnicas células
dos organismos multicelulares capazes de se autorrenovar como também de se
diferenciarem em um ou mais tipos celulares especificos (Weissman, 2000; Fuchs ef a.,
2004; Mitalipov & Wolf, 2008). O balango entre estes dois processos é essencial para
garantir o funcionamento dos tecidos do organismo (de Rooij er a/, 2009). Para
exemplificar, se o processo de autorrenovagao for favorecido, as células tronco se
multiplicam e formam uma espécie de hiperplasia. Por outro lado, se a diferenciagao ¢é
favorecida, o tecido gradativamente perde sua fun¢iao devido a exaustao da populagao de
células tronco e, consequentemente, da producdo de células diferenciadas. Tais células
podem ser classificadas de acordo com sua origem e capacidade de diferenciacdo; as
células tronco embrionarias (CTE) e as células tronco adultas (CTA) (Smith, 20006;
Mitalipov & Wolf, 2008). As CTE sao originadas a partir do zigoto que se se divide e
forma blastomeros totipotentes até o estagio de 4 células. Totipoténcia é aqui definido
como a capacidade de uma unica célula originar um individuo inteiro (Figura 1) (Mitalipov

& Wolf, 2008).

Com a progressio do desenvolvimento embrionario (estagio de 8 células), os
blastomeros perdem gradativamente sua totipoténcia a qual se encerra irreversivelmente
quando os mesmos se diferenciam para formar o macico celular interno e o trofoblasto
(Figura 1) (Mitalipov & Wolf, 2008). Nesta etapa, as CTE podem ser consideradas
pluripotentes, pois originam os diversos tipos de tecidos do corpo (Figura 1) (Mitalipov
& Wolf, 2008). No entanto, estas células perdem a capacidade de se organizar e formar
um embrido propriamente dito. As células tronco pluripotentes dao origem as CTA que
estao presentes nos diversos tecidos do corpo (epitelial, conjuntivo, ésseo, cartilaginoso,
adiposo, muscular e nervoso) podendo se diferenciar em um (unipotente), poucos
(oligopotente) ou varios (multipotente) tipos celulares (Figura 1). A Figura 1 retirada de
Mitalipov & Wolf (2008), ilustra bem as diferengas entre as CTE e CTA assim como a

definicao de totipoténcia, pluripoténcia, multi, oligo e unipoténcia.
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Figura 1. O desenvolvimento embrionario se inicia com o zigoto o qual se divide para formar blastdmeros. O
zigoto e os blastomeros (até 4 células) sao totipotentes, isto é, sio capazes de formar um individuo por si sé.
Esta capacidade diminui gradativamente durante o desenvolvimento, originando células tronco pluripotentes
(capazes de originar diversos tecidos do corpo através dos trés folhetos embrionarios), multipotente (varios tipos,
porém em numero limitado), oligopotente (poucos tipos celulares), unipotente (um tnico tipo celular) ou células
somaticas terminalmente diferenciadas. As células somaticas terminalmente diferenciadas podem readquirir
pluripoténcia a partir da introduc¢io de genes de pluripotencia (iPS = induced pluripotent stem cell), ou podem
readquirir a totipoténcia pela transferencia nuclear somatica em citoplasma de oocitos (SCNT = somatic cell
nuclear transfer). Retirado de Mitalipov & Wolf (2008).

Em geral, as CTA constituem uma populagio rara e de pequeno numero e estao
distribuidas em lugares especificos (nichos) nos mais diversos tecidos do corpo (Hsu &
Fuchs, 2012). A atividade das CTA depende de cada tecido em funcao de seu turnover
celular (Hsu & Fuchs, 2012). Por exemplo, tecidos como pele, intestino e sangue onde o
turnover celular ocorre de forma diario, 2 demanda e a atividade das células tronco é elevada
e constante. No foliculo capilar, as células tronco sio recrutadas periodicamente em
funcao do ciclo periddico de crescimento capilar. Por outro lado, existem tecidos de baixo
turnover como o tecido muscular esquelético e nervoso, nos quais as células tronco estao
queiscentes ou raramente se dividem em condi¢des homeostaticas normais. No entanto,
em casos de injurias, estas células sao ativadas e comegam a se proliferar e diferenciar
para regenerar o tecido danificado (Hsu & Fuchs, 2012). Com base na dinamica tecidual
acima mencionada e no ciclo celular, alguns autores classificam as células tronco como

dormentes, quiescentes, reserva ou /long-term stem cells para se referirem as células que
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117 raramente se dividem; ou de ativas, amplificacdo transitoria ou short-term stem cells para as

118 células tronco que se dividem rapidamente ou de forma transitéria (Figura 2) (Schulze
119 1979,1988; Weissman, 2000; Nakamura ef a/., 2010; Li & Clevers, 2010).

120 As células tronco quiescentes (long-term stem cells) dariam origem as células tronco
121 ativas (short-term stem cells) as quais originam precursores multipotentes (Weissman, 2000).
122 As células tronco quiescentes possuem um longo ciclo celular (demonstrado pela seta
123 curva continua), enquanto que as células tronco ativas tém ciclos celulares curtos (seta
124 curva descontinua) com renovagao rapida (Weissman, 2000).

Figura 2. Classificacio das células tronco
Long-term stem cells de acordo com seu ciclo celular. “Longterm
stemr cells” para designar as células tronco

uiescentes de baixa renovagio, e “short-
Short-term stem cells 4 N i 40,
term stem cells” para as células tronco de

rapido ciclo celular. Retirado de Weissman

Multipotent progenitors (2000).
Oligolineage progenitors
Differentiated Progeny
19090
139 Estudos tém demonstrado que as células tronco quiescentes e as células tronco
140 ativas constituem diferentes subpopulagoes que coexistem em diferentes regides de um
141 mesmo tecido (ver revisio em Li & Clevers, 2010) (Figura 3).

142
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Figura 3. Coexisténcia das células tronco quiescentes (células coloridas em rosa) e células tronco ativas
(células representadas pela cor vermelha). A é um foliculo capilar, B uma cripta intestinal e C medula 6ssea. Retirado
de Li & Clevers (2010).

As células tronco residem em regides anatomicas especificas, conhecidas como
nichos. O termo nicho foi cunhado inicialmente por Schofield em 1978, mas o conceito
nicho permaneceu vago até sua identificagdao e caracterizagao em gonadas de Drosophila
melanogaster (Oonczy et at., 1996; Fuller, 1998; Hardy ez a/., 1979; Kiger & Fuller, 2001).
Funcionalmente, o nicho é entendido como o microambiente tecidual que abriga as
células tronco, e através de uma rede complexa de sinalizagao celular influencia as
caracteristicas e sua atividade de autorrenovacao e diferenciacio (ver revisao em Hsu &
Fuchs, 2012). Todo nicho, além das células tronco, é constituido por células
somaticas/estromais, vasos sanguineos e mattiz extracelular (Figura 4) (Fuchs ¢ al., 2004;
Jones & Wagers, 2008). As células somiticas/estromais além de fornecer suporte
estrutural para as células tronco sio responsaveis por secretar uma série de fatores de

crescimento solaveis locais que regulam de forma paracrina a atividade das células tronco

(Figura 4).
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Figura 4. Elementos do nicho das células tronco. Note células de suporte/estromais/somaticas, célula
tronco, mattiz extracelular, vasos sanguineos dentre outros. Retirado de Jones & Wagers (2008)

Estes fatores de crescimento também sdo produzidos localmente por outros
tipos celulares que também influenciam o destino das células tronco (Figura 4) (Jones

& Wagers, 2008).

Estudos tém demonstrado o papel dos vasos sanguineos no nicho. Evidéncias
recentes mostram que além de ser um aporte de oxigénio, hormoénios e outras
substancias vindas do sangue, as células endoteliais produzem fatores de crescimento,
conhecidos como fatores angiécrinos, que também regulam a atividade das células
tronco (Fuchs e al., 2004; Jones & Wagers, 2008; Butler ez a/., 2010). Além das células
somaticas/estromais, a mattiz extracelular também constitui uma fonte de fatores de
crescimento soluveis que estao envolvidos na regulacio paracrina do nicho (Fuchs ez
al., 2004; Jones & Wagers, 2008). Estes fatores de crescimento estdo associados a

diversos elementos da matriz extracelular e podem ser liberados quando a matriz é
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degradada ou remodelada dependendo da condi¢ao fisiolégica (Fuchs ez a/., 2004; Jones
& Wagers, 2008).

Também vale mencionar o papel das juncoes celulares de adesio e das
integrinas em reter as células tronco em seus nichos (Fuchs e 4/, 2004). As primeiras
se estabelecem entre as células tronco e as células de suporte enquanto que as segundas

prendem estas células a matriz (Figura 4) (Jones & Wagers, 2008).

A influéncia do nicho na atividade das células tronco pode ser compreendida
nos testiculos de Drosophila melanogaster (Sprandling ef al., 2001). Neste modelo é
proposto que quanto mais distante do nicho, maior ¢ a probabilidade das células tronco
se diferenciarem, uma vez que estas estdo afastadas das condigdes moleculares e
estruturais que as mantém no seu estado indiferenciado (Figura 5) (Sprandling ef 4/,
2001). Isso também depende muito do tipo de divisao assumido pelas células tronco;
se o fuso mitético se encontra paralelo ao maior eixo da célula, as células-filhas
resultantes serao iguais e indiferenciadas (divisao simétrica) (Figura 5A) (Sprandling ez
al., 2001). No entanto, se o fuso mitético for perpendicular ao maior eixo da célula, as
células-filhas resultantes serdo diferentes; uma se mantém indiferenciada e a outra se
diferencia por estar longe do nicho (divisao assimétrica) (Figura 5) (Sprandling ef al.,
2001).

Niche cell

Progeny cell

Adhesive
molecule

Basement
membrane

Figura 5. Influéncia do nicho no destino das células tronco. Quanto mais distante do nicho, as
células tronco tendem a se diferenciar, uma vez que ficam distantes dos fatores que as mantém
indiferenciadas. Dois tipos de divisdes sao conhecidas: simétrica (A) e assimétrica (B). A simétrica gera duas
células tronco iguais, enquanto que a assimétrica gera uma célula tronco indiferenciada e outra célula que se

diferencia. Figura retirada de Sprandling e colaboradores (2001).
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1.2 Pluripoténcia

Por defini¢ao, o termo pluripoténcia é usado para se referir ao potencial das
células tronco em se diferenciar nos trés folhetos embrionirios; endoderma,
mesoderma e ectoderma (ver revisio em Mitalipov & Wolf, 2008). Assim sendo, as
células do macigo celular interno (MCI) do blastocisto sao pluripotentes e virtualmente
capazes de originar todas as células somaticas e também as da linhagem germinativa
do corpo (Mitalipov & Wolf, 2008). A pluripoténcia do MCI diminui gradualmente até
a formagao da gastrula.

As CTE expressam marcadores especificos que vao desde antigenos, atividade
enzimatica especifica como da fosfatase alcalina e telomerase a fatores de transcri¢ao,
como OCT4 e NANOG, que sao rapidamente reprimidos a medida que as células se
diferenciam (Mitalipov & Wolf, 2008). Dentre os fatores de transcri¢ao relacionados a
pluripoténcia, estudos mostraram que tal estado depende de uma triade composta
pelos fatores de transcricaio OCT4, NANOG e SOX2 (ver revisao em Wang ef al.,
2012). O OCT4 (octamer-binding transcription factor 4) é codificado pelo gene Pou’fl e
trata-se de um fator de transcricio da familia POU. O NANOG por sua vez, ¢
codificado pelo gene Nanog (Wang et al., 2012).

OCT4 e NANOG sio proteinas chaves na manuten¢ao da pluripoténcia das CTE,
atuando como parceiros na autorrenovagao das mesmas (Wang e al., 2012; Sanchez-
Sanchez e al., 2011). Os dois fatores de trancri¢ao sio expressos no MCI, epiblasto e
nas células germinativas primordiais durante o desenvolvimento embrionario, e nas
espermatogonias e odcitos na vida adulta (Wang ez al, 2012; Sanchez-Sanchez e al.,
2011). Grande parte dos estudos até entiao disponiveis foram feitos em camundongos
e humanos devido o desconhecimento das formas ortélogas em outros vertebrados.
Essas formas também foram identificadas em aves, Xengpus (somente Oct4), axolote
(Ambystomamexicanum), zebratish  (Danio rerio) e em medaka (Oryzias latipes),
demonstrando que esses fatores nao sao exclusivos de mamiferos (Tapia ez al, 2012;

Wang et al., 2011).

Em relagdo ao OCT4, vale mencionar que o gene ancestral foi duplicado durante
a evolucdo dos vertebrados originando duas formas; oc#f e pou2 (Tapia et al., 2012),
entretanto o oc#4 foi perdido nos peixes teledsteos e Pox2 perdida nos mamiferos.
Atualmente, o nome dado a zebrafish é pon5/3 (Frankenberg e al., 2014). Estudos em

modelos de peixes teledsteos, como zebrafish e medaka, tém demonstrado que a
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funcio do Oct4 relacionado a pluripoténcia foi mantida na copia presente nos
teledsteos. Além disso, o padrao de expressao também ¢ o mesmo, sendo expresso do
zigoto até a gastrula e também nas células germinativas primordiais (ver revisao em
Sanchez-Sanchez et al., 2011). No entanto, o Oct4 (spg/pon2) parece ter adquirido
outras fung¢des em zebrafish, como na regionalizacgio do cérebro durante o
desenvolvimento embrionario, dentre outras (Lunde ez a/., 2004). Por outro lado, em
medaka, o Oct4 nao desempenha nenhum papel na regionalizagao do encéfalo, mas é
expresso nas células germinativas primordiais e nas espermatogdnias tronco dos

individuos adultos (Sanchez-Sanchez et al., 2010).

Até o presente momento, o Oct4 niao foi demonstrado em espermatogonias
tronco de zebrafish, mas trabalhos usando anticorpo anti-Oct4 de roedores
demonstram a presenca da proteina nas espermatogonias tronco de Labeo robita, que

também é membro da familia Cyprinidae (Panda ez a/, 2011).

O NANOG por sua vez é considerado um fator crucial na manuten¢ao da
pluripoténcia embrionaria em mamiferos (Kuijk ez /., 2010) e também na regulacdo de
grupos de genes responsaveis pelo controle da pluripoténcia celular (Chambers ez .
2003; Cavaleri e Schéler 2003; Sun ef al. 2014; Mitsui ef al. 2003 Zhang ez al., 2009). Em
peixes, sabe-se que tal gene é importante para o desenvolvimento embrionario (Camp
et al., 2009), uma vez que sua deplecao leva a problemas no desenvolvimento da
gastrula e consequente morte em zebrafish (Wang e 4/, 2016) e também em medaka

(Sanchez-Sanchez ez al., 2010).

O terceiro elemento chave da pluripoténcia ¢ o SOX2 que atua como co-fator
do OCT4/NANOG para manter as células tronco em seu estado indiferenciado (ver
revisio em Sanchez-Sanchez e al., 2011). Outros fatores relacionados a pluripoténcia
das CTE tém sido investigados, como por exemplo, o KLF4 (kruppel-like factor 4),
TCF3 (transcription factor 3) e STAT3 (signal transducer and activator of transcription
3) responsaveis por exemplo, a induzir formac¢ao das chamadas iPS (7nduced pluripotent
steml) cells a partir de células ja diferenciadas, no caso, fibroblastos (Takahashi e
Yamanaka, 2006). Embora o papel desses fatores durante o desenvolvimento
embrionario seja bem caracterizado em mamiferos, pouco se conhece sobre a fungao
e regulacao dos mesmos em peixes teledsteos. A identificacdo e a caracterizacao

funcional dos fatores que mantém a pluripoténcia nos peixes sao, portanto, um grande
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desafio para compreender o papel e evolugio destas moléculas em diversas classes de

vertebrados.
1.3 Espermatogénese de peixes teledsteos e sua regulagio enddcrina

A espermatogénese é um processo altamente conservado entre os cordados e
compreende uma série de eventos altamente precisos e coordenados, nos quais uma
unica espermatogonia tronco se diferencia para originar milhares de espermatozoéides.
Este processo ¢é dividido em trés grandes fases (Russell ef 4/, 1990; Sharpe, 1994;
Franca & Chiarini-Garcia, 2005; Nébrega e al., 2009; Schulz ef al., 2010): (1) fase
espermatogonial ou proliferativa, caracterizada por sucessivas divisdes mitoticas das
espermatogonias; (2) fase espermatocitaria ou meidtica, em que o material genético
dos espermatocitos é duplicado, recombinado e segregado, formando células hapléides
denominadas de espermatides; e (3) fase espermiogénica ou de diferencia¢do, na qual
as espermatides passam por modificagbes estruturais e funcionais altamente complexas
para originar os espermatozoides, que estarao aptos para a fecundagao. Embora
conservada, a espermatogénese apresenta certas peculiaridades dependendo do grupo
estudado. Em peixes teledsteos, por exemplo, a espermatogénese ocorre no interior
de estruturas denominadas espermatocistos, ou cistos, que se formam quando uma
unica espermatogonia primaria ou do tipo A é completamente envolvida pelos
prolongamentos das células de Sertoli (Figura 6) (Grier, 1993; Pudney, 1993; 1995;
Schulz e al., 2010).
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Figura 6. Comparac¢io entre a espermatogénese em estadios de amniotas (répteis, aves, mamiferos) (A) e
cistica dos anamniotas (peixes, anffbios) (B). A Figura ilustra as diferengas entre a relagio célula de
Sertoli/célula germinativa na espermatogénese nio-cistica e cistica. Em A, a célula de Sertoli suporta ao
mesmo tempodiferentes clones de células germinativas em diferentes fases de desenvolvimento. Enquanto
que em B, a célula de Sertoli suporta apenas um clone em uma mesma fase de desenvolvimento por vez.
Legendas: células de Sertoli (SE); lamina basal (BL); células peritubulares midides (MY), células de Leydig
(LE), espematogbnia (SG); espermatécito (SC); espermatide arredondada (RST); espermatide alongada
(EST); espermatogénia do tipo A indiferenciada* (Aund*) (célula tronco?); espermatogonia do tipo A
indiferenciada (Aund); espermatogbnia do tipo A diferenciada (Adiff); espermatogénia do tipo B (B eatly-
late); espermatdcitos primarios em leptéteno/zigdteno (L/Z), paquiteno (P), dipléteno/metifase I (D/MI);
espermatocitos secundatrios/metafase I (S/MII); espermatides iniciais (E1); intermedidrias (E2); finais (E3);
espermatozoides (SZ); e vasos sanguineos (BV). Retirado de Nébrega, 2014.

As  células germinativas derivadas desta espermatogonia  dividem-se
sincronicamente e constituem um clone de células germinativas que ¢ envolvido por
um nuimero variado de células de Sertoli, dependendo do tipo de cisto (Vilela ez a/.,

2003).

Diferentemente dos mamiferos, onde as células de Sertoli estio em contato

com varias geragoes de células germinativas (Russell ¢f 4/, 1990), na espermatogénese
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cistica as células de Sertoli normalmente estio em contato com apenas um tipo
especifico de célula germinativa durante a evolugdo do processo espermatogénico
(Figura 6) (N6brega ez al., 2009; Schulz ez al., 2010). Estes cistos encontram-se apoiados
na tanica propria dos tdbulos seminiferos, que é formada por camada acelular

denominada de membrana basal e pelas células peritubulares midides (Figura 06)

(Koulish ¢ al, 2002).

A continuidade da espermatogénese ¢ fundamental para manter a fertilidade
masculina, uma vez que, diariamente, milhoes de espermatozoides sao produzidos por
grama de testiculo. Em humanos, por exemplo, cerca de 13x10” espermatozoides sio
produzidos por dia. Ou seja, de forma mais ilustrativa, pouco mais de mil
espermatozoides sao formados a cada batimento cardiaco (Russell ez /., 1990; Sharpe,
1994; Franga & Chiarini-Garcia, 2005). Por essa razao, quando comparada com outros
sistemas de autorrenovagao do corpo, tais como pele e intestino, a espermatogénese é
considerada um dos processos de reposi¢ao celular mais eficientes (Russell ez a/., 1990).
A elevada e constante demanda de espermatozéides durante a vida reprodutiva
masculina se em fungao das espermatogonias tronco, que sao consideradas a base do
processo espermatogénico. A semelhanca das demais células tronco do corpo, a
espermatogonia tronco tem capacidade de se autorrenovar € 20 mesmo tempo originar
células-filhas diferenciadas que irdo formar os espermatozoides. Assim, as
espermatogonias tronco sao as unicas células tronco do corpo que contribuem com
material génico para a formagao de novos organismos. (de Rooij & Russell, 2000; de

Rooij, 2001 e 2006a,b, Ehmcke e Schlatt, 2006; Yan, 2006; Hofmann, 2008).

Uma caracteristica unica do processo espermatogénico € a divisao incompleta
das células germinativas, o que resulta em células conectadas por pontes
citoplasmaticas (Hunckins 1971; Russell ¢ a/, 1990; de Rooij & Russell, 2000). O
modelo Ais (espermatogonias isoladas), desenvolvido em 1971 por Hunckins, propoe
que as Ais atuam como células tronco, e as espermatogonias conectadas por pontes
citoplasmaticas sao terminalmente ja diferenciadas e comprometidas com a formacao

de espermatozoides (Figura 7).
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Figura 7. Ilustragao esquematica do “modelo Ais”. As espermatogonias A isoladas (Ais) atuam como células
tronco, e as geragoes subseqiientes conectadas por pontes citoplasmaticas; espermatogOnias pareadas
(Apt), alinhadas (Aal) e Al, sdo espermatogbnias terminalmente ji diferenciadas. Neste modelo, o
potencial tronco ¢é tnico e exclusivo das espermatogdnias isoladas, e a diferenciacao é sempre unidirecional

e irreversivel (Huckins, 1971).

Genes como Oct, Gfral, Cd24, Nanos2,3, Egr3, Plzf; Sox-3, Taftb, Belobh, Ret,
Soblh2, Cdh1, Gpri25, Utfl e Lin28 sao expressos exclusivamente nas espermatogonias
indiferenciadas (Ais, Apr, Aal), e tém sido apontados na ultima década como potenciais

marcadores espermatogonias tronco (Phillips ef a/., 2010; de Rooij & Griswold, 2012).

células tronco

A Ais Oct4+  Sohlh2+ | Figura 8. Perﬁl gé{lico
Gfra1+ Cdh1+ expresso nos diferentes tipos

Ngn3+/- Utf1+ de  espermatogonias  de

Plzf+ Lin28+ roedores; espermatogonia do

yOW O WY Bele+  Salld+ | G0 jsolada (Ais), pareada

EtvS+  Nanos2* a0 ilinhada (Aal4-16), e

¢ SEERRIRRERIEIEEY  diferenciadas do tipo 1 (Al).

Oct4+ Sohlh2+ | Presente (+), ausente (-),
Q m Q Aal(4) Gfra1+ Cdh1+ transitoriamente  expresso
: Ngn3+/- Utf1+ (+/9).  (Modificado  de

Plzf+ Lin28+ Phillips e# al., 2010).
Bcle+ Sall4+

Sohlh1+

espermatogonias

diferenciadas
cKit+ Sohlh1+
Ngn3+

=T

Em vertebrados, as gonadotropinas hipoéfisarias hormonio  Foliculo
Estimulante (Fsh) e hormonio Luteinizante (Lh) controlam o desenvolvimento
gonadal através de sinais locais, como os esteroides sexuais, fatores de crescimento
(Pierce and Parson, 1981; MclLachlan e 4/, 1996), small RNAs (sRNA) (van den
Driesche e al., 2014; Panneerdoss e al., 2012) e mudancas epigenéticas (Skaar e al.,
2011). As gonadotropinas sao glicoproteinas heterodiméricas com estrutura complexa

consistindo em duas subunidades; « estrutura comum e B, relacionada a especificidade
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hormonal. Ambas estruturas se ligam para formar uma estrutura dimérica
biologicamente ativa (Pierce, 1988). Em teledsteos sazonais, o Fsh esta envolvido no
desenvolvimento e crescimento da gonada imatura enquanto que o Lh participa da
regulacio da espermatogénese tardia, incluindo a maturacao final e liberagao dos
gametas (oocitacao e espermiacao) (Ogiwara ez al., 2013; Chauvigne ez al., 2014). Porém,
suas fungoes ainda diferem das encontradas nos mamiferos (Zhang et al, 2015),
evidenciando assim, a grande robustez evolutiva encontrada no sistema
enddcrino/reprodutivo de peixes. Um exemplo para tal situagio é a capacidado de
proprio Fsh estimular células de Leydig a liberarem andrégenos de forma mais potente
que o Lh (Garcia-Lopez ez al., 2010). Além do mais, sabe-se que o Fsh ¢ ainda capaz
de induzir a producido do fator de crescimento semelhante a insulina 3 (Igf3) pelas
células de Sertoli, estimulando consequentemente a diferenciagao das espermatogonias
tronco e também a entrada na meiose (NObrega ez al., 2015) (Figura 9). Além do mais,
ainda em teledsteos, o Fsh também ¢ responsavel por inibir a liberacao do hormoénio
anti-Mileriano (Amh), hormoénio este responsavel por inibir a diferenciacao das
espermatogoniastronco e também o processo de esteroidogénese (Skaar ez al., 2011)
(Figura 9). Vale ainda ressaltar que o Fsh estimula a produ¢ao de fatores de
crescimento nas células de Sertoli e também regula uma série de genes em testiculos
de zebrafish, como demonstrado recentemente por estudos de RNA seq (Crespo ez al.,
2016). Em conjunto, esses resultados mostram que o Fsh ¢é tido como um fator crucial
na regulacdo do nicho espermatogonial em peixes teledsteos.

Outro fator importante para a regulagdo de espermatogonias em mamiferos é
o GDNF (Glial cell line-derived neurotrophic fator) (Meng e /., 2000; Yomogida ez
al., 2003; Naughton e¢f al., 20006). Sob influéncia do FSH, o GDNF ¢ secretado pelas
células de Sertoli e atua por meio de seu receptor GDNF family receptor alpha-1 (GFRa1)
localizado na superficie das espermatogonias tronco (De Rooij, 2006b; Hess 7 al.,
20006; Cooke et al., 2006). Estudos demonstram que camundongos deficientes para
Gdnf (heterozigotos) (Meng ¢ al., 2000) e camundongos knockouts para Gdnf/ Gfral /¢-
Ret (Naughton e al., 2006) perdem progressivamente suas espermatogonias tronco
devido a incapacidade das mesmas de se autorrenovarem e manterem seu estado
indiferenciado. Sabe-se que em peixes que seu homologo gfiula, é expresso em
espermatogonias indiferenciadas de tilapia do Nilo (Lacerda ef al, 2013), dogfish

(Bosseboeuf ¢ al., 2013) e truta Arco-iris (Nakajima e a/., 2014). No entanto, nessa
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classe de vertebrados pouco se sabe a respeito da fun¢do do Gdnf na regulagio de

células germinativas e somaticas.
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Figura 9. Representacdo esquemitica
da atividade biolégica do Fsh na
espermatogénese em zebrafish
(No6brega ef al., 2015). O Fsh estimula
a producio de andrégenos nas células
de Leydig, que por sua vez promove a
diferenciagdo das células germinativas.
Ao mesmo tempo, o Fsh reduz (linha
pontilhada) a expressio do Amh nas
células de Sertoli, caso contratio,
poderia  inibir a produgdo de
andrégenos e a diferenciagio das
espermatogonias. O Fsh também
estimula a expressao de Igf3 nas células
de  Sertoli, que promove a
diferenciagdo das células germinativas;
Andrégenos  também  (fracamente)
estimulam a produgio de Igf3. Imagem
retirada de Nobrega ef a/, 2015.

Ainda recentemente, Zhang e colaboradores (2015) demonstraram que na

auséncia de Fsh e/ou Lh, machos de zebrafish sdo completamente férteis, apesar do

atraso no crescimento do testiculo em ambos heterozigotos e homozigotos para esta

mutagdo. Este resultado sugere uma visao diferente da regulagao da espermatogénese

em teledsteos, sugerindo que tal processo é complementar a outras vias de induc¢ao de

sinalizagdao. Semelhantemente, em mamiferos, o FSH tem capacidade de iniciar a

espermatogénese, mas nio em manté-la nos individuos adultos (Kumar ez a/. 1997,

Plant &Marchall., 2001; Tapanainen ez al., 1997). Sendo assim, analises mais detalhadas

das vias de regulagao do nicho espermatogonial sdo cruciais e necessarias para um

entendimento mais robusto da biologia das espermatogonias tronco.
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2. Justificativa

As células germinativas sdo as unicas células de organismos metazoarios capazes de
transmitir o material genético de uma determinada populagao de individuos para as
conseguintes geragoes. Logo, tal populacio de células garante a sobrevivéncia de
espécies a0 longo do tempo evolutivo. Tendo isso em vista, este trabalho fornece
informagoes a respeito dos efeitos de fatores de regulacio enddcrino e paracrino na
atividade proliferativa e génica de espermatogonias tronco. Tais fatores, que direta ou
indiretamente sdo responsaveis pelo controle de diferenciacdo e autorrenovagao dessas

células, vao por fim, contribuir para a homeostase do processo espermatogénico.

3. Objetivos

O objetivo geral desse trabalho foi caracterizar populacbes de espermatogonias
tronco de zebrafish (Darnio rerio) a partir de marcadores moleculares e analisar os efeitos
do Fsh e do GDNF nessas células e também em células de Sertoli, no que diz respeito

a proliferacdo conjunta entre ambas populagoes e analise de expressao génica.
Objetivos especificos:

1 — Identificar marcadores de espermatogonias tronco presentes no interior e na

membrana celular dessas células e;

2 — Analisar os efeitos dos hormoénios Fsh e GDNF nessas populagdes de células.
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Capitulo 1

Cross-talk between Sertoli and Spermatogonial Stem cells
via Fsh (Follicle stimulating hormone) and Gdnf (Glial cell-

derived neurotrophic factor) in zebrafish (Danio rerio) testis
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Introduction

Spermatogenesis is a biological process in which a single spermatogonia stem cell
(SSC) is able to produce a large number of haploid cells (Hess & Franca, 2008; Ridiger
et al., 2010). To maintain this process throughout life, SSC self-renew to produce more
stem cells, and/or produce differentiated daughter cells ultimately committed with the
sperm formation (De Rooij and Russell, 2000; De Rooij, 2001 and 2006a, b, Ehmcke et
al., 2006; Yan, 2006). The balance between these two processes (self-renewal and
differentiation) is finely and precisely coordinated in the so-called spermatogonial stem
cell niche (De Rooij, 2001 and 20064, b; Yan, 2006). The niche is composed by the SSC
itself and the surrounding Sertoli cells and the nearby elements from the interstitial
compartment, such as Leydig cells, peritubular myoid cells, blood vessels and the
extracellular matrix (Spradling et al., 2001; Fuchs et al., 2004). There is a remarkable
difference between ammniotes (reptiles, birds and mammals) and anammiotes (fish and
amphibians) with regards the spermatogonial niche (Schulz et al., 2005). In the
ammniotes, SSC is located at the basal compartment of the seminiferous epithelium, lying
directly on the basal lamina (extracelullar matriz) of the epithelium (Schulz et al., 2010)
which is nearby to the interstitial cells. While in the anammiote group, SSC are separated
from the basal lamina and the interstitium throughout Sertoli cells, which completley
surrounded a single SSC, forming the spermatocyst or cyst (Callard, 1996). Therefore,
anammiote Sertoli cells are considered important elements which mediate and integrate

signals in the niche (Yan, 2006; Hess et al., 2006; Cooke et al., 2006; Yoshida, 2015).

Pituitary gonadotropin Fsh (Follicle-stimulating hormone) seems to be an
important endocrine signal that regulates spermatogonial niche in fish (Pierce and Parson,
1981; McLachlan et al.,1996; Huhtaniemi and Themmen, 2005; Ohta et al., 2007; Garcia-

Lopez et al., 2009 and 2010; De Rooij and Griswold, 2012). In zebrafish, Fsh stimulates
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spermatogonial proliferation and differentiation in an androgen independent manner
(Nobrega et al., 2015; de Castro Assis et al., 2018). Studies have shown that in the
zebrafish testis, Sertoli cells transduce signals from Fsh into the production of growth
factors that are required by spermatogonia proliferation and differentiation (Meng et al.,
2000; Yomogida et al.,2003; Nagano et al., 2003; Loveland and Robertson, 2005; De
Rooij and Griswold, 2012; Savitt et al., 2012). In general Fsh modulates the balance
between stimulatory and inhibitory growth factors; increasing Igf3 (Insulin-like growth
factor 3) that promotes spermatogonial proliferation and differentiation (N6brega et al.,
2015; de Castro Assis et al., 2018), while decrease Amh (Anti-Mullerian hormone) which
is involved on blocking spermatogonial differentiation and mantaining cells at their
quiescence state (Skaar et al., 2011). Recent studies showed that Fsh-stimulated
spermatogonial proliferation modulated several signaling system (i.e. Tgf-b, Hedgehog,
Wnt, Notch and B-catenin pathways) (Crespo et al., 2016; Safian et al., 2018). In
mammals, FSH also regulates Sertoli cell growth factor production involved on
spermatogonia development [e.g. Activin, Amh, Inhibin, BMPs, CSF (colony-stimulating
factor)] (Oatley et al., 2009; Skaar et al., 2011; Barakat et al., 2008; Zhao et al., 2001,
Neumann et al., 2011; Loveland and Robertson, 2005). Among these factors, FSH
induced the Sertoli cell release of glial cell line-derived neurotrophic factor (GDNF)
(Tadokoro et al., 2002) which has a remarkable role on SSC self-renewal and
maintenance (Meng et al., 2000; Gautier et al., 2014; de Castro Assis et al., 2018). GDNF
is a member of the transforming growth factor-f3 superfamily and was originally identified
as a survival factor for midbrain dopaminergic neurons (Lin et al, 1993) and an important
factor for SSC in rodents (Meng at al., 2000), dogfish (Gautier et al., 2014) and zebrafish
(de Castro Assis et al., 2018) so far. Knockout studies in mice with either GDNF or its

receptor GFRa1/c-RET showed a progressively loss of SSCs due their inability to self-
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renew and maintenance (Naughton et al., 2006). Interestingly, gdnf is expressed in trout
germ cells (from spermatogonia to spermatocyte) (Nakajima et al., 2014) but not in

Sertoli cells, as found in mouse (Meng at al, 2000).

In this study, we evaluated the effects of Fsh into SSC gene expression and how
Fsh affected Sertoli and spermatogonial proliferation. To first address this question, we
characterized SSC transcripts/protein in the zebrafish testes and also Fsh receptor
localization. Further, we examined whether Gdnf is involved in SSC niche by evaluating
the expression sites of Gdnf and its receptor in the testes and the biological effects of this
same ligant on Sertoli and spermatogonial proliferation. We found a bilateral cooperation
between Sertoli and spermatogonial cells to regulate the spermatogonial niche in

zebrafish.

Results

Identification of SSC transcripts and protein in the zebrafish testes

We have analyzed the presence of selected mMRNA (pou5f3, nanog and nanos3)
considered to be related with SSC pluripotency in mammals (Table 1). In order to identify
their pluripotency in zebrafish, expression analysis in embryos at different stages of
development, early (blastula - undifferentiated state) and late stage (long-pec - more
differentiated stage), were evaluated. The mRNA levels of pou5f3, nanog and nanos3
decreased in the long-pec stage (Fig. 1), suggesting that these genes might be involved in
the pluripotency state of the embryo. Further, we have identified their expression (NRNA
and protein) sites in the adult testes by gPCR, in situ hybridization and
immunofluorescence. The transcripts of pou5f3, nanog and nanos3 are expressed in both

adult gonads (Fig. 1), and their sites of expression were identified in early spermatogonia
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from type A undifferentiated spermatogonia (Aund) to type A differentiated spermatogonia
(Adgifr) (Supplemental Fig. 1). The immunofluorescence has shown that Pou5f3 protein
was localized preferentially in type Auwd (Fig. 2). Less or no signal could be found in
differentiated germ cells (type B, spermatocytes and spermatids) (Fig. 2). The
immunodetection for Nanos3 and Nanog have not been optimized yet, although the

protein has been detected in the testes (Data not shown).

Effects of rzf Fsh on SSC gene expression and Sertoli and germ cell proliferation

Testicular explants treated with 100ng/mL rzf Fsh showed differential expression
for the SSC transcripts (Fig. 3). Interestingly, pou5f3 mRNA levels decreased while
nanog and nanos3 were up-regulated with the Fsh treatment (Fig. 3A). Evaluating the
Gdnf (gdnfa; gdnfb was not evaluated because it is not expressed in the testis) and its
receptor (gfrala and gfralb), we found that rzf Fsh did not stimulate gdnfa and gfralb
expression, but decreased gfrala mRNA levels (Fig. 3A). No changes were detected for
dmrt, and as expected, igf3 was highly expressed in the testes stimulated with rzf Fsh
(Fig. 3A). When examining the Sertoli and spermatogonial proliferation, rzf Fsh
stimulated proliferation of type Aund and Sertoli cells belonging to the same cyst (Fig. 3
B). Interestingly, immunofluorescence showed a strong and concentrated signal for Fsh
receptor in Sertoli cells associated with type Aung and Aditf (Fig 3C). Fshr could also be
detected in Sertoli cells associated with other germ cell types and in Leydig cells, as

expected (Fig. 3C).

34



923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

Localization of Gdnfa/Gfrala in the zebrafish testes

During embryonic development, gdnfa and gfrala transcript levels increased
significantly from blastula to long-pec stage (Fig. 4A). gdnfa and gfrala are also
expressed in both adult gonads (Fig. 4A). To determine the gdnfa expressing cells in the
zebrafish testes, two approaches were employed; in situ hybridization (Fig. 4B) and gPCR
expression analysis in the somatic and germ cell enriched fractions obtained from a
differential plating method (Fig. 4C). While the in situ hybridization showed signal that
could be either in Sertoli or germ cell (Fig. 4B), gPCR analysis showed higher gdnfa
transcript levels in the germ cell enriched fraction (Fig. 4C). The Gdnf receptor, Gfrala
was found in the cell surface of type Aund and Auitf, and also in the membrane of Sertoli

cells (Fig. 4D).

Biological effects of rh GDNF on zebrafish spermatogenesis

Testicular explants treated with 100 ng/ml rh GDNF for 7 days of culture showed
an increased proportion of types Aund and Awditt in the zebrafish testes (Fig. 5A). A
reduction of type B spermatogonia is seen in the GDNF treatment (Fig. 5A). In agreement
with the morphometrical analysis, the spermatogonial mitotic index showed an increased
of BrdU incorporation by types Aund and Augisf in the zebrafish testes treated with rh GDNF
(Fig. 5B). Interestingly, the mitotic index for Sertoli cells was also elevated (Fig. 5C),
showing that the dividing Sertoli cells were found in association with cysts of Aung and
Audirf which were also BrdU-positive (Fig. 5C). Expression analysis, on the other hand,

showed no changes on the selected transcripts, including the SSC mRNAs (Fig. 5D).
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Discussion

Sertoli cell acts as a paracrine relay station for different endocrine or paracrine
signals (e.g., gonadotropins, sexual steroids, growth factors, among others), transducing
these different signals into growth factors that are required for germ cell development
(Tadokoro et al., 2002; Miura et al., 2002; Skaar et al.,2011; Meng et al., 2000; Yomogida
et al., 2003; Savitt et al., 2012; Loveland and Robertson, 2005; Nagano et al., 2003;
Yoshida et al., 2015). In the cystic spermatogenesis, this function is more evident, once
all germ cells, from a single SSC until late spermatids, are completely surrounded by
cytoplasmic extensions of Sertoli cells (Schulz et al., 2010). Studies in zebrafish have
shown that Fsh is a major regulator of spermatogonial proliferation and differentiation
through production of stimulatory growth factors in Sertoli cells, such as Igf3 (Nobrega
et al., 2015). Fsh also down-regulated inhibitory factors in Sertoli cells creating a
permissive condition for spermatogonial proliferation in the zebrafish testes (Miura et al.,
2002; Skaar et al., 2011). In this work, we have studied how Fsh regulates SSC genes and
affects Sertoli cell proliferation and spermatogonial proliferation. To address this
question, we first characterized some selected SSC transcripts in zebrafish testes. For this
selection, we found ortologues of stem cell pluripotent transcripts (pou5f3, nanog and
nanos3) of mammals in zebrafish. These transcripts showed higher expression at early
stages of development (blastula), decreasing their levels in a more differentiated stage

(long-pec stage) which confirms that they are involved in pluripotency.

Poubf3 is expressed in zebrafish testes, preferentially located in type Aund
spermatogonia. Similar results were found in medaka (Sanchez-Sanchez et al., 2010b) in
which pou5f1 was expressed in type Aund. Rhandia quelen also showed pou5f3 expression
in types Aund and Awgitt Spermatogonia (Lacerda et al., 2018). Therefore, pou5f3 can be

considered a SSC marker in D. rerio.
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In zebrafish, nanos3 was expressed in early spermatogonia, although we could not
show its localization by immunofluorescence. In rainbow, nanos2 (an isoform of nanos3)
was found restricted to subpopulations of type A spermatogonia (Bellaiche et al., 2014).
Moreover, these authors showed that both nanos2 and nanos3 are highly expressed in
gonads composed by type A spermatogonia, while lower levels of expression were found
when these cells enter into differentiation (Bellaiche et al., 2014). Although it is known
that nanos3 transcripts are present in rainbow trout and zebrafish gonads, the specific role
of Nanos2 and Nanos3 are still unknown.

Nanog is considered to be a crucial factor for the maintenance of embryonic
pluripotency (Kuijk et al., 2010) and germ cell development (Theunissen and Jaenisch,
2014). In zebrafish, it has been shown that Nanog play an important role during early
embryonic development (Camp et al., 2009). Studies in zebrafish (Wang et al., 2016) and
medaka (Sanchez-Sanchez et al., 2010) have demonstrated that Nanog deficient embryos
had problems in the gastrula development and are lethal. Little is known about the role of
Nanog in fish gonads. In the present study, we detected nanog expression in adult testes
and showed its transcripts restricted to early spermatogonia. We could not demonstrated
yet the localization of the expressing protein, although Western Blot analysis confirmed
the presence of Nanog in the zebrafish testes. Although not yet conclusive for Nanos3
and Nanog, we believe that these genes are expressed in SSCs in zebrafish testes, based
on data from literature and for our expression analysis during embryonic development.
Further studies showing the protein localization in the testes will answer this question.
Another interesting issue to be addressed is whether these proteins are co-localized or not
in the same cell.

Once characterized the SSC transcripts in the zebrafish testes, we evaluated their

expression under Fsh stimulation. Interestingly, we found two different patterns of
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expression among them; a decreased expression for pou5f3, while nanog and nanos3
transcripts were up-regulated by Fsh. Considering that previous studies have show that
Fsh stimulates both proliferation and differentiation, increasing type Auwd and Agiff in
zebrafish testes (NObrega et al., 2015), our results indicate that higher expression of
nanog and nanos3 could indicate the formation of new cysts of Aud. However, this
observation did not matched with pou5f3 expression. Previous studies in zebrafish have
shown two populations of type Aung; One with long S-phase, named as slow-dividing cells
(quiescent stem cells), and another population with short S-phase, named as active-
dividing cells (active stem cells) (Nébrega et al., 2010). We believe that pousf3would be
related to the slow dividing cells (quiescent stem cells), that under Fsh stimulation is
decreasing its expression to originate the active stem cells. Further studies will make an
effort to co-localize markers of S-phase and these proteins (Pou5f3, Nanog and Nanos3)
in the zebrafish testes.

In this study, immunofluorescence for Fsh receptor showed a strong signal in
Sertoli cells surrounding type Aund, Where most of the SSC transcripts were found. When
evaluating the proliferation of Sertoli and spermatogonia, we found that Fsh stimulates
both Sertoli and type Aund proliferation from the same cyst. In agreement with nanog and
nanos3 expression, this data indicates the formation of new cysts. In zebrafish, as in other
vertebrates, Fsh modulates the production of growth factors in the Sertoli cells (Barakat
et al.,2008; Mullaney and Skinner, 1992; Nicholls et al., 2012; Pitetti et al., 2013;
Tadokoro et al., 2002). Among the Fsh-induced stimulatory growth factors produced by
Sertoli cell, Igf3 role has been well described in zebrafish testes in the last years (N6brega
et al., 2015; Safian et al., 2018). 1gf3 promotes spermatogonial proliferation and
differentiation and antagonizes inhibitory factors, such as Amh (Nébrega et al., 2015).

Therefore, we can conclude that Fsh acts in Sertoli cells surrounding type Aund, increasing
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and releasing stimulatory factors (e.g. 1gf3), which promote type Aung proliferation. At
the same manner, Fsh also stimulates Sertoli cell proliferation, which together with type
Aung, lead to the formation of new cysts. Based on this findings, we suggest that Fsh
orchestrates and integrates the functions of both somatic and germ cell in the SSC niche.

In rodents, FSH stimulates the expression and release of GDNF (Meng et al.,
2000) which is crucial factor for SSC self-renewal and maintenance in the testis. GDNF
is produced by Sertoli cells and its receptor, Gfral/c-Ret, are found in SSCs (Naughton
et al., 2006). In teleosts, there are two isoforms of Gdnf, Gdnfa and Gdnfb (Bellaiche et
al., 2014). Gdnfb is expressed in the brain, while Gdnfa in the gonads. The receptors,
Gfrala and Gfralb are both expressed in the adult testes of zebrafish. In this study, we
showed that Fsh did not modulate the expression of Gdnfa, different from mammals
(Simon et al., 2007; Takodoro et al., 2002; Ding et al., 2011). Conversely, in rainbow
trout, Fsh had a negative effect on gdnfb, which is the isoform present in the gonads
(Bellaiche et al., 2014). In our study, we showed using a differential plate method that
gdnfa is expressed in germ cell enriched fraction. This result is in agreement with
Nakajima and collaborators (2014) who demonstrated that gdnf is expressed in type Aund
of rainbow trout. The presence of Gdnf in germ cells and not in Sertoli cells explain the
non-modulation of gdnfa expression by Fsh in zebrafish testes. With regards to its
receptor, Gfrala, immunofluorescence has demonstrated that the receptor is present in
the cell membrane of Sertoli cells and also in early spermatogonia, such as type Aund.
Such transcripts were also found in type Aung Of different fish species, as in Nile-tilapia
(Lacerda et al., 2013), dogfish (Bosseboeuf et al., 2013) and rainbow trout (Nakajima et
al., 2014). Therefore, we demonstrated here that Gdnf is a germ cell paracrine factor and
the Gdnf/Gfrala signaling occurs in an autocrine fashion in germ cells, while in Sertoli

cells, Gdnf acts through a paracrine manner. With regards to the biological effects of rh
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GDNF (high homology with zebrafish Gdnfa), we showed an increase of cysts of type
Aund and Awgifr, but no changes in the SSC gene expression. The higher frequency of Aund
and Auifr IS In line with the higher mitotic index of these cells when zebrafish testes were
treated with GDNF. Similar results were seen in dogfish, where rh GDNF promoted
expansion of SSC colonies in vitro (Gautier et al., 2014). Interestingly, we also found that
GDNF increased the number of BrdU-positive Sertoli cells which were found in
association with cysts of Aung and Adis, also positive for BrdU. We conclude that GDNF
promoted spermatogonial proliferation, increasing cysts of types Aund and Auits but did
not change SSC gene expression. This result suggests that GDNF might be involved in
SSC maintenance. On the other hand, we showed for the first time that a germ cell growth
factor affected gfrala expressing Sertoli cells. As germ cell divides, the secreted GDNF
might stimulate Sertoli cell proliferation as well aiming to form new cysts or
accommodate the newly-formed germ cells in the cyst.

As conclusion, we showed that endocrine (Fsh) and paracrine signals integrate
and coordinate both Sertoli and germ cell functions in the SSC niche (Figure 6). Sertoli
cells transduce the pituitary gonadotropin signal, Fsh, into growth factor production
which affect SSC proliferation. As consequence of SSC proliferation, Fsh also stimulates
Sertoli cell mitotic division in order to create new cysts (Figure 6). On the other side,
GDNF, a germ cell paracrine signal, acts in the maintenance of SSC, but also stimulates
Sertoli cell proliferation in order to create cysts or accommodate the newly-formed germ
cells in the cyst (Figure 6). The cross-talk between SSCs and the surrounding Sertoli cells
through endocrine and paracrine factors assure the proper development of both cells and

spermatogenesis per se along the entire reproductive life.
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Material and Methods

Animals, sampling and ethics statement

The animals were kept in facility system under photothermal and water controlled
conditions. For experimentation, they were euthanized by overdose with benzocaine
hydrochloride (>250mg) previously dissolved in ethanol and then mixed in appropriated
volume of water. The animals were immersed in the benzocaine solution until death.

A number of about 100 animals (zebrafish) were used in this project. This project
(protocol 666-CEUA) is in accordance with the current legislation (Law 11.794/2008 and
Decree 6.899/2009) and with the normative resolutions applicable by the Ethical
Principles in Animal Experimentation elaborated by the Brazilian Society of Science in
Laboratory Animals (SBCAL/COBEA) and approved by the Committee of Ethics in

animal use (CEUA) of the Institute of Biosciences of Botucatu on October 14, 2014.

Pluripotency genes expression: RT-gPCR and RT-PCR

To evaluate gene expression, RNA from samples was obtained using PureLink®
RNA Mini Kit Kit (Ambion®) following the manufacturer’s protocol. DNase treatment
using DNase I, RNase-free kit (Invitrogen, Carlsbad, CA, USA) was performed and
subsequently, cDNA was synthetized using SuperScript® Il Reverse Transcriptase Kit
(Invitrogen ™, Carlsbad, CA, USA) using random hexamers according to standard
protocols (Nobrega., 2010). RT-PCR and gPCR reactions were conducted using specific
primers for zebrafish pou5f3, nanos3, nanog, and gdnf (Table 1 and 2). Zebrafish B-actin
(NCBI: AF057040.1) (Table 1) was used as endogenous reference gene for RT-PCR
reactions, while elongation factor 1a (eflo) and B-actin were used as housekeeping genes
for RT-qgPCR. The RT-PCR products were separated on a 1-1,5% agarose gel and

visualized over a UV transilluminator. For RT-qPCR, the quantification cycle (cq) values
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of those genes were determined in a StepOne system (Life Technologies) using SYBR
Green (Invitrogen) and specific primers (Table 1). All RT-gPCR reactions (10-20 ul) used
900 nM for each primer and 300 ng of total cDNA. Each reaction was performed in
duplicate. Relative gene expression levels were calculated according to the AACt method
as described previously (Vischer, Teves, Ackermans et al., 2003). Expression levels for
each gene were normalized with two endogenous reference genes (see above) and
subsequently calibrated to the Cts of the proper group of genes (AACt) for each

experiment.

Protein localization for the pluripotency genes

For immunohistochemistry, zebrafish anti bodies were synthetized using specific
antigens. Testis (n = 5 animals) were fixed 2 hours in 4% paraformaldehyde and
incorporated in paraplast (Paraplast®, Sigma Aldrich). Cuttings of Sum thickness were
mounted on silanized slides. After depparafinization and hydration, the sections were
submitted to antigenic recovery in a humid chamber sodium citrate (10nM; pH 6.0) in
microwave for 10 minutes. For blocking, BSA 1% was used for 1 hour. Subsequently,
the slides were incubated overnight at 4°C with the anti-Pou5f3 (dilution 1: 200). After
washing, the slides were incubated for 60 minutes at 37°C with the secondary antibody
corresponding to their primer (all diluted 1:200). Subsequently, the sections were
counterstained and mounted with ProLong (DAPI). Germ cells were classified based on
morphological criteria (Leal et al., 2009b). The secondary antibody only control was done
without the primary antibody. Secondary antibody was let 1 hour at 37°C (figure S2).
Testis tissue cultures and differential plating method

The effect of recombinant zebrafish Fsh (rzfFsh) (100ng/ml) on pluripotency genes

expression was analyzed using a previously described organ culture system for Japanese
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eel (Miura et al., 1991) and zebrafish testes (Leal et al., 2009). The morphology of the
testis and the populations identification was done by toluidine blue immersed for 10
minutes, then washed under tap water and mounted for light microscope. rzfFsh was
purchased from U-Protein Express B.V; Utrecht, the Netherlands, and detailed
information about rzf Fsh synthesis was provided by Garcia-Lépez and collaborators
(2010). For expression analysis, testes from 15 animals collected and placed on
nitrocellulose membrane on top of agar blocks, which were incubated in Leibovitz (L-15)
(Sigma) culture medium containing or not rzf Fsh (100ng/ml). After 7 days (medium was
refreshed every 3 days), testis were collected for RT-gPCR analysis as described above.
BrdU (100 pg/ml; 5-bromo-2-deoxyuridine; Sigma Aldrich) was added in the last 6 hours
of incubation, and samples were collected for BrdU immunodetection as described
previously (Nobrega et al, 2015). The mitotic index was determined by counting the
number of Aund-BrdU positive cells in 50 randomly chosen optical fields (100x) between
basal and Fsh conditions. Also, in order to separate somatic from germ cells, testes from
10 animals were submitted to the differential plating method as described by Luo and
collaborators (2006). By this technique, somatic cells firmly adhere to the bottom of the
plate while germ cells remain in suspension for 2-3 days of culture or are weakly
associated with the somatic cells (Figure 5).

Statistical analyses

Results were expressed as mean values = SEM. Significant differences between two
groups were identified using paired Student's t-test (p<0.05) for Fsh treatment and
unpaired for the others treatments. Comparisons of more than two groups were performed
with one-way ANOVA followed by Student-Newman-Keuls test (p<0.05). Graph Pad
Prism 4.0 (Graph Pad Software, Inc., San Diego, CA, USA, http://www.graphpad.com)

was used for all statistical analysis.
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Figure 1. A. RT-PCR for 8-cell stage and hatching on zebrafish embryos. RT-PCR shows differential
expression for pluripotency genes candidates in two different stages of development. B, C and D. Relative
expression of mammalian orthologue genes present in gonads and zebrafish embryos. A. b-actin was used
as positive control. Gene expression in B, C and D were normalized with reference gene (efia) and
expressed as relative values of the lower expression (somite). Different letters indicate significant
differences among the groups (P <0.05).
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Figure 2. (A-B) Toluidine blue staining of testes showing the different populations of spermatogonial cells.
(C, G and F) Immunostaining of Pou5f3 [C — DAPI counterstaining and D, F and G propidium iodide (PI)
counterstain]. (E) Poub5f3 staining without Pl. The proteins are concentrated in undifferentiated
spermatogonia stem cells (Aung) as indicated by arrows in C, F and G. Aund, type A undifferentiated
spermatogonia; Adiff, type A differentiated spermatogonia; SPG B, spermatogonia type B; SPZ,
spermatozoa; SC, Sertoli cells. Bars — 5uM; (H) Pou5f3 immunoblot of whole testis.
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Figure 3 — rzfFsh effects on germ and somatic cells proliferation and fluorescence immunchistochemistry
for Fshr in zebrafish testis of adult individuals. (A) Relative expression of selected genes in adult zebrafish
testis under influence of 100ng/uL of rzf Fsh culture for 7 days. (B) Sertoli cells proliferation in association
with undifferentiated (Aund) or differentiated (Adiff) spermatogonia BrdU-positive or negative. Results
are presented as mean = standard error (n = 8). (A, B) Significant statistical differences (p<0.05) related to
control (horizontal line) are denoted by asterisks (*). (C-D) Immunofluorescence detection for Fshr in
zebrafish testis. (E-G) Sertoli cells associated with type A undifferentiated (Aund) positive for Fshr. (H-J)
Fshr expressing Sertoli cells belonging to different germ cell cysts. Note that Leydig cells are also positive
for Fshr. Aund, type A undifferentiated spermatogonia; Adiff, type A differentiated spermatogonia; SPG
B, spermatogonia type B; ST, spermatids; SPZ, spermatozoa; SC, Sertoli cells; LC, Leydig cells. Bars A-
E 5uM and F-H 10uM.
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Figure 04 — gdnfa/gfral expression in embryonic and adult cells and its sites of expression in testes of adult
zebrafish. (A) Expression of gdnfa/gfral present in gonads and zebrafish embryos. Different letters indicate
significant differences among the groups (P <0.05). Genes were normalized with reference gene (efl o) and
calibrated with the presented lower expression (somite). (B) mRNA sites of expression for gdnfa transcripts.
We were unable to determine if the expression if concentrated either in germinative or Sertoli cells. (C)
Differential platting technique. GC — germinative cells. SC — Sertoli cells. (E-H) Colocalization of Fshr and
DAPI. (D) gdnfa is expressed in germ cells. Control has both germinative and Sertoli cells. Different letters
indicate significant differences among the groups (P <0.05). (E) Aund positive staining in the membrane
of both Sertoli cell and Aund. (F) Adiff cysts positive for Gfrala (G-H) Membrane of Sertoli cells
expressing Gfrala. DAPI counter staining. Aund, type A undifferentiated spermatogonia; Adiff, type A
differentiated spermatogonia; SC, Sertoli cells. Bars - 5uM.

>

n
=3
]

3 Basal Bl rh GDNF 409 3 Basal W rhGDNF

-
far _ .
= P 3 30 f 1
Y [ ‘;’
) * B
= 304 * Lognn =
E — -
2 2201
-izo- E
: 2
= Iu_
g 10- &
5
-9

P P PG B PC PT

i(i i‘h?r B B = Auna Agitr

@
o

507 3 Basal Bl rhGDNF
- i —_—
£ 40 — =
ry £ S
E] . 35
3 30 — 3R]
£ o
& & o
4 x
2 o g
= 2 o €
2 >
& = £
= * ® O
= M
= 1 [] E
xr s
[N
=
o
Sertoli Sertoli Cells Sertoli Cells Sertoli Cells Sertoli Cells
Cells + + + +
Ayna BrdU AyngBrdU Agige BrdU Agig BrdU

negative positive negative positive

Figure 05 —Proliferation frequency for cysts and germinative cells index, associated or not with Sertoli cells
and gene expression analysis for selected. (A) The recombinant were able to stimulate cysts frequency
countaining both SPG Ayng and Agirs and reduce SPG type B frequency. (B) rhGDNF was also capable of
stimulating Aund and Adiff not associated with Sertoli cells. (C) BrdU labeling indices for Sertoli cells
associated and not associated (free) with germ cell cysts located in the interstitial or intertubular region of
the germinal compartment after 7 days of incubation in the absence (control/basal) or presence of rhGDNF.
Both Adiff and Aund Sertoli cell associated were stimulated by rhGDNF. (A, B and C) Significant statistical
difference (p <0.05) represented by the different symbols (*). Results are presented as mean + standard
error (n = 8). (D) Relative gene transcription analyses of selected genes and somatic factors igf3 and dmrt1
under influence of 100ng/ml of rhGDNF in adult zebrafish testis. No significant statistical differences
(p<0.05) were found.
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Figure 06. Endocrine effects of Fsh (A) and paracrine/autocrine effects of GDNF (B) on germ and Sertoli
cells proliferation. (A) Fsh induces Sertoli cell to produce stimulatory factors and to proliferate. Such
factors will act mainly undifferentiated cysts by up-regulating nanog and nanos3 transcripts expression and

down-regulating gfrala and a true pluripotency gene, pou5f3. The cysts will have then a permissive
pathway through proliferation. (B) Gdnf by its way, will act through its receptor, Gfrala, present in germ
and Sertoli cells stimulating cyst proliferation.
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Table 1. Primers used for RTg-PCR analysis of gene mRNA expression

Gene Primers sequences (57-3") Accession

b-actin CGAGCTGTCTTCCCATCCA AF025305.1
TCACCAACGTAGCTGTCTTCTG

dmrt1 ATGGCAGAGCAGAACGATTT NM_205628.2
TCCATGCTGTTGTGGGACTA

gﬂ a GCCGTCCCACCGACAAG FJ915061.1
CCACACGACCCACAGGTACAG

gdnfg CCGCAGTGAGAGCCCCG NM_131732.2
TCCCGTTAGGTCATATTGTTCCTC

gﬁ"a 1a TCGACTGGCTCCCATCTATTC NM_131730.1
AGGTGTCATTCAGGTTGCAGG

gfm 1h CCTGTGCTTGATTTAGTGCA NM_131731.1
GCATCCGTACTTTCCCAAAC

igf3 TGTGCGGAGACAGAGGCTTT HQ241070.1
CGCCGCACTTTCTTGGATT

nanog TGTCCTACAACAAGACTGAGCC NM_001098392.1
CAGGAATCTGGCGTGTGGG

nanos3 GCTCATGGATCTATGGAGAC NM_131878.1
GTCTGAATCCGCGTCAGATT

pou /5 ]‘3 (oct4) GAGAGATGTAGTGCGTGTAT NM_131112.1
GCTCGTAATACTGTGCTTCA

shippo GATGCCTGGAGACATGACCAA NM_199958.1
CAAAGGAGAAGCTGGGAGCTT

Supplemental material

Figure S1. Chromogenic in situ hybridization for cellular localization of pou5f3 (A), nanog (B) and nanos3
(C) in zebrafish testis. (A-C) transcripts localization in testis. Transcripts are concentrated in
undifferentiated spermatogonia cysts as indicated by arrowheads.
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https://www.ncbi.nlm.nih.gov/nucleotide/AF025305.1?report=genbank&log$=nucltop&blast_rank=17&RID=F6E0VUTP014
https://www.ncbi.nlm.nih.gov/nucleotide/985567381?report=genbank&log$=nucltop&blast_rank=1&RID=ZERGZADT015
https://www.ncbi.nlm.nih.gov/nucleotide/239596161?report=genbank&log$=nucltop&blast_rank=19&RID=ZERMR7JU015
https://www.ncbi.nlm.nih.gov/nucleotide/1036551476?report=genbank&log$=nucltop&blast_rank=2&RID=ZERBU38G015
https://www.ncbi.nlm.nih.gov/nucleotide/308194334?report=genbank&log$=nucltop&blast_rank=2&RID=ZER71ZBN014

Figure S2. Fluorescence staining without the zebrafish primary antibody. No secondary antibody
background.
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6. Conclusoes finais

Conclui-se que o Fsh, através de fatores de crescimento liberados pelas células de
Sertoli estimula a formacéo de novos cistos de espermatogdnias tronco, como pode ser
observado pelo aumento de expressao de nanos3 e nanog, aumento de cistos de Aund e
proliferacdo de células de Sertoli associadas a estes cistos iniciais. Interessantemente, o
Fsh diminuiu a expressdo de pou5f3 e gfrala, considerados também marcadores de
espermatogonias tronco. Embora especulativo, este resultado sugere que tais genes
estariam associados a espermatogdnias de longo ciclo celular (células tronco
quiescentes), que dariam origem as células tronco ativas Nanog e Nanos3 positivas sob

estimulacdo do Fsh.

Por outro lado, demonstramos que o Gdnf é um fator de crescimento presente em células
germinativas e atua de forma autdcrina na manutencao das espermatogonias tronco. Este
fator também atua de forma paracrina nas células de Sertoli estimulando sua proliferacéo.
De forma geral, os resultados desta tese demonstram que fatores endocrinos e paracrinos
sd0 necessarios para integrar as funcdes das células de Sertoli e germinativas no nicho

espermatogonial.
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