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RESUMO 

Importante glândula acessória do trato reprodutor de mamíferos, a próstata é um órgão alvo 

de várias doenças benignas e malignas, que ocorrem principalmente com o envelhecimento. 

Tanto o desenvolvimento prostático pós-natal como a regressão da glândula após a ablação 

hormonal são caracterizados por intensa modificação no comportamento das células e 

remodelação da matriz extracelular (MEC). As metaloproteinases de matriz (MMP) 

constituem uma família de enzimas que degradam principalmente componentes de MEC. 

Portanto, pareceu-nos plausível que as MMPs tenham papel crucial na remodelação tecidual 

que ocorre em decorrência dos eventos morfogenéticos da próstata ventral (PV) e na 

progressiva regressão prostática pós-castração. Assim, o objetivo desse trabalho foi investigar 

o papel da MMP-2 no desenvolvimento prostático pós-natal em roedores e das MMP-2, -7 e -

9 na regressão da PV de ratos pós-castração. Para isso, foram empregadas técnicas 

moleculares, bioquímicas e análises morfológicas. A aplicação do siRNA específico para 

MMP-2 comprometeu o crescimento, a ramificação, a formação de lúmen e a proliferação de 

células epiteliais da PV de ratos in vitro, além de provocar um acúmulo de fibras colagênicas 

no compartimento estromal. A PV do camundongo MMP-2-/- adultos apresentou peso relativo 

reduzido e um menor volume epitelial, que resultaram de menor proliferação epitelial, menor 

ramificação ductal e maior estabilização da matriz colagênica durante a primeira semana de 

desenvolvimento pós-natal. Na regressão da próstata ventral de ratos após a castração 

encontraram-se múltiplas ondas de morte celular e uma relação direta entre a expressão e 

atividade das MMP-2, -7 e -9 e o pico de apoptose que ocorre 11 dias após a castração. 

Conclui-se através dos resultados apresentados neste trabalho, que tanto o desenvolvimento 

prostático pós-natal, como a regressão prostática pós-castração são dependentes da expressão 

e atividade das MMPs. 
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ABSTRACT 

The prostate is an important gland of the reproductive tract of mammals, which is a target of 

several benign and malign diseases affecting the elder. Both postnatal prostate development 

and prostate regression after androgenic ablation are characterized by intense modification in 

cell behavior and remodeling of extracellular matrix (ECM). MMPs constitute a family of 

endopeptidases which are able to cleave preferentially ECM components. Thus, it seems 

reasonable that these enzymes play a crucial role in tissue remodeling that happens during the 

ventral prostate (VP) morphogenesis and in the prostate regression after castration. In this 

study, we aimed to define the involvment of MMP-2 in the postnatal prostate development of 

rodent and the involvement of MMP-2, -7 and -9 rat ventral prostate regression after 

castration. For this aim, we have used molecular, biochemical and morphological approaches. 

siRNA specific for MMP-2 compromised the rat VP growth, branching, lumen formation and 

epithelial cell proliferation, besides leading an accumulation of collagen fibers in the stroma. 

MMP-2-/- VP showed a reduced relative weight and epithelial volume, besides displaying a 

decreased epithelial proliferation and branching and a stabilization of collagen matrix at the 

end of the first postnatal week. In the prostate regression after castration, we found multiple 

waves of cell death and a direct association between activity and expression of MMP-2, -7 

and -9 and an apoptotic peak that occurs at the 11th Day after castration. In conclusion, the 

results presented here showed that both postnatal prostate development and prostate 

regression after castration are dependent on the expression and activity of MMPs. 
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1. INTRODUÇÃO  

1.1. A Próstata 

Exclusivamente encontrada em mamíferos, a próstata é uma glândula que secreta várias 

proteínas (incluindo várias enzimas), frutose, íons zinco e citrato, que ajudam a neutralizar a acidez 

do trato vaginal, contribuem com a capacitação e sobrevivência dos espermatozóides, e afetam 

propriedades físico-químicas do sêmen (Price, 1963). Em camundongos, a próstata produz 

proteínas importantes para a formação do “plug” copulatório (Cunha et al., 1987). A motivação 

para a investigação da regulação do crescimento e fisiologia prostática dá-se pela existência de 

várias complicações patológicas que afetam essa glândula, sendo ela o sítio de vários tipos de 

inflamações, e alterações proliferativas malignas e benignas que se apresentam principalmente 

com o envelhecimento (Pfau et al., 1980). Além disso, a glândula prostática constitui-se num 

excelente modelo para o estudo de interações celulares, decorrente dos diferentes tipos celulares 

encontrados no órgão e interações entre células e matriz extracelular. 

A próstata é um órgão constituído de vários componentes glandulares e não glandulares 

(McNeal et al., 1988). O componente glandular é formado por um conjunto de estruturas epiteliais 

túbulo-alveolares, envolvidas por um estroma muscular contrátil não glandular. Em roedores a 

próstata é lobulada, sendo esses lóbulos denominados: próstata ventral (PV), próstata dorsolateral e 

próstata anterior (ou glândula de coagulação) (Aümuller et al., 1979). A próstata humana não 

apresenta essa distinção lobular, embora seja subdivida em três zonas: central, periférica e de 

transição (McNeal, 1980). 

Na próstata ventral de rato, cada lobo prostático consiste de oito conjuntos de ductos que se 

originam a partir da uretra como uma estrutura tubular simples ramificada e contorcida 

distalmente. Esse conjunto de ductos é dividido em três regiões morfológica e funcionalmente 

distintas, denominadas proximal, intermediária e distal, de acordo com sua posição em relação à 

uretra (Lee et al., 1990; Shabsigh et al., 1999). Nas porções terminais dos ductos encontra-se uma 

maior quantidade de fibroblastos e poucas células musculares lisas (CML), associadas à 

proliferação de células epiteliais. Um epitélio com grande atividade secretória na porção 

intermediária circundado por uma camada contínua de CML. Nas porções proximais há uma 
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menor quantidade de fibroblastos e uma maior quantidade de CML, associadas à maior incidência 

de morte das células epiteliais, sugerindo que os arranjos assumidos pelas células estromais 

possam estar relacionados com o fenótipo das células epiteliais (Nemeth e Lee, 1996). 

Independente da região prostática, todo o estroma é rico em componentes de matriz extracelular 

como colágenos, elastina, glicoproteínas adesivas e proteoglicanos dentre outros (Carvalho et 

al.,1997a; Carvalho et al., 1997b; Augusto et al., 2008).  

Originada a partir do seio urogenital (SUG), os primeiros sinais de formação da próstata 

são observados no 17º dia de desenvolvimento embrionário em camundongos, no 18º dia em ratos, 

e aproximadamente 10 semanas em humanos (Thomson, 2001) em resposta ao aparecimento de 

testosterona produzida pelos testículos (Timms et al., 1994).  O epitélio prostático é derivado da 

endoderme embrionária, ao contrário das estruturas Wolffianas tais como a vesícula seminal, 

ductos deferentes e epidídimos que são oriundos do mesoderma. As diferentes origens desses 

órgãos podem ter relevância no entendimento de mecanismos de crescimento diferentes entre 

próstata e órgãos derivados do ducto de Wollfian, embora todos mostrem crescimento dependente 

de andrógenos (Thomson, 2001). É importante ressaltar que, ao contrário da próstata, a vesícula 

seminal raramente desenvolve alterações proliferativas benignas ou malignas (Lee et al., 2007). 

A iniciação, o crescimento, a diferenciação, a produção de secreção e a manutenção da 

próstata são controlados principalmente pelos andrógenos testosterona e diidrotestosterona (Cunha 

et al., 1987). A testosterona é produzida principalmente pelos testículos, mas é convertida em 

diidrotestosterona na próstata, através da ação da enzima 5-α redutase (Andersson et al., 1999;  

Mahendroo et al., 2001). A diidrotestosterona é um potente andrógeno, possuindo maior afinidade 

ao receptor de andrógeno (AR) que a testosterona propriamente dita (Aggarwal et al., 2009). O AR 

é o fator responsável pelos efeitos dos andrógenos na transcrição gênica. Nesse contexto, foi 

demonstrado que o uso de finasterida, um inibidor farmacológico da 5-α redutase, provoca a 

regressão da glândula prostática (Aggarwal et al., 2009). 

 Tanto o epitélio do seio urogenital como os primeiros brotos prostáticos não apresentam 

receptor de andrógeno funcional em níveis detectáveis, enquanto o mesênquima do seio urogenital 

e o mesênquima/estroma da próstata em formação apresentam grande quantidade deste receptor 

(Cunha et al., 1987). Portanto durante o desenvolvimento, o primeiro tecido alvo de andrógenos é 
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o mesênquima do seio urogenital, que direciona o brotamento, ramificação e diferenciação epitelial 

por intermédio de fatores parácrinos. Por outro lado, o epitélio em desenvolvimento induz a 

diferenciação e o padrão morfológico de desenvolvimento do músculo liso.  

O papel das interações entre epitélio e mesênquima no SUG foi extensivamente estudado 

por Cunha e colaboradores (Cunha e Chung, 1981), usando métodos de recombinação de tecidos. 

A recombinação de tecidos consiste na separação de rudimentos do órgão em mesênquima e 

epitélio seguido pela associação de um desses compartimentos (agora denominado enxerto) a um 

compartimento hospedeiro, permitindo o seu crescimento in vivo. Para esse método, podem-se 

utilizar compartimentos teciduais de doadores de vários “backgrounds” genéticos de uma linhagem 

particular de camundongo ou linhagens de camundongos “knockouts”. Como exemplo, o 

camundongo Tfm carrega uma mutação no AR, o que inibe a sua função resultando na ausência de 

desenvolvimento prostático (He et al., 1991). Os camundongos machos Tfm apresentam testículos 

desenvolvidos, mas não apresentam as glândulas acessórias e têm a genitália externa feminilizada.  

O epitélio e o mesênquima provenientes desses camundongos foram utilizados para examinar o 

papel do AR no desenvolvimento prostático. Quando tecidos recombinantes foram feitos com o 

epitélio de Tfm e mesênquima contendo o AR selvagem, a glândula prostática foi formada na 

presença de andrógenos. Por outro lado, quando o epitélio derivado de camundongo selvagem e 

mesênquima de Tfm foram recombinados, não houve o desenvolvimento da próstata (Donjacour e 

Cunha, 1993). Esses resultados demonstraram que o AR expresso pelas células mesenquimais é 

suficiente para o desenvolvimento prostático, enquanto o AR epitelial deve estar associado à 

função secretora do epitélio. 

Portanto essa interação entre epitélio e mesênquima/estroma é bidirecional (Cunha et al, 

1987). Como já mencionado, a iniciação prostática é influenciada pela ação androgênica pré-natal 

(Timms et al., 1994). As subseqüentes ramificação, crescimento, canalização e citodiferenciação 

epitelial também necessitam de estimulação androgênica e estão associadas a um aumento 

perinatal transitório na concentração de testosterona (Corbier, 1992). 

Em ratos, a PV apresenta cordões epiteliais compactos e pouco ramificados no dia do 

nascimento (Bruni-Cardoso e Carvalho, 2007, Pu et al., 2007). Entretanto, na primeira semana de 

desenvolvimento pós-natal, esses cordões crescem em resposta a intensa proliferação celular, 
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invadem o mesênquima/estroma, bifurcam-se em ramos laterais e canalizam-se (Sugimura et al., 

1986; Bruni-Cardoso e Carvalho, 2007). A medida que as estruturas epiteliais crescem e 

ramificam-se, ocorre um rearranjo do estroma subjacente. Esse processo parece ser resultante da 

expressão e atividade proteolítica localizada das metaloproteinases de matriz (MMP) -2 e -9 

encontradas nessas regiões (Bruni-Cardoso et al., 2008). Entretanto, os mecanismos moleculares 

que permeiam esse processo ainda não estão completamente esclarecidos. 

O processo de canalização das estruturas epiteliais inicia-se logo no primeiro dia de vida e é 

devido, em grande parte, à morte das células localizadas no centro do epitélio, que deixam os 

espaços necessários para a formação do lúmen (Bruni-Cardoso e Carvalho, 2007). Entretanto, os 

fatores morfogenéticos que regulam esse processo permanecem desconhecidos. Concomitante à 

formação do lúmen, as células epiteliais que estão em contato com a lâmina basal diferenciam-se, 

adquirindo microvilosidades, organelas e vesículas de secreção (Bruni-Cardoso e Carvalho, 2007). 

Conforme os cordões epiteliais se canalizam o epitélio se reorganiza em duas populações celulares 

distintas: uma camada descontínua de células epiteliais basais ao longo da lâmina basal que 

expressam citoqueratinas 5 e 14 e p63,  e uma população de células luminais colunares altas que 

expressam citoqueratinas 8 e 18 (Hayward et al., 1996a, Wang et al., 2001)  

Ao mesmo tempo em que as células epiteliais diferenciam-se, as células mesenquimais 

diferenciam-se em uma camada de célula muscular lisa que envolve as estruturas epiteliais, e 

passam a expressar desmina, miosina, laminina e α-actina de músculo liso (Hayward et al., 

1996b). 

Na próstata de roedores o padrão de ramificação é substancialmente diferente nos 

diferentes lobos, entretanto os mecanismos moleculares envolvidos nesses padrões diferenciados 

de ramificação ainda não estão bem estabelecidos. Foi demonstrado que 80% da ramificação do 

epitélio prostático é completada durante os primeiros 10 dias de vida em roedores (Donjacour e 

Cunha, 1988). 

O AR e os receptores de estrógeno (ER) são responsáveis pela mediação dos efeitos 

fisiológicos dos andrógenos e estrógenos respectivamente (Gelmann, 2002 e Sasaki et al., 2003). O 

AR atua fundamentalmente como fator de transcrição. Ele localiza-se no citoplasma e com a 
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ligação da testosterona ou da diidrotestosterona, dissocia-se de uma proteína HSP (“Heat Shock 

Protein”), dimeriza-se, e é translocado para o núcleo, onde, em conjunto com uma série de co-

ativadores e co-repressores, ativa ou inativa diferentes conjuntos de genes (Li e Al-Azzawi 2009). 

O AR possui várias características em comum com os membros da família dos receptores 

nucleares, como os receptores de estrógeno, de progesterona, dos hormônios da tireóide e com os 

PPAR (receptores para os ativadores da proliferação dos peroxissomos) (Jacobs et al., 2003). 

O ER, assim como o AR, também pertence à família dos receptores nucleares e apresenta 

dois subtipos, ERα e ERβ, que podem ter papéis fisiológicos distintos (Altundag et al., 2004). Os 

dois receptores compartilham homologia entre si, mas são produtos de diferentes genes (Zhao et 

al., 2008). Os dois receptores de estrógeno ERα e ERβ estão presentes na próstata. No animal 

adulto, o ERα é predominante no estroma e o ERβ expresso principalmente no epitélio (Weihua et 

al., 2001), indicando influencia local dos estrógenos no desenvolvimento e função prostática. 

O desenvolvimento e o funcionamento prostático também são modulados diretamente por 

hormônios somatotróficos (como insulina, prolactina e hormônio do crescimento) e ácido retinóico 

(Webber, 1981; Prins, 2001), o que torna bastante complexo o mecanismo da regulação da 

fisiologia prostática.  

Além disso, está bem estabelecido que alguns dos andrógenos circulantes são convertidos a 

estrógenos em vários órgãos, através da enzima aromatase (Simpson et al., 1999). Essa enzima foi 

identificada na próstata humana, sugerindo um local de aromatização e conseqüentemente uma 

possível fonte local de estrógeno (Tsugaya et al., 1996).  

A breve exposição de roedores a estrógenos durante o desenvolvimento neonatal provoca 

um efeito irreversível (“imprinting” estrogênico) e dose dependente na morfologia, organização 

celular e função prostática (Prins et al., 2001). Recentemente, nosso grupo demonstrou que a 

exposição ao 17β- estradiol no período neonatal resulta em diminuição da expressão gênica, 

remodelação e compactação da cromatina, reduzida atividade nucleolar e síntese de ribossomos, e 

também bloqueio da síntese protéica nas células epiteliais da próstata ventral de ratos, em 

decorrência de inibição epigenética por metilação do DNA ribossomal (Augusto et al., 2009). 

Entretanto, a ação dos estrógenos na morfogênese e diferenciação celular da próstata ainda não 
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está exatamente esclarecida. Exposição a baixas doses de estrógeno durante a gestação em 

camundongos provoca aumento do peso da próstata no adulto, na quantidade do receptor de 

andrógeno e também um aumento do brotamento (Nonneman et al., 1992).  

Acredita-se que o “imprinting” estrogênico decorra de alterações nas concentrações de 

andrógeno via inativação do eixo hipotalâmico-hipófisiário-gonadal e de efeitos diretos na próstata 

(Huang et al., 2004). Estudos realizados em cultura de próstata ventral (cultura de órgão) 

demonstraram que altas doses de estrógenos inibem o crescimento e diferenciação celular no 

desenvolvimento prostático (Jarred et al., 2000), sugerindo que isso possa ocorrer in vivo em 

adição aos efeitos indiretos via supressão do eixo hipotalâmico-hipófisiário-gonadal.  

No desenvolvimento normal prostático (proliferação e diferenciação celular e ramificação 

ductal), assim como em outros órgãos ramificados, tais como vesículas seminais, rim, pulmão, 

glândula mamária, glândulas salivares há envolvimento de fatores de crescimento e fatores 

morfogenéticos tais como, FGF-10 e -7, TGFβ, BMP-4, SHH (Thomsom, 2001 e Huang et al, 

2005).  Apesar da aparente similaridade, o controle molecular sobre a ramificação da próstata e 

desses outros órgãos ramificados parece ser somente parcialmente conservado. Portanto, não está 

totalmente esclarecido se há mecanismos conservados que regulam a ramificação epitelial de todos 

os órgãos.  

A figura 1 esquematiza o perfil de expressão gênica (variação na concentração de 

transcritos) de diversos fatores durante todo o período de desenvolvimento prostático e a tabela 1 

consiste de uma revisão dos fatores reconhecidamente envolvidos na ramificação dessa glândula. 
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Figura 1. Expressão de genes morforegulatórios durante o desenvolvimento prostático. Os dias 

desenvolvimento pré-natal e pós-natal são posicionados na parte inferior do esquema. A 

morfogênese da próstata ventral e seus estágios de desenvolvimento (parte superior) são 

seqüencialmente alinhados aos dias de desenvolvimento correspondentes. O padrão de expressão 

temporal dos genes (variação na concentração de transcritos) é representado por barras 

horizontais onde cores mais escuras demonstram maior expressão relativa do gene, conforme 

determinada por RT-PCR em tempo real. (Esquema adaptado de Prins e Putz, 2008). Os nomes 

completos referentes às abreviaturas dos genes aqui citados podem ser encontrados na lista de 

abreviaturas. 
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Tabela 1 Proteínas que interferem na ramificação da próstata 

Proteína 
Papel na 

ramificação 
 Evidências a partir de 

Estudos Referências 

    in vitro genéticos   

Activina A Inibe X  Cancilla et al. (2001) 

AR Promove X X 

 
Takeda et al. (1986), Brown et al. (1998), 
Lubahn et al. (1989), Charest et al. (1991), 
Gaspar et al. (1991), He et al (1981) 

BMP-4 Inibe X X 
 
Lamm et al. (2001)  Almahbobi et al. (2004) 

 
BMP-7 Inibe X X Grishina et al (2005) 

EGF 
Depende do 

Contexto X  Kim et al. (1999) 

ERα Promove  X 
 
Omoto et al. (2005) 

Erβ 
Depende do 

Contexto  X Omoto et al. (2005) 

Fosfatidina Promove X  
 
Cancilla et al. (2001) 

 
FGF-7 Promove X X 

 
Alarid et al. (1994), Sugimura et al. (1996), 
Thomson e Cunha (1999), Donjacour et al. 
(2003) 

FGF-10 Promove X X 

 
Thomson e Cunha (1999) Donjacour et al. 
(2003) 

 
Foxa Promove  X Gao et. (2005) 

 
    

FST Promove X  
 
Cancilla et al. (2001) 

GHR Promove  X Ruan et al. (1999) 

Gli2  Promove X  
 
Doles et al. (2006) 

HGF Promove X  
 
Sasaki et al. (1999) 

HOXA-10 Promove  X 
 
Podlasek et al. (1999a) 

 
HOXA-13 

 
Promove  

 
X 

 
Podlasek et al. (1999b) 

HOXB-13 Promove  X 
 
Economides e Capecchi (2003) 

HOXD-13 Promove  X 

 
Podlasek et al. (1997), Economides and 
Capecchi (2003) 

IGF-1 Promove  X 
 
Ruan et al. (1999) 

INHBA Inibe X  
 
Cancilla et al. (2001) 

NKX3.1 Promove  X 

 
Bathia-Gaur et al. (1999), Sheneider et al. 
(2000), Tanaka et al. (2000) 

Noggin Promove X X 
 
Cook et al. (2007) 

 Promove  X Wang et al. 2006 
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A interação entre esses diversos fatores (Fig. 1 e Tabela 1) e sua relação direta com os 

mecanismos de sinalização celular durante o desenvolvimento prostático são pouco conhecidos. 

Entretanto, Prins e colaboradores estudaram intensivamente a interação das proteínas 

morfogenéticas FGF-10 (“fibroblast growth factor”-10), Gli (Gliotactina) e SHH (“sonic 

hedgehog”), (via de sinalização FGF-10-Gli-SHH), e a associação dessa via com a BMP-4 (“bone 

morphogenetic protein”-4) e propuseram um modelo para a regulação da morfogênese da 

ramificação prostática em ratos (Pu et al., 2004), que é esquematizado a seguir (Fig. 2). O Shh é 

expresso localmente em foco discreto pelas células (em vermelho) no centro das extremidades dos 

cordões epiteliais em crescimento. Quando essas células entram em contato com as células 

mesenquimais, que expressam Fgf-10 (círculos verdes), o SHH secretado (b, seta vermelha) ativa o 

seu receptor “patched” nas células mesenquimais regulando negativamente a expressão de Fgf-10 

(b, perda do verde). A supressão local da expressão de Fgf-10 resulta em subdomínios laterais de 

alta expressão de Fgf-10 adjacente ao foco de Shh, que por sua vez resulta em sua auto-ativação (c, 

seta verde) e proliferação das células epiteliais adjacentes. Em adição, o SHH secretado estimula a 

expressão de Bmp-4 nas células mesenquimais imediatamente adjacentes ao foco de Shh, que 

Notch 

p63 Promove  X 
 
Signoretti et al. (2000) 

SFRP-1 Promove X  
 
Joesting et al. (2008) 

RARs Promove  X 
 
Vezina et al. (2008) Vezina et al. (2009) 

 
Pro- Proteína Convertases Promove X  Uchida et al. (2007) 

TGF-β Inibe X X 
 
Itoh et al. (1998), Tomlinson et al. (2004) 

SHH 
Depende do 

Contexto X X 

 
Podlasek et al. (1999c),  Haraguchi et al. (2001) 
Freestone et al. (2003), Wang et al. (2003), 
Lamm et al. (2002), Berman et al. (2004), Doles 
et al. (2006) 

SMO 
Depende do 

Contexto X X 

 
Podlasek et al. (1999c), Freestone et al. (2003), 
Wang et al. (2003),  
Lamm et al. (2002), Berman et al. (2004), Doles 
et al. (2006) 

SRD5A2  Promove  X 

 
Andersson et al. (1991), Mahendroo et al. 
(2001) 

WNT5a Promove X   
 
Huang et al. (2009) 
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suprime a proliferação celular na região central das extremidades dos cordões epiteliais (Pu et al., 

2004). 

 

Figura 2. Representação esquemática da via de sinalização FGF10-SHH-BMP4 processo de 

ramificação ductal no desenvolvimento prostático. Modificado de Pu et al., (2004). 

Uma boa correlação entre as propriedades de invasão tumoral e o crescimento normal das 

estruturas epiteliais foi estabelecido para a glândula mamária (Wiseman e Werb, 2002) e para o 

pulmão (Kheradmand et al., 2002), pelo menos no que se refere a um estado proliferativo 

aumentado do epitélio, à necessidade de degradação da matriz extracelular adjacente e a 

colonização de espaços anteriormente ocupados pelo estroma. Este quadro parece ser também 

verdadeiro na angiogênese (Feng et al., 1999), quando a membrana basal é degradada e substituída 

por uma matriz provisória de fibrina, na qual as células endoteliais proliferam invadem o tecido 

adjacente. Além disso, Cunha et al. (2004) propuseram que os mecanismos envolvidos na 
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organogênese prostática, no que diz respeito a aspectos de diferenciação celular e interações 

epitélio-estroma,  podem ter relevância na gênese e biologia do câncer de próstata, sugerindo que o 

desenvolvimento tumoral prostático recapitule a ontogenia desse órgão. 

O carcinoma prostático é uma das mais importantes doenças malignas diagnosticadas nos 

homens, principalmente a partir dos 50 anos. Pacientes em condições inoperáveis, devido à idade, 

são tratados com terapia hormonal ou radiação. A terapia hormonal mais comum para o câncer de 

próstata é a privação androgênica. Isto se deve ao fato de que a maioria dos tumores de próstata 

origina-se das células epiteliais glandulares da região periférica da próstata, as quais são 

dependentes de andrógenos para sobreviver e proliferar (Cunha et al., 1987 Kambara et al., 2009). 

Decorrente da privação androgênica, a involução prostática configura um capítulo a parte 

no estudo da biologia desse órgão. Devido à alta dependência aos andrógenos, após a castração 

cirúrgica a glândula prostática sofre grande redução, principalmente em resposta a diminuição do 

fluxo sanguíneo (Shabisigh et al., 1998), à morte por apoptose das células epiteliais, redução das 

vesículas e organelas de secreção (Heyns, 1990), eliminação constante da secreção luminal e 

extensa remodelação estromal, que inclui alterações fenotípicas das células musculares lisas 

(Antonioli et al., 2004; Antonioli et al., 2007), modificações no sistema elástico (Carvalho et 

al.,1997a), no colágeno VI (Carvalho et. al., 1997b) e na quantidade e tipos de 

glicosaminoglicanos (GAGs) (Kofoed et al., 1971; Terry e Clark, 1996; Augusto et al., 2008).  

Acredita-se que algumas enzimas que degradam componentes de matriz extracelular 

tenham atuação importante nesse processo de remodelação do estroma prostático após a ablação 

androgênica. Como exemplo, Augusto et al (2008) demonstraram que a heparanase-1, uma 

endoglucosidase que cliva cadeias de heparam sulfato (HS) tem expressão aumentada após a 

castração, e que esse processo é associado com uma diminuição na quantidade de HS. Além disso, 

tanto a MMP-7 (Powell et al., 1996; Powell et al., 1999) como  o ativador de plasminogênio do 

tipo uroquinase (Freeman et al., 1990) parecem estar envolvidos na regressão prostática.  

A cinética de morte das células epiteliais após a castração de roedores caracteriza-se por 

um pico de apoptose 72 horas após a cirurgia (Kurita et al., 2001; Garcia-Florez et al., 2005). 

Entretanto, estudos levando-se em consideração um período longo e uma investigação diária da 
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taxa de apoptose ainda não foram realizados. Sandford et al. (1984) detectaram a ocorrência de 

sucessivas ondas de apoptose na próstata ventral de ratos. Todavia, esses autores estavam se 

referindo a capacidade da glândula de animais castrados se rege nerar após a reposição de 

testosterona e alterar a cinética de morte celular por deslocar o pico clássico de apoptose de 72 

horas para 48 horas após a cirurgia, depois de repetidos ciclos de administração de testosterona.  

Na progressão tumoral, a degradação dos componentes da membrana basal e de outros 

componentes da matriz extracelular é um passo crítico entre os múltiplos eventos da cascata que 

levam à metástase. As células tumorais degradam estes componentes utilizando uma variedade de 

enzimas, destacando-se as metaloproteinases de matriz (MMPs). As MMPs são de enorme 

importância em eventos que incluem a remodelação tecidual, assim como na ovulação, erupção 

dental, cicatrização, inflamação, doenças autoimunes, processos degenerativos da cartilagem e no 

desenvolvimento de diversos órgãos (Heikinheimo e Salo, 1995; Bagavandoss, 1998; Tanney et 

al., 1998; Ishizuya-Oka et al., 2000). Portanto, torná-se claro o interesse em conhecer o 

envolvimento destas proteases durante eventos fisiológicos direcionados, como o desenvolvimento 

e a regressão da próstata. 

 

 1.2. As metaloproteinases de matriz  

As MMPs formam uma família de enzimas dependentes de metais catiônicos bivalentes, 

principalmente zinco e cálcio. São capazes de degradar os componentes da matriz extracelular, tais 

como colágeno, elastina, laminina, fibronectina e proteoglicanos (Alexander e Werb, 1991; 

VanSaun e Matrisian, 2006). 

Pelo menos 25 MMPs já foram descritas (Matrisian, 1990; Llano et al. 1997; Giambernardi 

et al., 1998; Grant, 1999; Velasco et al., 1999; Llano et al., 1999; Lohi et al., 2000; Marchenko e 

Strongin, 2001; Hannas et al., 2007), sendo divididas em 5 grupos principais (Figura 3):  

a. as colagenases intersticiais (MMPs -1, -8 e -13 e -18), 

b. as gelatinases (MMPs -2 e -9), 
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c. as estromelisinas (MMPs -3, -10 e -11),  

d. as metaloproteinases de membrana (MMPs -14, -15, -16, -17, -24 e -25) e  

e. MMPs que não se enquadram em nenhum dos grupos anteriores (MMPs -7, -12, -18, -

19, -20, -21 -23, -26, -27 e - 28 

 

Figura 3. Estrutura básica dos cinco grupos principais de MMPs 

(http://www.merckbiosciences.co.uk/). 

As MMPs são secretadas em uma forma inativa, necessitando serem clivadas por outras 

proteases ou se autoprocessarem para se tornarem ativas. Além disso, as células secretam 

inibidores endógenos de MMPs. Estes inibidores endógenos são conhecidos como inibidores 

teciduais de metaloproteinases (TIMPs). Há quatro tipos de TIMP: TIMP-1, -2, -3 e -4 (Chang e 

Werb, 2001).  
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A existência de proteases, envolvidas na degradação de componentes da matriz extracelular 

e na ativação de outras proteases, e a interação com os seus inibidores demonstra a existência de 

um mecanismo finamente regulado de remodelação da matriz extracelular. 

Como exemplo desta regulação, temos a MMP-2, que degrada preferencialmente o 

colágeno tipo IV, um dos principais constituintes das membranas basais. A MMP-2 é secretada na 

forma inativa de 72 kDa, sendo clivada em uma molécula ativa de 62 kDa pela ação de outras 

MMPs, como a MT1-MMP (também chamada de MMP-14). A MT1-MMP é uma 

metaloproteinase de membrana, conhecida como um ativador de pró-MMP-2. Além disso, a 

atividade da MMP-2 também é regulada pela inibição por TIMP-2 (Matrisian, 1990; Chang e 

Werb, 2001).  

Estudos com animais transgênicos têm demonstrado alguns resultados contraditórios no 

papel das MMPs no desenvolvimento de tumores. Camundongos “knockout” (KO) para MMPs 

demonstraram tumorigênese reduzida (Wilson et al., 1997): menos metástases ósseas em animais 

KO  para MMP-7;  menos fibrosarcomas induzidos em animais KO para MMP-19 (Pendás et al., 

2004), e menos melanomas para KO MMP-2- e MMP-9 (Itoh et al., 1998). Por outro lado, outros 

KO manifestaram um aumento na tumorigênese, como exemplo KO MMP-8 e MMP-3 em câncer 

de pele induzidos quimicamente (Balbín et al., 2003; McCawley et al., 2004). Nesse contexto, 

vários estudos demonstraram uma associação entre o aumento da produção de MMPs (MMP-2, -3, 

-7 -9, e -14) e a progressão maligna do câncer de próstata (Hashimoto et al., 1998; Upadhyay et 

al., 1999; Nagakawa et al., 2000). Além disso, foi observada uma correlação direta entre a 

intensidade de expressão da MMP-2 e o grau de progressão tumoral segundo a classificação de 

Gleason (Stearns e Wang, 1993; Sterns e Sterns, 1996). 

Nos tumores, as MMPs podem ser produzidas tanto por células estromais (Poulsom et al., 

1992; Pyke et al., 1993; Wood et al., 1997) como por células epiteliais (Yoshimoto et al., 1993), 

ou mesmo a cooperação entre estes dois tipos celulares (Ohtani, 1998; Lynch et al., 2005). 

Com estas expressivas evidências quanto à participação das MMPs no caráter metastático 

dos tumores, a inibição da atividade das MMPs, por inibidores naturais ou sintéticos, pode ser um 

importante caminho para o tratamento do câncer de próstata independente de hormônios. É neste 
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sentido que modelos experimentais são extremamente importantes para a investigação da 

expressão destas enzimas e de seus elementos de regulação, frente ao status hormonal dos 

indivíduos e sua associação com a proliferação tumoral.  

Apesar dos tradicionais substratos das MMPs serem componentes da matriz extracelular, 

novas descobertas têm estendido a ação dessas enzimas a vários receptores, ligantes e moléculas de 

adesão, sendo hoje, portanto, creditado às MMPs importante papel nos processos de migração e 

proliferação celular (Sternlicht e Werb, 2001; Mott e Werb, 2004; VanSaun e Matrisian, 2006).  

A participação das MMPs durante a regressão da PV de roedores ainda não está 

completamente esclarecida. Foi demonstrado o envolvimento da matrilisina (MMP-7) no processo 

de involução prostática de camundongos (Powell et al., 1996).  A MMP-7 foi implicada na 

clivagem e liberação do ligante de FAS (FAS-L), que poderia resultar na indução de apoptose das 

células epiteliais (Powell et al., 1999). Além disso, Limaye et al. (2008) demonstraram um 

aumento na  expressão de RNAm  de MMP-2, -9 e TIMP-1 e -2 após a  castração, e sugeriram que  

a atividade desses genes é suprimida por andrógenos na próstata. Entretanto, as células tumorais 

prostáticas LNCaP e LAPC-4 tem a expressão de MMP-2 regulada positivamente, de uma maneira 

dose-dependente por andrógenos via AR (Liao et al., 2003). Foi demonstrado a existência de um 

elemento responsivo ao andrógeno no promotor do gene dessa enzima (Li et al., 2007). Por outro 

lado, em células derivadas de fibroblastos tratadas com estrógeno apresentaram diminuição da 

expressão de MMP-2 (Moalli et al., 2002). Esses dados sugerem que os hormônios androgênicos e 

estrogênicos atuam de forma complexa na regulação da expressão de MMPs e de seus inbidores na 

glândula prostática. 

Nesse contexto, nós decidimos investigar e enteder o papel das MMPs em dois modelos, o 

de desenvolvimento pós-natal da próstata ventral e o de regressão prostática pós-castração 

cirurgica, que embora distintos, compartilham semelhanças no que diz respeito à dinâmica de 

eventos celulares e remodelação tecidual. 
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2. Objetivos 

Os objetivos desse trabalho foram: 

1. Definir o papel da MMP-2 nos processos de morfogênese pós-natal da próstata ventral 

de ratos e camundongos. 

2. Compreender a dinâmica da morte celular epitelial e o envolvimento das MMP-2, -7 e -

9 na regressão da próstata ventral de ratos após a castração cirúrgica. 
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3. RESULTADOS 

 

Os resultados desta tese foram distribuídos em três manuscritos apresentados na forma de artigos 

cientíticos: 

 

Artigo 1: MMP-2 regulates rat ventral prostate epithelial in vitro. (Developmental 

Dynamics, 2010, 239:737-46). 

Artigo 2: MMP-2 contributes to the development of the mouse ventral prostate by 

impacting epithelial growth and morphogenesis (Submetido). 

Artigo 3: Stromal remodelling is required for progressive involution of the rat ventral 

prostate after castration: Identification of a matrix metalloproteinase-dependent apoptotic 

wave. (International Journal of Andrology, DOI: 10.1111/j.1365-2605.2009.01004.x). 
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We have hypothesized that epithelial growth, branching, and canalization in the rodent ventral prostate

(VP) would require matrix remodeling, and hence matrix metalloproteinase (MMP) activity. Therefore,

the aim of this study was to evaluate the impact of blocking MMP-2, using whole organ culture. siRNA

was employed to inhibit MMP-2 expression, and this was compared to GM6001’s (a broad-spectrum MMP

inhibitor) inhibition of general MMPs. These blocks impaired VP morphogenesis. MMP-2 silencing

reduced organ size, epithelial area, and the number of tips, as well as caused a dilation of the distal parts

of the epithelium. Histology, 3-D reconstruction, biochemistry, and second harmonic generation (SHG)

revealed that MMP-2 silencing affected VP architecture by interfering in epithelial cell proliferation,

lumen formation, and cellular organization of both epithelium and stroma, besides intense accumulation

of collagen fibers. These data suggest that MMP-2 plays important roles in prostate growth, being directly

involved with epithelial morphogenesis. Developmental Dynamics 239:737–746, 2010. VC 2010 Wiley-Liss, Inc.

Key words: prostate development; MMP; siRNA; GM6001; collagen; SHG

Accepted 25 October 2009

INTRODUCTION

The rodent prostate gland shows sig-

nificant growth and morphological

changes immediately after birth, in

response to a testosterone surge

(Corbier et al., 1992). In this phase,

the epithelial structures grow, differ-

entiate, branch, and canalize (Sugi-

mura et al., 1986a; Donjacour and

Cunha, 1988; Bruni-Cardoso and Car-

valho, 2007; Bruni-Cardoso et al.,

2008). These processes involve cell

proliferation (Sugimura et al., 1986b;

Bruni-Cardoso and Carvalho, 2007),

lumen formation (Vilamaior et al.,

2006), epithelial and smooth-muscle

cell differentiation, and colonization

of spaces previously occupied by stro-

mal components (Bruni-Cardoso and

Carvalho, 2007), in addition to con-

centrating important events in pros-

tatic morphogenesis that result in fur-

ther growth of the prototype gland at

puberty. This early postnatal develop-

mental stage coincides with an impor-

tant physiological window that will

influence later prostate physiology

and susceptibility to disease, espe-

cially in response to xenobiotics (Putz

et al., 2001; Risbridger et al., 2005).

MMPs constitute a family of zinc-de-

pendent endopeptidases that prefer-

entially cleave extracellular matrix

(ECM) proteins. These enzymes play

a key role in normal development and

physiology (VanSaun and Matrisian,

2006; Page-McCaw et al., 2007; Wise-

man et al., 2003; Bruni-Cardoso et al.,

2008), as well as in cancer initiation

and progression (Matrisian and Bow-

den, 1990; Sternlicht and Werb, 2001;

Lynch et al., 2005). We have previ-

ously demonstrated a higher and

localized expression of MMP-2 and -9

in the rat ventral prostate during the

first week of postnatal development,

and have hypothesized that these

events are associated with remodeling

of ECM to allow epithelial growth

(Bruni-Cardoso et al., 2008). Thus,

the aim of the present study was to

evaluate aspects of MMP-2 function

in the rat ventral-prostate (VP)
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morphogenesis during the first post-

natal week, using specific siRNA for

MMP2 in parallel to overall inhibition

by GM6001 in the whole ventral pros-

tate in vitro. The efficiency of siRNA

treatment was assessed with RT-PCR,

qRT-PCR, and gelatin zymography.

Both MMP-2 silencing and GM6001

treatment were evaluated by meas-

uring the organ and epithelial area,

by counting the number of epithelial

tips on day 2 of culture, and by exam-

ining collagen distribution using sec-

ond harmonic generation (SHG) in a

multiphoton laser scanning micro-

scope. In addition, siRNA-treated VPs

were examined by 3D-reconstruction

of serial sections, volume changes,

and hydroxyproline quantification.

Together, the data showed that MMPs

in general and MMP-2 in particular

are important elements during VP

morphogenesis. Moreover, we show

that siRNA is an applicable and effi-

cient tool for studying gene function

in the neonatal whole-prostate organ

culture.

RESULTS

GM6001 Treatment Inhibits

Ventral Prostate

Morphogenesis

The VP glands cultured on floating

membranes grew and differentiated,

with branching morphogenesis simi-

lar to the in vivo situation (Fig. 1A).

In order to investigate the role of

MMPs in VP development, we blocked

their activity with GM6001, a broad-

spectrum MMP inhibitor. VPs treated

with 20 mM GM6001 showed an ini-

tial growth delay observed on day 2,

which was partially restored on day 6.

The whole organ, epithelial area,

and fraction of the organ occupied by

the epithelium were smaller than

those measured for the control group

(Fig. 1B–D) on day 2. Branching

morphogenesis was also affected.

Whereas the VP epithelium of the con-

trol group showed extensive branch-

ing, resulting in about 40 epithelial

tips per gland, GM6001-treated organs

showed fewer tips (�20) per gland

(Fig. 1E). The lower concentration (2.5

mM) of this inhibitor did not affect

prostatic morphogenesis at any point

of the experiment.

Fig. 1. A: Low-magnification optical-microscope views of ventral prostates from Control, 2.5-

mM GM6001, and 20-mM GM6001 groups in culture. In these images, the morphogenesis of the

translucent epithelium can be evaluated by following the same organ along the timeline of the

experiment. The organ cultured with 20 mM GM6001 showed defective development (mainly in

the epithelial structure) in comparison with the control group. Scale bar ¼ 500 mm. B–E: Quanti-

tative aspects of the VP development in culture from the vehicle (Control), 2.5-mM, and 20-mM

GM6001 groups. Values are expressed as the mean 6 standard deviation. B: Mean total area of

VPs during their development in vitro. C: Mean area occupied by the epithelium. D: Mean frac-

tion of the VP represented by the epithelial structures. The 20-mM GM6001 group showed a sig-

nificantly smaller total and epithelial area, as well as epithelial/organ ratio, than those obtained

for the Control group only on day 2 of development. E: Number of epithelial tips on days 0 and

2 of culture. The 20-mM GM6001 group had on day 2 practically the same number of epithelial

tips found at day 0, whereas for the Control the number of these structures was doubled on day

2. Asterisks (*) indicate statistical differences (P < 0.05) between groups, as obtained using

ANOVA followed by Tukey’s test. A total of ten VPs per group was used for these

measurements.
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MMP-2 Silencing by siRNA

Inhibits Ventral-Prostate

Morphogenesis

To evaluate the importance of MMP-2

during the morphogenesis of the VP,

we decided to block this enzyme using

siRNA. The efficiency of this tech-

nique was evaluated by measuring

MMP-2 mRNA and MMP-2 activity

levels. siRNA-treated ventral pros-

tates showed 90% less MMP-2 mRNA

relative to the control and siGFP

groups (Fig. 2A and B). Reproducibil-

ity was confirmed in two independent

experiments. Off-target silencing was

discarded by examining the expres-

sion levels of MMP-9 and heparanase-

1, which showed no variation (fold-

changes equal 1.1 and 1.0, respec-

tively). Consistently, the siRNA-

treated samples had less MMP-2 in

comparison to the control groups. As

assessed by zymography, the intensity

of the entire set of MMP-2 bands

diminished 57.3%, while the intensity

of the active MMP-2 band was

reduced 68.4% (Fig. 2C,E). Taken to-

gether, these results demonstrate

that siRNA treatment of the cultured

whole neonatal VP was efficient in

blocking MMP-2 mRNA expression.

siRNA blocking of MMP-2 compro-

mised VP gland growth (Fig. 3A). The

treatment resulted in a smaller total

organ area on day 6 of culture, and in

a smaller epithelial area on days 4

and 6 of culture, as compared to the

controls (Fig. 3B–D). In addition, epi-

thelial branching was impaired in

ventral prostates treated with siRNA

against MMP-2, as assessed by count-

ing epithelial tips on day 2. The

siMMP-2 group showed about 20 epi-

thelial tips, whereas the control

groups had about 40 epithelial tips at

this time point (Fig. 3E). It was also

interesting to note that the epithelial

tips doubled every 48 hr, starting

with 20 tips on day two and ending up

with about 160 tips on day 6.

The VP from control animals on

day 6 showed tissue architecture very

similar to that found in vivo, with

branched and canalized epithelium

surrounded by layers of smooth mus-

cle cells (Fig. 4A–C). Apoptotic cells

were identified in the regions of lumen

formation (Fig. 4A and B), as observed

in vivo (Bruni-Cardoso and Carvalho,

2007). Although the siMMP-2 group

also showed branched epithelium con-

taining apoptotic cells, one could

rarely find signs of lumen formation.

Furthermore, unlike the controls, the

stroma from the siMMP-2 group was

not organized, and contained few

smooth muscle cells (Fig. 4D and E).

As the VP achieves a high complexity

and this impaired analysis of the pro-

jected images, by conventional micros-

copy, we used serial historesin sec-

tions to obtain 3D-reconstructions of

the whole gland (Fig. 4F and G, see

Supp. videos S1 and S2, which are

available online). This allowed the ob-

servation of the impact of MMP-2

knockdown on the gland, which was

evident from the reduced volume of

the gland and the epithelium, and the

elongated and thinner proximal ducts

and the presence of dilated distal

structures. Volume calculation showed

that blocking MMP-2 expression

resulted in a gland about 28% smaller

(Fig. 4H). Significant reduction of the

number of epithelial tips at day 6 was

also documented (Fig. 4I). Evaluation

of the proliferation rate showed that

the percentage of mitotic cells, as iden-

tified by phospho-histone H3 immuno-

histochemistry (Fig. 4J and K), was

reduced about twofold (Fig. 4L).

Blocking Either Total MMPs

or MMP-2 Resulted in

Collagen-Fiber Accumulation

in the VP Stroma

Collagen fibers appeared as a few thin

fibers around the epithelium in both

proximal and distal regions of the

Fig. 2. A: Representative agarose gels loaded with MMP-2 (150 bp) and b-actin (64 bp) RT-

PCR products from Control, siGFP, and siMMP-2 samples, and stained with ethidium bromide.

The siMMP-2 group showed a faint band of the MMP-2 amplicon. B: Quantitative evaluation of

MMP-2 mRNA levels, as assessed by Real-time PCR. The fold change value was obtained from

the 2�DDCt equation using b-actin as the internal. The siMMP-2 group showed 90% less MMP-2

mRNA than the control groups. These experiments were performed in triplicate. C: Representa-

tive gelatin zymogram loaded with 20 mg protein from the Control, siGFP, and siMMP-2 groups

on day 6 of culture. Three MMP-2 bands (latent: 72 KDa; intermediate: 68 KDa; and active: 62

KDa) were detected. D: Quantification of the relative intensity (mean 6 standard deviation) of

the three MMP-2 bands from the Control, siGFP, and siMMP-2 groups. The siMMP-2 samples

contained less MMP-2 in comparison with the control groups. E: Percentage variation of the

active MMP-2 band. The siMMP-2 group also showed weaker intensity of the active MMP-2

compared to the control groups. Asterisks (*) indicate significant differences (P < 0.01) obtained

using ANOVA followed by Tukey’s test. This experiment was done in quadruplicate.
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organ, as assessed by multiphoton

SHG (Fig. 5A, B). The amount and

density of collagen fibers in the

stroma increased in response to

GM6001 administration (Fig. 5C and

D) and in response to siRNA expres-

sion blocking of MMP-2, in both proxi-

mal and distal regions (Fig. 5E and

F), suggesting a stabilization of the

extracellular matrix. siRNA silencing

of MMP-2 also resulted in 40%

increase in the concentration of

hydroxyproline (Fig. 5G), confirming

the structural analysis.

DISCUSSION

Extracellular matrix degradation is

necessary for the creation of spaces

that allow growth and invasion of

developing and pathological tissues

(VanSaun and Matrisian, 2006; Page-

McCaw et al., 2007). Proteinases in

general and MMPs in particular have

critical roles in these processes. The

morphogenesis of the rodent prostate

is characterized by dynamic events,

such as epithelial growth, branching,

and canalization (Sugimura et al.,

1986a,b; Hayward et al., 1996; Bruni-

Cardoso et al., 2007), which require

stromal remodeling and hence MMP

activity. Furthermore, most of these

events take place postnatally up to

the third week after birth (Hayashi

et al., 1991; Vilamaior et al., 2006;

Huang et al., 2005; Pu et al., 2004;

Bruni-Cardoso and Carvalho, 2007).

In this context, we decided to investi-

gate the role of MMP-2 in prostate

morphogenesis during the first post-

natal week, by inhibiting its expres-

sion and activity in organ cultures.

This study demonstrated for the first

time that MMP-2 is essential for nor-

mal prostate development, including

epithelial cell proliferation, branching

morphogenesis and canalization, as

well as the organization of the stro-

mal cells around the epithelial

structures.

Several studies have reported the

involvement of MMPs during the de-

velopment of branched organs, such

as kidney (Lelongt et al., 1997), mam-

mary gland (Wiseman and Werb,

2002), lung (Kheradmand et al.,

2002), and submandibular salivary

gland (Steinberg et al., 2005). In fact,

MMP2-null mice show reduced body

size, reduced neovascularization

Fig. 3. A: Lower-magnification light-microscope views of ventral prostates from the Control,

siGFP, and siMMP-2 groups recorded on days 0, 2, 4, and 6 of in vitro development. Observe

that VPs from the siMMP-2 group showed reduced growth and compromising of epithelial mor-

phogenesis, and had their development impaired, especially in epithelial structures. The treat-

ment with siRNA against GFP did not affect prostate development. Scale bar ¼ 500 mm. B–E:

Quantitative parameters of the ventral prostate glands developed in vitro from the control, siGFP,

and siMMP-2 groups. Values are expressed as mean 6 standard deviation. B: Mean total area

of VPs during their development in culture. C: Mean area occupied by the epithelial structures.

The inhibition of MMP-2 affected the area size of the total VP only on day 6, and the epithelial

area on days 4 and 6. D: Mean fraction of the VP occupied by the epithelial structures. The epi-

thelial/organ ratio was reduced in the siMMP-2 on days 2 and 4. E: Number of epithelial tips on

days 0 and 2. The number of these structures in folded on day 2 in the control and GFP groups,

whereas the siMMP-2 group showed the same number shown by the VPs on day 0. The aster-

isks (*) indicate statistical differences (P < 0.05) between groups, as obtained using ANOVA fol-

lowed by Tukey’s multiple comparison test. A total of ten VP pictures per group was used for

these measurements.
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Fig. 4. Structural characterization of the VPs cultured in vitro and the effects of MMP-2 knockdown. A–E: Hematoxylin-eosin-stained historesin

sections viewed under an optical microscope. A: Cross-section of a control gland, showing a branched and canalized epithelium (*). B: Histologi-

cal aspects of a distal epithelial region, showing an apoptotic cell (arrow), and surrounding smooth-muscle cells (smc). C: Histology of three proxi-

mal epithelial ducts possessing apoptotic cells (arrow) and surrounded by a thick layer of stromal cells (S). D: Cross-section of a VP treated with

specific siRNA for MMP-2, in which epithelial cells are not as organized as in the control VP. E: An apoptotic epithelial cell (arrow) is observed in a

proximal epithelial cord, surrounded by undifferentiated stromal cells. Scale bars: A and D ¼ 100 mm, B and E ¼ 10 mm, and C ¼ 30 mm. F, G: 3-

D reconstruction of serial sections of the control (siGFP) and siMMP-2 groups (siMMP-2). The effect of silencing MMP-2 expression is evidenced

as reduced growth, and thinner and elongated proximal ducts (arrows) (see also Supp. videos). H: Stereological determination of gland volume

according to the Cavalieri procedure demonstrated a 28% reduction in the volume of the gland. I: Counting of epithelial tips on day 6 was possi-

ble on 3D-reconstructed images, and showed a significant reduction of the branching (P < 0.05). J, K: Immunohistochemical detection of phos-

pho-histone H3 (red) in the control (siGFP) and siMMP-2 groups, respectively. Nuclei were stained with DAPI (blue). Epithelial areas were

demarcated (traced white lines). Scale bar ¼ 50 mm. L: Cell proliferation as assessed by the quantification of phospho-histone H3-positive cells in

siMMP-2 groups was reduced to about 50% of the control (siGFP) group (P < 0.05).
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(Kato et al., 2001), decreased primary

ductal invasion in the mammary

gland (Wiseman et al., 2003), and

reduced lung saccular development

(Kheradmand et al., 2002). We have

recently shown that MMP-2 and -9

activities are higher and localized in

the epithelium and at the epithelial/

stromal interface of rat VP during the

first postnatal week, and have sug-

gested that this gelatinolytic activity

is correlated with the ECM remodel-

ing necessary for VP morphogenesis,

in particular to permit epithelial

growth and its projection into the sur-

rounding stroma (Bruni-Cardoso

et al., 2008).

In the present study, we found that

inhibition of MMPs with 10 mM

GM6001 significantly impaired VP

growth and morphogenesis by day 2

of culture. Despite showing a dose-

dependent effect, the GM6001 treat-

ment did not significantly affect VP

development concerning the eval-

uated parameters in the later stages.

Because GM6001 is a specific broad-

spectrum inhibitor, it is possible that

some MMP activity could have an in-

hibitory effect on gland morphogene-

sis in the period studied, and their

blocking would result in extended

growth. Such an inhibitory effect

could manifest through degradation

of extracellular matrix components

contributing to gland development. In

fact, it is known that some ECM ele-

ments promote branching morpho-

genesis, such as tenascin in lung

(Gebb and Jones, 2003) and type III

collagen in salivary gland (Nakanishi

et al., 1998). We cannot rule out the

possibility that MMP-activity is com-

pensated by different proteases.

To assess the importance of MMP-2

in the morphogenesis of the ventral

prostate, we silenced this enzyme

with siRNA, using appropriate con-

trols (either a transfecting agent or

specific siRNA for GFP). The post-

transcriptional silencing of MMP-2 by

siRNA was highly effective, reaching

90% reduction of the corresponding

mRNA (as obtained by qRT-PCR) and

about 60% of the MMP-2 activity in

gelatin zymograms. Probably, the dis-

crepancy between these percentages

results from MMP-2 protein stability

in the extracellular spaces. The pres-

ent study demonstrated reduced

growth (at day 6) and compromised

epithelial morphogenesis throughout

the timeline of the experiment in the

absence of MMP-2. As demonstrated

by the histological evaluation, VPs

developed in vitro showed similar

architecture as seen in vivo (Bruni-

Cardoso and Carvalho, 2007; Bruni-

Cardoso et al., 2008). Apoptotic cells

were found inside the epithelial struc-

tures in the process of canalization. In

spite of the presence of apoptotic cells

in the siMMP-2 group, lumen forma-

tion was hindered. It is thus apparent

that, in addition to the creation of

spaces by epithelial cell deletion, the

expansion and consolidation of lumi-

nal compartments require MMP-2 ac-

tivity at the periphery of the epithe-

lial structures consistent with

gelatinolytic activity and MMP-2 loca-

tion not only at the epithelial tips, but

also at the base of the epithelium

along the epithelial structures

(Bruni-Cardoso et al., 2008).

BMP-4 and -7 play a key role in the

VP development by inhibiting its mor-

phogenesis (Huang et al., 2005; Cook

et al., 2007; Prins and Putz, 2008).

Interestingly, multiple BMP family

members, including BMP-4 and

BMP-7, induce an epithelial-to-mes-

enchymal transition (EMT) in the

human pancreatic-cancer cell line

Panc-1 (Gordon et al., 2008). More-

over, BMP-mediated EMT results in

an increase in invasiveness of Panc-1

cells, in part through increased

expression and activity of MMP-2

Fig. 5. Imaging of collagen fibers in the cultured ventral prostate by second harmonic generation (SHG) from the hematoxylin and eosin-stained

sections shown in Figure 4. Eosin fluorescence was included in the images for allowing identification of the tissue structures, especially the epithe-

lium (Ep). Collagen fibers in the control prostates appeared as a few thin fibers in the stroma, in both proximal (A) and distal regions (B). GM6001

(20 mM) treatment of the cultures resulted in marked accumulation of collagen fibers (C, D) and so did blocking of MMP-2 expression by siRNA

(E, F). Scale bar ¼ 30 mm. G: Determination of the concentration of hydroxyproline in the control (siGFP) and siMMP-2 group revealed a significant

increase in response to MMP-2 silencing (P < 0.05).
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(Gordon et al., 2008). Accompanying

EMT, BMP reduces the expression of

the TGF-b type III receptor (TbRIII).

TGF-b inhibits mammary-gland

branching (Nelson et al., 2006) and

epithelial mammary-cell EMT in 3D

culture (Nelson et al., 2006, 2008).

Sustained TbRIII expression inhibits

BMP-mediated invasion and sup-

presses Smad1 activation. Further-

more, Smad1 is required for BMP-

induced invasiveness and is partially

responsible for BMP-mediated

increases in MMP-2 activity. We

believe that EMT might occur in the

morphogenesis of ventral prostate,

since we have recently found morpho-

logical features of this process at ven-

tral-prostate epithelial growing tips

such as a few cell junctions, non-

polarized cells, and invadopodia/filo-

podia-like structures (Bruni-Cardoso

et al., 2008).

We believe that the high testoster-

one levels occurring immediately af-

ter birth (Corbier et al., 1992) might

regulate the expression of MMPs,

especially MMP-2. Liao et al. (2003)

showed that testosterone regulates

MMP-2 expression in LNCaP and

LAPC-4 cells in a dose-dependent

manner. Although MMP-2 expression

is constitutive, the levels of this

enzyme can be altered during normal

development and in processes of

inflammation and tumor progression

(Qin et al., 1999). In fact, there is an

androgen-responsive element (ARE)

in the MMP-2 promotor gene (Li

et al., 2007), indicating that MMP-2

expression might be regulated by

androgens during prostate

development.

The present results demonstrated

the stabilization of the collagen ma-

trix in the prostate stroma. SHG

revealed an accumulation of collagen

fibers, which was confirmed by the

quantification of hydroxyproline, in

response to MMP-2 and overall MMP

inhibition, thus compromising VP

prostate morphogenesis, likely by

restricting the growth of the epithe-

lial structures.

Taken together, the results pre-

sented here indicate that MMP-2

plays an important role in epithelial

growth and morphogenesis in the rat

ventral prostate, and it became clear

that collagen-fiber accumulation (and

matrix stabilization) in response to

MMP-2 inhibition by siRNA and over-

all MMP-activity inhibition with

GM6001 compromises VP morphogen-

esis. While this effect in itself could be

responsible for the impaired epithelial

growth and differentiation, we cannot

rule out the participation of release of

growth factors or cryptic regulatory

molecules from the ECM. Thus, fur-

ther analysis will be done regarding

MMP-mediated ECM remodeling and/

or shedding and activation of growth

factors that are directly involved in

VP morphogenesis and physiology.

EXPERIMENTAL

PROCEDURES

Animals and Whole-Organ

Culture

Eighty male Wistar rats were pur-

chased from CEMIB-UNICAMP. The

pups were decapitated on the day of

delivery, and their VPs dissected

under a stereoscopic microscope. Im-

mediately after harvesting, the whole

VPs were cultured for 6 days on

PTFE membranes (Millipore Corp.,

Bedford, MA) floating in 500 mL of the

basal medium (BM) constituted of

DMEM/Ham’s F-12 (1:1; vol:vol) sup-

plemented with insulin-transferrin-

selenium (Gibco, Grand Island, NY)

and 10 nM of testosterone cypionate

(Novaquı́mica, São Bernardo do

Campo, SP, Brazil), according to

Lopes et al. (1996).

For each assay, VP images were

taken using a TM- C35DX Zeiss cam-

era connected to an Axiovert S100

microscope (Zeiss, Thornwood, NY) at

day 0 (the day of delivery and the first

day of culture) and days 2, 4, and 6 of

culture.

MMP Inhibition by GM6001

For experiments using the synthetic

MMP inhibitor GM6001 (Sigma

Chemical Co., Saint Louis, MO), the

VPs from 30 animals (10 VPs per

treatment) were cultured with either

2.5 or 20 mM GM6001 in BM. An

equivalent volume of dimethylsulfox-

ide (DMSO, vehicle for GM6001) in

basal medium was used as a control.

The basal medium containing

GM6001 was changed every 48 hr.

Post-Transcriptional Silenc-

ing of MMP-2 by Short

Interference RNA (siRNA)

The oligonucleotides for MMP-2

siRNA were (sense) 50- UGG UGU

UGG GGG AGA UUC UCA- 30 and

(antisense) 50- AGA AUC UCC CCC

AAC ACC AGU - 30, and for GFP

siRNA were (sense) 50- GAC GGG

AAC UAC AAG ACA CGU - 30 and

(antisense) 50- GUG UCU UGT AGU

UCC CGU CAU - 30. These were de-

signed with software (http://lgm.fcm.

unicamp.br:9001) as described previ-

ously (Pereira et al., 2007), using the

NCBI sequence for the rat MMP-2

(access number: NM_031054.1). The

lyophilized oligonucleotides (Inte-

grated DNA Technologies, Coralville,

IA) were dissolved (1 mg/mL) in DEPC

water. Twenty-five micrograms of

each oligonucleotide was mixed and

incubated for 5 min at 95�C and

cooled for 4 hr at room temperature,

for annealing of the complementary

strands.

Ventral Prostates from 30 animals

(10 VPs per group) were treated in

culture with 50 nM siRNA specific for

MMP2 (siMMP-2 group), GFP (siGFP

group), or only the transfecting agent

lipofectamin 2000 (control group)

(Invitrogen, Carlsbad, CA). In brief,

1.25 mL of the siRNA stock solution

(20 mM) was mixed with the same vol-

ume of lipofectamin in 100 mL basal

medium, according to the manufac-

turer’s instructions. The siRNA/lipo-

fectamin mixture was added to 400

mL of BM, and loaded on 24-well

plates. The BM containing siRNAwas

changed every 24 hr.

The organs were harvested on

day 6 of culture for RNA and pro-

tein extraction, and histological

processing.

Evaluation of siRNA

Silencing Efficiency and

Off-Target Effects

The efficiency of MMP-2 silencing by

siRNA was evaluated by RT-PCR,

real-time RT-PCR, and gelatin zymog-

raphy on day 6. Off-target silencing

was assessed by determining the

effect of siRNA treatment on the

non-related genes MMP-9 and

heparanase-1.
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RNA Extraction and Reverse

Transcription-Polymerase

Chain Reaction (RT-PCR)

After culturing for 6 days, 4 VPs from

each group (control, siGFP, and

siMMP-2) were harvested and pooled,

and the total RNA was extracted

using the RNASpin Kit (GE Health-

care, Buckinghamshire, UK), quanti-

fied by spectrophotometry, and

reverse-transcribed using 200 U of

SuperScript III and Oligo (dT)12-18
Primer (Invitrogen, São Paulo SP,

Brazil) according to the manufac-

turer’s instructions. b-actin was used

as the internal control for the reac-

tions. All the primers were designed

with Gene Runner 3.05 Software and

synthesized by Invitrogen, and their

sequences were the following: for

MMP-2 (forward) 50 - CGA CCA CAG

GAA GCC ATC - 30 and (reverse) 50 -

TCG CCC ATC ATC AAG TTC - 30and

for b-actin (forward) 50- CTG GCC

TCA CTG TCC ACC TT - 30 and

(reverse) 50- GGG CCG GAC TCA

TCG TAC T - 30.

The cycling conditions were (1) ini-

tial step of 5 min at 94�C; (2) 30 cycles

of 1 min at 94�C, 1 min at 60�C (for b-

actin) or 58�C (for MMP-2), and 1 min

and 30 sec at 74�C; and (3) final step

of 7 min at 74�C. The reactions

occurred in 13 mL final volume con-

taining 110 ng of cDNA, 0.39 U Taq

DNA Polymerase (Promega, Madison

WI), 2 mM MgCl2 and 1.5 mM of each

primer. The reaction product was

electrophoresed in 2% agarose gel and

stained with ethidium bromide.

Images were taken with a digital

camera. Each experiment was

repeated three times.

Quantitative RT-PCR

Real-time quantitative RT–PCR was

performed using TaqMan Universal

PCR Master Mix (Applied Biosys-

tems, Foster City, CA) in the Applied

Biosystems 7300. Inventoried assays

(Primer and FAM-conjugated probes)

for b-actin (Rn02532334_s1), b2-

microglobulin (Rn00560865_m1)

MMP-2 (Rn00667869_m1), MMP-9

(Rn00578162_m1), and heparanase-1

(Rn00575080_m1) were purchased

from Applied Biosystems. cDNA (20

ng) was used in each reaction, accord-

ing to universal cycling conditions for

the TaqMan system. The results were

normalized using the CT (threshold

cycle) values of the internal control b-

actin on the same plate. The equation

DCT ¼ CT (target gene) – CT (internal

control) was employed for normaliza-

tion of the results. In order to quan-

tify and acquire the fold-change varia-

tion of MMP-2, the mathematical

model 2�DDCT was utilized. Both the

MMP-2 and b-actin assays had their

efficiency calculated through the

equation: E ¼ 10(-1/slope), with result-

ing values of 1.05 and 1.03 for MMP-2

and b-actin, respectively. The same

procedure was applied for measuring

expression levels of MMP-9 and

heparanase-1, considering the inter-

nal control b2-microglobulin, this

latter chosen because it showed the

best efficiency for the former two

genes. All reactions were performed

in technical triplicate on the same

plate for each pool, and the experi-

ment was repeated twice.

MMP Extraction and Gelatin

Zymography

Twelve VPs cultured for 6 days in

each group were pooled (4 pools, 3

VPs each) and homogenized in 50 mM

Tris–HCl, pH 7.4, 0.2 M NaCl, 0.1%

Triton, 10 mM CaCl2, and 1% prote-

ase inhibitor cocktail (Sigma Chemi-

cal Co.). The homogenates were then

incubated for 2 hr at 4�C and centri-

fuged at 2,080g for 20 min at 4�C. The

supernatants were reserved, and the

pellets were suspended once again in

the same solution, heated to 60�C for

5 min, and centrifuged at 2,080g for

20 min at 4�C. The two supernatants

were pooled, and the soluble protein

was quantified using the Bradford

dye binding assay kit (BioAgency, São

Paulo, SP, Brazil). Twenty micro-

grams of protein from each sample

was electrophoresed on 10% SDS

polyacrylamide gel containing 0.1%

gelatin (used as the substrate) at 4�C

under nonreducing conditions. After

electrophoresis, the gel was washed

twice, and then gently shaken in 2.5%

Triton X-100 for 30 min at room tem-

perature to remove the SDS. The gel

was incubated overnight in a 50 mM

Tris–HCl buffer pH 7.4, containing 10

nM CaCl2 and 0.1 M NaCl, at 37�C.

The gel was then stained with Coo-

massie brilliant blue R (0.5% dye in

20% methanol and 10% acetic acid)

for 1 hr. Unstained bands indicating

gelatinolytic activity were seen after

slight destaining with 30% ethanol

and 10% acetic acid. Quantitative

assessment of band intensity was

done by densitometry, using the soft-

ware Scion Image (Scion Corporation,

Frederick, MD). The activity deter-

mined for the control group was used

as the reference (100%). The experi-

ments were done in quadruplicate.

Statistical comparison of the results

was done using ANOVA followed by

post-hoc Tukey’s test, with the level of

significance set at P < 0.05, using the

Mini Tab 14 statistical software.

Morphometric Analysis and

Counting of Epithelial Ducts

A total of 10 digitalized images of the

whole organ were assessed for each

experimental condition on days 0, 2,

4, and 6 of culture. The epithelial

area was outlined and measured

using the Image Pro Plus software. A

similar outline of the whole VP was

utilized to estimate the organ area

and the fraction of the VP occupied by

the epithelium (epithelial fraction ¼

epithelium area/organ area ratio), as

described previously (Pu et al., 2007).

The number of epithelial tips and

main epithelial ducts on day 2 was

counted using the Adobe Photoshop

7.0 program, according to Cook et al.

(2007).

Measurements were submitted to

ANOVA followed by the post-hoc

Tukey’s test, using the Mini Tab 14

statistical software. Values of P <

0.05 were considered statistically

different.

Historesin Embedding,

Histology, 3D-Reconstruction,

Tip Counting, Volume

Calculation, and Second

Harmonic Generation (SHG)

At day 6 in culture, the ventral pros-

tates were fixed with 4% paraformal-

dehyde in phosphate-buffered saline

for 16 hr. After dehydration in ethanol,

the material was embedded in Leica

historesin (Leica, Heidelberg, Ger-

many) following the manufacturer’s

instructions. Serial two-micrometer
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sections were cut, stained with hema-

toxylin-eosin, and analyzed under a

light microscope for histology. Serial

sections were used for both 3D-recon-

struction and volume calculation.

Serial reconstruction was done by

using the free software Reconstruct

(http://synapses.clm.utexas.edu/tools/

reconstruct/reconstruct.stm). Thirty to

70 sections were employed, and varied

according to the position of the organ

with respect to the sectioning plane.

Three reconstructions were obtained

for the control (siGFP) and siMMP-2

organs. Distal tips were counted man-

ually on the resulting reconstructions.

The volume of the glands was calcu-

lated by the Cavalieri procedure, after

determination of the section area using

the Leica Application Suite software

(Leica, Heerbrugg, Switzerland).

SHG was identified using an Olym-

pus confocal system (IX-81 inverted

microscope, the FV300 scan head, the

FV-5 COMB2 laser combiner, and two

Hamamatsu model 3896 PMTs). SHG

was examined by excitation with a

Ti:Sapphire laser (Tsunami, Spectra

Physics) at 800 nm and 80 MHz repe-

tition rate, coupled to the scan head

by an external port, and collected by

the condenser in the forward direction

with a bandpass filter at 400 nm

(Oriel Corporation, Stratford, CT) and

a blue shortpass filter to reject any

fluorescence signal. The Fluoview

software was used to reconstruct the

images.

Proliferation Rate

Cultured VP were fixed in 4% parafor-

maldehyde, processed for routine par-

affin embedding, and subjected to

immunohistochemistry for phospho-

histone H3 (ser10) mitosis marker. In

brief, 5-mm sections were de-waxed

and subjected to antigen retrieval by

boiling in 10 mM citrate buffer pH 6.0

for 10 min in a microwave oven, and

then treated for 20 min with 20 mg/

mL proteinase K in 10 mM Tris-HCl,

pH 7.4, buffer at room temperature.

Sections were then blocked with 1%

BSA and 5% donkey serum in block-

ing buffer (10 mM Tris-HCl, pH 7.4,

containing 0.1 M MgCl2, 0.5% Tween-

20), before incubation with a rabbit

anti-phospho-histone H3 (ser10)

(Millipore, Temecula, CA) (diluted

1:250) in blocking solution overnight

at 4�C. After rinsing, sections were

incubated with an Alexa-fluor 546-

conjugated donkey anti-rabbit IgG

(Invitrogen, Eugene, OR) (diluted

1:500) in blocking solution. Negative

controls were effected by substituting

the primary antibody with rabbit IgG

at the same concentration as the pri-

mary antibody. Sections were then

counterstained with DAPI. Mitotic

index was determined by counting

phospho-histone H3-positive nuclei

with respect to the total number of

epithelial cell nuclei in 10 microscope

fields taken at random per animal

(n¼3) using a 40� objective in a Leica

fluorescence microscope. At least 800

nuclei were counted per group.

Quantification of

Hydroxyproline

Hydroxyproline content was deter-

mined for individual VP after treat-

ments with siGFP (control) or siMMP-

2, according to the procedure of Stege-

mann and Stalder (1967) after hydro-

lysis with 6N HCl at 115�C for 16 hr.

To determine the tissue concentration

of hydroxyproline, we used the gland

volume calculated according to the

Cavalieri procedure as described

above and assuming the specific grav-

ity of the gland as 1 g/mL, according to

the determination for the adult VP by

DeKlerk and Coffey (1978). The

results were obtained for 4–5 individu-

als in each experimental group, and

are presented as nanograms of hydrox-

yproline per gram of wet tissue.
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Epithelial growth, branching, and canalization are important morphogenetic events of the 

rodent ventral prostate (VP) that take place during the first postnatal week. In this study, we 

evaluated the effect of knocking out MMP
2 (MMP
2

/


), by examining developmental and 

structural aspects of the VP in mice MMP
2

/
 

mice. Neonate (day 6) MMP
2

/
 

mice showed 

fewer epithelial tips, a lower epithelial cell proliferation rate, and also reticulin fiber 

accumulation. The VP of adult MMP
2

/


 mice showed lower relative weight, smaller epithelial 

and smooth
muscle cell volume, and a larger amount of thicker reticulin fibers. No differences in 

cell proliferation or apoptotic index were noted between adult MMP
2

/


 and wild
type mice. 

MMP
9 was found in the adult MMP
2

/


, but not in the wild
type. In conclusion, MMP
2 

function is essential for the epithelial morphogenesis of the mouse VP, and that compensation by 

MMP
9 is not sufficient for acquisition of the normal adult histology.  
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The prostate is a branched gland accessory to the reproductive tract. In humans, prostate 

development takes place during the second and third trimester of gestation; whereas in rodents, 

the prostate gland displays significant growth and morphogenetic changes during the first 

postnatal week. In this period, the epithelial cells proliferate and differentiate, together with 

epithelial growth, branching, and canalization (Sugimura et al., 1986a; Donjacour and Cunha, 

1988; Hayward et al., 1996; Bruni
Cardoso and Carvalho, 2007; Bruni
Cardoso et al., 2008). 

Epithelial growth involves colonization of spaces previously occupied by the 

mesenchyme/stroma (Bruni
Cardoso and Carvalho, 2007).  

This early postnatal developmental period involves extensive extracellular matrix (ECM) 

remodeling and coincides with a physiological window in which the prostate is capable of 

responding to hormones and endocrine disruptors that can affect prostate physiology and 

susceptibility to diseases in adult life (Putz et al., 2001; Risbridger et al., 2005).  

MMPs are a family of zinc
dependent endopeptidases that preferentially cleave ECM proteins, 

playing a key role in normal development and physiology (VanSaun and Matrisian, 2006; 

Wiseman et al., 2003; Page
McCaw et al., 2007), as well as in cancer initiation and progression 

(Matrisian and Bowden, 1990; Sternlicht and Werb, 2001; Lynch et al., 2005). Recently  

and  studies by our group have defined roles for MMP
2 in prostate canalization and 

morphogenesis (Bruni
Cardoso et al. 2009a) but to date the exact role for MMP
2 in the 

development of the organ  remains unexplored. Given the prevalence of MMP
2 in the 

epithelialization of other organs such as the kidneys (Lelongt et al., 1997) and the mammary 

gland (Wiseman and Werb, 2002), the current study utilizes mice systemically null for MMP
2 
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in order to evaluate the role of MMP
2 in mouse ventral prostate morphogenesis by comparing 

VP morphogenesis and structure in age matched neonatal (day 6) and adult (day 60) wild type 

and MMP
2

/


 mice on a C57BL/6 background. The data presented here demonstrate that the 

ablation of MMP
2 activity resulted in compromised morphogenesis (less epithelial
cell 

proliferation, fewer epithelial tips) and reduced weight and epithelial volume in adulthood. 

Additionally, we also noted increased immunostaining for MMP
9, suggesting a compensatory 

mechanism, which is, however, not sufficient to compensate for the role of MMP
2 in the growth 

of the wild
type ventral prostate.

C57BL/6 wild
type mice and homozygous MMP
2 null mice were housed with IACUC 

approval to Dr. Matrisian at Vanderbilt University, Nashville, TN, USA.  Breeding pairs were 

mated for 24 hours after which males were removed. Pregnant females were isolated and 

monitored. Litters were typically born at twenty one days postcoitus and the day of birth was 

termed day 0. Males were euthanized on day 6 (neonate) by decapitation, or on day 60 (adult) by 

CO2 inhalation, and had their ventral prostates removed and processed for paraffin embedding. 

We used five animals per group in each age point. All adult ventral prostates were weighed, and 

their relative weight was calculated as a percentage of the animal body weight.  
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The VPs were fixed in 4% formaldehyde, processed for routine paraffin embedding, 

stained with hematoxylin
eosin, and submitted to stereological analysis. Volume densities (Vv%) 

and the volumes of the epithelium, lumen, and stroma were determined by the method of Weibel. 

A total of 144 dots/72 grid lanes were analyzed as described previously for the ventral prostate 

(Huttunen et al., 1981; Antonioli et al., 2004; Garcia
Florez et al., 2005; Antonioli et al., 2007). 

Four or five microscopic fields taken at random were analyzed per animal (n=4), resulting in 16–

20 fields per group. Volume density was calculated by considering the number of points falling 

on a given compartment, epithelium, lumen, non
muscle stroma (which includes everything in 

the stroma except smooth
muscle cells), muscle stroma (smooth
muscle cells), and total stroma 

(which is a summation of non
muscle and muscle stroma) for the adult ventral prostate, and the 

epithelium, lumen, and stroma for the neonate ventral prostate, after conversion to percentages 

(144 points equal 100%). The number of epithelial profiles in the distal regions (Tips) was 

counted on 2 equatorial cross sections per animal (n=4).  

Five
Fm sections were de
waxed and subjected to antigen retrieval by boiling in 10 mM 

citrate buffer, pH 6.0 for 10 min in a microwave oven, and then treated for 20 min with 20 

Fg/mL proteinase K in 10 mM Tris
HCl, pH 7.4 buffer at room temperature. Sections were then 

blocked with blocking solution (1% BSA and 5% donkey serum in 10 mM Tris
HCl, pH 7.4 

containing 0.1 M MgCl2, 0.5% Tween
20), before incubation with rabbit anti
mouse MMP
2 
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(cat. ab7052), MMP
9 (cat. ab38898; Abcam, Cambridge, MA, USA) (diluted 1:500), mouse 

monoclonal anti
Pan
Cytokeratin
26 (cat. ab6401; Abcam) (diluted 1:250) in blocking solution 

overnight at 4
o
C. After rinsing, except for MMP
9 staining, sections were incubated with an 

Alexa
fluor 488
conjugated donkey anti
rabbit (cat. A11008) or anti
mouse IgG (cat. A11059; 

Invitrogen, Eugene, OR, USA) (diluted 1:500) in blocking solution. MMP
9 staining was 

performed by using the Vecstain Kit (cat. pk6100; Vector Laboratories, Burlingame, CA, USA), 

before developing the reaction with 3,3´
diaminobenzidine tetrahydrochloride and 

counterstaining with Mayer’s hematoxylin. Negative controls were performed by substituting the 

primary antibody with the appropriate rabbit or mouse IgG at the same concentration as the 

primary antibody. Sections were then counterstained with 4'
6
diamidino
2
phenylindole 

(DAPI).  

Mitotic cells were identified by immunohistochemistry as described above, using a rabbit 

anti phospho histone H3 (cat. 06570; Millipore, Temecula, CA, USA). For adult VP, at least two 

equatorial sections per animal (n=4) were assessed by counting the total number of phospho


histone H3
positive nuclei per section. For animals on day 6, the mitotic index was determined 

by counting phospho
histone H3
positive nuclei with respect to the total number of epithelial or 

stromal cell nuclei in 5 microscope fields taken at random per animal (n=4) using a 20X 

objective, in a Leica DM 2500 microscope.  

The TUNEL assay was performed in paraffin sections using the in situ cell
death 

detection kit (Roche Diagnostics, Indianapolis, IN, USA), counterstained with DAPI and 

analyzed in a Leica DM2500 fluorescence microscope, according to the manufacturer’s 
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instructions. Five microscopic fields from equatorial sections of a VP from each of 4 animals per 

group were taken at random, and the frequency of apoptotic cells was counted and expressed as a 

percentage of the total number of epithelial cell nuclei.  

 Ventral prostate paraffin sections submitted to Gömöri’s silver impregnation staining 

were employed for the identification of reticulin fibers, as previously described (Bruni
Cardoso 

et al., 2008). Briefly, the procedure involves sequential treatment with 1% potassium 

permanganate, 3% oxalic acid, and 1% iron alumen followed by incubation with 10% 

ammoniacal silver. After the silver impregnation, reticulin fibers (mainly type III collagen 

fibrils) appear black. Measurements were taken after manual segmentation using the Image J 

(NIH free software) and the results are presented as the percentage of the sectional are occupied 

by reticulin fibers and as the reticulin
epithelium area ratio, by using at least 10 microscopic 

fields from at least three animals. 

 

Measurements were submitted to Student´s 
test using the Mini Tab 14 statistical 

software.  Values of < 0.05 were considered statistically different. 
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Initially, we assessed the localization of MMP
2 in neonatal wild type and MMP
2

/


 

ventral prostates. Using immunohistochemistry, MMP
2 was found in the mouse ventral prostate 

on day 6, in both stroma and epithelium, being more concentrated in the epithelial distal regions 

(Fig. 1A), suggesting a role for this enzyme during epithelial branching and elongation, findings 

that are in agreement with our earlier  and  studies in the rat (Bruni
Cardoso et al., 

2008; 2009a). Tissue organization was determined by stereology. No difference was found in the 

volume density of the epithelium, lumen, and stroma at day 6 after birth (Fig. 1B). 

Immunohistochemistry with a pan
cytokeratin (a general epithelial marker) antibody 

revealed aspects of epithelial organization in the early postnatal VP. Epithelial structures from 

both the wild
type and the MMP
2

/


 ventral prostate were already branched at the end of the first 

postnatal week, but, unlike the wild
type ventral prostate, the MMP
2

/


 samples showed dilated 

profiles in the distal epithelium. Accordingly, the MMP
2

/


 ventral prostate showed fewer 

epithelial tips compared to the wild
type (Fig. 1C). 

The normal mouse ventral prostate epithelium grows extensively during the first 

postnatal week (Sugimura et al., 1986b). The MMP
2
deficient ventral prostate showed fewer 

proliferating epithelial cells than the wild
type gland (Fig. 1D). No statistical differences in the 

rate of proliferating mesenchymal cells were found between the wild type and MMP
2 null 

groups (results not shown). We could detect no difference between the MMP
2

/


 and the wild


type mice, in the rate of epithelial cell death (Fig. 1E). No apoptotic cells were found in the 

stromal compartment. 
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The MMP
2

/


 mice showed a lower body weight, as previously reported (22.5 ± 1.1 g  

18 ± 2.7 g; <0.05) (Kato et al., 2001). By calculating the relative weight, we noted that the 

growth of the ventral prostate gland was compromised in MMP
2

/


 compared to the wild
type 

ventral prostate (0.032 ± 0.004 %  0.023% ± 0.002 %; <0.05), suggesting that MMP
2 is 

essential for the normal development of the prostate gland.  

MMP
2 was identified in the adult mouse VP, and was located in the epithelium and 

around smooth
muscle cells (Fig. 2A). As expected, MMP
2 staining was absent in the VP of the 

MMP
2

/


 mice (Fig. 2A).  

The stereological analysis of the adult animals revealed that the volume density of the 

epithelium was smaller in MMP
2

/


 ventral prostate than in wild
type samples (Fig. 2B). The 

resulting volumes of the epithelium and stroma were reduced (Fig. 2B). We also noted that the 

volume density and volume of the smooth
muscle cells were reduced in the adult VP (results not 

shown).   

In spite of the lack of variation in luminal volume, the histological analysis of the adult 

ventral prostate showed that the MMP
2

/


 ventral prostate epithelial acini were dilated and the 

epithelium was folded in some microscope fields, aspects not observed in the wild
type mouse 

(Fig. 2C).  

No difference was found in both the number of proliferating cells (Fig. 2D) and in the 

rate of epithelial apoptosis between the MMP
2

/


 and wild
type mice (Fig. 2E). Neither 

proliferating nor apoptotic cells were found in the stromal compartment.  
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Previous studies have suggested that the ablation of MMPs can result in compensatory 

expression of other MMPs (Rudolph
Owen et al., 1997; Esparza et al., 2004). Since MMP
2 

ECM substrate specificities share a significant overlap with those of MMP
9, we examined the 

localization and expression of MMP
9 in the wild type and MMP
2 null neonatal and adult 

ventral prostates.  Immunohistochemistry revealed the presence of MMP
9 in the early postnatal 

developing VP, in agreement with previous results for the rat (Bruni
Cardoso et al., 2008) but it 

appeared that there were no differences in the intensity of staining (Figure 3A and B). In adults, 

MMP
9 protein could not be detected in the ventral prostate of the adult mice, as assessed by 

immunohistochemistry, an observation that is in agreement with our previous results examining 

adult rat ventral prostates (Bruni
Cardoso et al., 2009b), (Fig. 3C). However, the MMP
2

/


 

samples showed intense staining for this enzyme in the stroma, particularly in the smooth muscle 

cells (Fig. 3D). This suggests that MMP
9 partially compensates for MMP
2 activity in the 

ventral prostate of MMP
2

/


 mice but that the enhanced expression does not rescue the MMP
2 

null phenotype since the MMP
2

/


 ventral prostates do not reach the same size as their wild
type 

counterparts.  

 

Considering the critical function of MMP
2 for the processing of ECM components 

abundant in the prostate stroma, we examined whether the observed effects on the VP in neonatal 

and adult mice were due to a failure of MMP
2 to mediate ECM remodeling by assessing 

reticulin fiber deposition. In wild type neonatal animals, reticulin fibers were observed 

surrounding the epithelial cords in the developing mouse ventral prostate (Fig. 4A). Additionally, 
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these fibers were thinner and fewer in the distal regions of the wild
type samples (Fig. 4A). In 

contrast, the neonatal MMP
2

/


 ventral prostate showed thicker and more
abundant reticulin 

fibers (Fig. 4A), suggesting that MMP
2 has an important role in the remodeling of these ECM 

elements, and that the accumulation of these fibers might be responsible for the smaller number 

of epithelial tips and also the dilated epithelial cords in the distal regions of the developing gland. 

This failure of appropriate ECM remodeling in MMP
2

/


 ventral prostates persisted into 

adulthood (Figure 4A) and also potentially explains why the MMP
2

/


 adult ventral prostates are 

significantly smaller than their wild type counterparts. Quantitative assessment of these results 

showed increased content of reticulin per sectional area (Fig. 4B) as well as an increased 

reticulin/epithelium area ratio (Fig. 4C), which achieved statistical significance at adulthood. 

Taken together, these data suggest that MMP
2 mediated remodeling of ECM is critical 

for appropriate prostate development.  

 

We investigated the role of MMP
2 in the mouse ventral prostate morphogenesis, by 

studying the MMP
2

/


mice. We showed that MMP
2 is expressed in the early post
natal and 

adult VP, and contributes to epithelial cell proliferation and normal branching morphogenesis: 

the MMP
2 KO showed a smaller gland with altered tissue organization, in spite of a partial 

compensation by MMP
9, in adulthood. 

Using an  organogenesis model, we previously reported that the activities 

of MMP
2 and 
9 are higher and localized in the distal ductal region and at the epithelial/stromal 

interface of rat VP during the first postnatal week (Bruni
Cardoso et al., 2008). Subsequently, we 

showed that MMP
2 modulates the morphogenesis of the rat ventral prostate  by 
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influencing the epithelial cell proliferation rate, branching, and the canalization of the 

epithelium, and the remodeling of collagen fibers (Bruni
Cardoso et al., 2009a). Although these 

results indicate that MMP
2 activity and the resulting ECM remodeling are necessary for VP 

morphogenesis, in particular to accommodate epithelial growth and its projection into the 

surrounding stroma, a more physiological examination of this hypothesis was needed. Therefore, 

in the current study, we examined the effect of MMP
2 on prostate development  using 

MMP
2 null mice.  

Studies have reported the involvement of MMPs during the branching morphogenesis of 

many organs, such as the kidney (Lelongt et al., 1997), mammary gland (Wiseman and Werb, 

2002), lung (Kheradmand et al., 2002), and submandibular salivary gland (Steinberg et al., 2005; 

Rebustini et al., 2009).  

MMP
2
null mice have smaller body size and reduced neovascularization (Kato et al., 

2001). The present findings are in agreement with those examining the role of MMP
2 in the 

development of other organs such as the mammary gland (Wiseman et al., 2003) and lung 

(Kheradmand et al., 2002) for the which decreased primary ductal invasion and saccular 

development were observed, respectively. 

As in the rat, the wild
type mouse ventral prostate on day 6 after birth expresses MMP
2 

in both the mesenchyme and epithelium. In the epithelium, MMP
2 was concentrated at the 

epithelial tips, indicating a possible contribution of the enzyme to the epithelial invasion through 

the prostate stroma. As a result of knocking out MMP
2, we found fewer epithelial tips, a 

reduced rate of epithelial cell proliferation, and accumulation of reticulin fibers around the 

epithelium, suggesting that MMP
2 contributes to the branching morphogenesis, by remodeling 

Page 12 of 26

John Wiley & Sons, Inc.

Developmental Dynamics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

51



For Peer Review

 

some extracellular matrix proteins and consequently creating spaces for the bifurcation and 

elongation of the epithelial structures and influencing cell proliferation. 

Studies of the adult VP showed that the MMP
2

/


 mice have lower ventral
prostate 

weight and decreased epithelial (and smooth
muscle cell) volume. The epithelial and smooth


muscle cells play crucial roles in the prostate physiology. Luminal epithelial cells are responsible 

for the gland secretory activity, while smooth
muscle cells help to eliminate the secretion 

accumulated in the lumen during ejaculation (McNeal et al., 1988). In addition, paracrine 

signaling between these two cell types is essential in all stages of the gland development and 

homeostasis (Cunha and Chung, 1981). These interactions might be compromised in the MMP
2



/

, as the thickened basement membrane, which normally acts as a physical and chemical barrier 

between the epithelium and the surrounding smooth
muscle cells, could obstruct the diffusion of 

regulatory molecules between the two compartments. Because epithelial cell proliferation and 

apoptosis rates were not affected by the absence of MMP
2 in the adult samples, we conclude 

that the smaller size is a result of reduced cell proliferation and compromised morphogenesis 

during development. 

MMPs are transcriptionally regulated by a variety of growth factors and cytokines (Qin et 

al., 1999). In addition, post
transcriptional mechanisms can contribute to this regulation (Borden 

and Heller et al., 1997). Although MMP
2 expression is constitutive, the levels of this enzyme 

can change during normal development, inflammation, and tumor progression (Qin et al., 1999). 

The rodent prostate gland shows three main growth phases. After an initial embryonic stage, 

early postnatal growth takes place during the first three postnatal weeks, in response to a 

testosterone surge (Corbier et al., 1992). We believe that the high testosterone levels in this 

period might regulate the expression of MMPs, especially MMP
2. In fact, Liao et al. (2003) 
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showed that testosterone regulates MMP
2 expression in LNCaP and LAPC
4 in a dose


dependent manner. Furthermore, there is an androgen
responsive element (ARE) in the MMP
2 

promotor gene (Li et al., 2007), indicating that MMP
2 expression might be regulated by 

androgens during prostate development. 

Our current findings and previous reports clearly demonstrate a role for MMP
2 in 

mediating prostate gland development, despite compensation by proteinases with similar 

substrate specificities such as MMP
9. It is important to note however, that MMP
2 may not just 

contribute to ECM degradation, but specific cleavages in ECM components may reveal 

neoepitopes within the ECM substrates that provide critical information for the invading 

epithelial cells. We have suggested previously that matrix remodeling is essential for the 

epithelium to grow and invade the stroma (Bruni
Cardoso et al., 2009a). In this context, we 

found that inhibition of MMP
2 by siRNA resulted in a more effective impairment of prostate 

growth than the use of the broadly specific inhibitor GM6001, and therefore we could not rule 

out the possibility that some MMPs may have an inhibitory effect on branching morphogenesis. 

The inhibitory effect may result from the degradation of essential extracellular matrix or non


matrix components such as growth factors and cytokines that contribute to prostate gland 

development, as demonstrated for tenascin in the lung (Gebb and Jones, 2003) and type III 

collagen in the salivary gland (Nakanishi et al., 1998). For example, MT2
MMP activity results 

in the release of the NC1 fragment of collagen IV, which regulates cell behavior, in particular 

angiogenesis (Rebustini et al., 2009).  

In conclusion, the present  results for the mouse model indicate that MMP
2 plays 

an important role in epithelial growth and morphogenesis in the mouse ventral prostate, through 

a mechanism involving ECM remodeling.  
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Immunohistochemistry showed the presence of MMP
2 (green fluorescence) in the 

proximal and distal region of the neonatal prostate. The enzyme concentrates in the epithelial tips 

at the distal regions. Nuclei (blue fluorescence) were stained with DAPI. Scale bar = 20 Fm. 

Stereology revealed no difference in the volume densities (Vv%) of the epithelium, lumen, and 

stroma at day 6 after birth. Pan
cytokeratin staining of wild
type and MMP
2

/


 mice was used 

to identify the epithelial organization and to count the number of distal tips in each situation. 

Besides revealing a reduced number of epithelial tips ( <0.05), the stain also showed the 

existence of dilated epithelial structures in the knockout mice VP (asterisk). Scale bar = 100 Fm. 

Mitotic cells were identified through immunohistochemistry for phospho
histone H3 in 

neonate ventral prostate sections. Phospho
histone H3
positive epithelial and stromal cell nuclei 

(green fluorescence) were found in both strains, and their counts revealed fewer mitotic cells in 

the epithelium of the MMP
2

/


 mice VP ( <0.05), whereas no difference was found in the 

stroma. Scale bar = 50 Fm. Apoptotic cells were counted after TUNEL reaction. TUNEL


positive epithelial cell nuclei (green fluorescence) were observed in the center of the epithelial 

cords in the ventral prostate of both strains. Epithelial structures are outlined by dashed white 

lines. Nuclei (blue fluorescence) were stained with DAPI. No difference in apoptotic rates was 

found between the wild
type and MMP
2

/


 mice. Scale bar = 20 Fm.  
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Immunohistochemistry revealed that MMP
2 (green fluorescence) was found in normal 

ventral prostate epithelial and stromal tissues. As expected, MMP
2 was not present in MMP2

/


 

mouse ventral prostates. Nuclei (blue fluorescence) were stained with DAPI. Scale bars: left 

panel = 50 Fm, middle panel = 20 Fm, right panel = 50 Fm.  Hematoxylin
eosin stained 

sections of adult ventral prostates. Unlike the wild
type samples, MMP2

/


 VP acini were more 

dilated (asterisk). Scale bars = 50 Fm. . Stereology showed a reduced (p<0.05) epithelial 

volume density (upper panel). The epithelial and stromal compartments of MMP2

/


 had smaller 

volumes (p<0.05) than the wild
type VP. . Phospho
histone H3 staining identified mitotic cells 

in the adult VP, but their counts showed no difference between the wild
type and MMP2

/


 mice. 

Scale bars = 100 Fm, detail = 20 Fm.  TUNEL reaction (green fluorescence) was used to 

identify apoptotic cells with respect to the total number of nuclei (DAPI staining, blue 

fluorescence). Scale bars = 20 Fm. No statistical differences in the number of dying epithelial 

cells were found between the strains.  

 

Immunohistochemistry for MMP
9 showed the enzyme to be widely distributed in the VP stroma 

of both wild
type (upper left panel) and MMP
2

/


 (upper right panel) samples from 6
day
old 

animals. No reaction was found in the adult wild
type mice (lower left panel), but appeared 

concentrated in the stroma, more particularly on smooth muscle cells of the MMP
2

/


 mice 

(lower right panel). Scale bar: 50 Fm.  
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After Gömöri´s silver 

impregnation, reticulin fibers (in black) were thinner and fewer in the distal regions of the wild


type samples (upper left panel). The MMP
2

/


 ventral prostate showed thicker and more 

abundant reticulin fibers in association with the dilated epithelial structures (upper right panel) 

than did the wild
type samples. Scale bar: 50 Fm, detail 20 Fm. In the adult mouse, Gömöri´s 

silver impregnation revealed the presence of reticulin fibers (in black) in the boundary between 

epithelium and stroma. These fibers were thicker in the MMP
2

/


 VP (lower right panel) than in 

the wild
type samples (lower left panel). Scale bar: 20 Fm. . The sectional are occupied by 

reticulin was measured for both 6
day
old and adult mice. Reticulin occupied a larger area of the 

prostate section in both ages, but achieved significance only in the adults (*, p<0.05). . The 

reticulin/epithelium area ratio was also determined for both ages in the wild type and MMP
2

/


 

mice and the results confirmed a larger area occupied by reticulin fibers in the knockout mice, 

particularly in the adults.  
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ORIGINAL ARTICLE

Stromal remodelling is required for progressive involution
of the rat ventral prostate after castration: Identification of
a matrix metalloproteinase-dependent apoptotic wave
A. Bruni-Cardoso,1 T. M. Augusto,1 H. Pravatta, D. M. Damas-Souza and H. F. Carvalho

Department of Anatomy, Cell Biology, Physiology, and Biophysics, Institute of Biology, State University of Campinas (UNICAMP), SP, Brazil

Introduction

Prostate cancer usually progresses very slowly, but is

ranked as the second cause of non-accidental death

among Occidental men, despite a wider range of diagnos-

tic and therapeutic options. The ever-increasing incidence

of prostate cancer can be attributed to the progressive

extension in males’ life expectancy, together with

increased awareness of and screening for the disease.

Antiandrogen therapies, including surgical or chemical

castration, are the first choices in treatment of primary

tumours. However, it is common that after remission,

some androgen-independent tumour cells will begin

aggressive proliferative growth (Feldman & Feldman,

2001; Jin et al., 2008).

The antiandrogen treatment is based on the clear

dependence of prostate growth and maintenance on

androgen stimulation, so that androgen deprivation

causes a progressive reduction in prostatic function and

weight. The regressive changes in response to androgen

deprivation involve a sudden drop in synthetic activity,

continuous elimination of the secretory products present

in the lumen, the deletion of a large number of epithelial

cells by apoptosis and changes in the stromal compart-

ment.

In rodents, epithelial-cell apoptosis peaks 72 h after

castration (Kerr & Searle, 1973; Sandford et al., 1984;

Isaacs, 1984; Kyprianou & Isaacs, 1988; Garcia-Flórez

et al., 2005). The reason for this delay in apoptosis is not

yet clear, but may be related to the existence of a buffer-

ing mechanism that protects the organ against occasional

oscillation in androgen levels, which may occur in

response to a series of environmental and stress factors.

In contrast to the epithelium, prostate endothelial cells

respond rather quickly to the reduction in circulating tes-

tosterone (Lekås et al., 1997; Shabsigh et al., 1998). Part

of the endothelial cells die by apoptosis, and there is a

reduction in blood flow to the gland, an increase in vas-

cular permeability and the development of a hypoxic con-

dition. Accordingly, it was suggested that the death of the
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Summary

Prostate epithelial-cell apoptosis occurs in response to androgen deprivation.

We have hypothesized that continued regression would require stromal

changes. Studying apoptosis kinetics up to the 14th day after castration, we

identified successive waves of apoptosis, with a prominent peak on day 11. This

peak was associated with caspase-3 activity, nuclear translocation of apoptosis-

inducing factor and clusterin expression. The apoptosis peak on day 11 was

preceded by increased MMP-2 and MMP-7 activation, and MMP-9 expression

on days 9 and 10. Treatment with the matrix metalloproteinases inhibitors

doxycyclin, hydrocortisone, or GM6001 caused significant reduction in the

apoptosis rate on day 11. The present data demonstrate that prostatic epithe-

lial-cell deletion at the 11th day after castration was induced by focal degrada-

tion of the extracellular matrix associated with stromal remodelling.
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epithelial cells in response to androgen deprivation results

from the poor vascular supply of nutrients and oxygen

(Shabsigh et al., 2001). Recovery of the initial size and

function is readily achieved after androgen administration

(Lesser & Bruchovsky, 1974).

In a previous study, we showed that oestrogen treat-

ment together with orchiectomy causes different rates of

epithelial cell death, and, most importantly, that the dif-

ferent rates of epithelial cell death cause no additional

reduction in the volume density of the epithelium

within the first week post-castration (Garcia-Flórez et al.,

2005). These results led us to hypothesize that the

reduction in the prostatic weight after the first week of

androgen deprivation would also require a reorganiza-

tion of the stromal compartment, and would depend on

the active remodelling of the basement membrane

and stromal extracellular matrix by the activation of

extracellular matrix-degrading enzymes, especially matrix

metalloproteinases (MMP), as was shown for the mam-

mary-gland regression after weaning (Lund et al., 1996).

To test this hypothesis, we examined the content

and ⁄or activity of MMP 2, 7 and 9, and the effects of

their inhibition on the rate of apoptotic cell death in the

regressing prostate after bilateral surgical castration,

following a 14-day experimental timeline. The results pre-

sented here demonstrate the existence of a second major

peak of apoptosis at the 11th day after castration, which

was preceded by a peak of MMPs expression, accumula-

tion and ⁄or activation, with different contributions from

the epithelial and stroma cells. In addition, pharmacologi-

cal inhibition of MMP activity reduced the rate of apop-

tosis at day 11. Taken together, these results indicate that

different mechanisms contribute to epithelial apoptosis

during rat ventral prostate (VP) involution, with a clear

role of extracellular matrix-degrading enzymes and

consequent stromal remodelling.

Materials and methods

Animals and treatments

A total of 158 90-day-old Wistar male rats were used in

this study. Fourteen animals were maintained as sham-

operated controls, and 126 animals were castrated under

anaesthesia with 80 mg ⁄ kg body weight ketamine hydro-

chloride and 10 mg ⁄ kg body weight xylazine hydrochlo-

ride, and assigned to 14 groups (nine animals per

group), one of which was killed on each day (day 1

through 14 after castration) by anaesthetic overdose. An

additional 18 castrated animals were treated either with

hydrocortisone succinate (500 mg ⁄ kg i.p., twice a day, in

sterilized water) (Eurofarma, São Paulo, SP, Brazil) or

doxycycline [1.42 mg ⁄kg orally, twice a day, in phos-

phate buffered solution (PBS)] (Henrifarma, Ribeirão

Preto, SP, Brazil) administered at days 9–11 after castra-

tion; or were treated with GM6001 (0.7 mg ⁄ kg ⁄day in

PBS) (Sigma Chemical Co., St Louis, MO, USA) given

at days 9 and 10. Six animals received only PBS, and

were designated as the Cas11 group. All animals were

killed at day 11, and had their VPs dissected and pro-

cessed for paraffin embedding and submitted to terminal

deoxynucleotidyl transferase-mediated -dUTP nick end

labelling (TUNEL) reaction (as below) for the counting

of apoptotic cells. The VPs were then immediately dis-

sected, freed of adherent tissue, weighed and fixed for

paraffin embedding or snap-frozen in liquid nitrogen for

the biochemical analysis. Animal-handling and experi-

mental procedures were approved by the State University

of Campinas Committee for Ethics in Animal Experi-

mentation (Protocol no. 1490-1).

Apoptotic cell counting: Feulgen reaction and TUNEL

The Feulgen reaction was performed on histological sec-

tions after blocking of aldehyde groups by treatment with

100 mm sodium borohydride. In brief, sections were

hydrolysed in 4 m HCl at room temperature for 1 h

15 min before incubation with Schiff’s reagent for 40 min

at room temperature in the dark. After three rinses, the

sections were dehydrated and mounted in Entellan. Mor-

phologically identified nuclei were counted with respect

to the total epithelial cells in six microscope fields taken

at random from three animals; the numbers of nuclei

were expressed as percentages of the total epithelial cell

nuclei (Garcia-Flórez et al., 2005). The TUNEL assay was

performed using the in situ cell-death detection kit

(Roche Diagnostics, Indianopolis, IN, USA), according to

the manufacturer’s instructions, including the peroxidase

converter and methyl-green counterstaining. Microscope

fields from an equatorial section of a single VP lobe from

each of three animals were taken at random, and the

frequency of apoptotic cells was counted and expressed as

a percentage of the total number of epithelial-cell nuclei.

At least 1000 cells were counted per experimental group.

Immunohistochemistry

We performed immunostaining for MMP-2, MMP-7,

MMP-9, and apoptosis induction factor (AIF). The anti-

gens were retrieved from the dewaxed sections by either

boiling in a microwave oven in 10 mm citrate buffer,

pH 6.0, for 10 min, or digestion in 0.1% pepsin (Sigma

Chemical Co.) in 0.01 n HCl for 20 min at room tem-

perature. The sections were blocked with 3% H2O2

for 10 min, followed by incubation with either 1%

pre-immune serum in PBS or 3% bovine serum albumin

in Tris-buffered saline with 0.2% Tween 20 (TBS-T) for

MMPs and apoptosis in the rat prostate A. Bruni-Cardoso et al.
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1 h, and were incubated overnight with rabbit anti-

human MMP-7 diluted 1 : 100 (Chemicon, Temecula,

CA, USA), rabbit anti-mouse MMP-9 and MMP-2

diluted 1 : 500 (Abcam, Cambridge, MA, USA), and

rabbit anti-AIF diluted 1 : 50 (Cell Signaling Technology,

Danvers, MA, USA). Negative controls were established

by omitting the primary antibody step. The specificity of

the antibodies was guaranteed by the manufacturers. Tis-

sue-bound primary antibody against AIF was detected

using the ABC kit (NCL-ABCu; Novocastra, Newcastle-

upon-Tyne, UK) according to the manufacturer’s

instructions. The sections were counterstained with Har-

ris haematoxylin. Antibodies against MMP-2, - 7, and -9

were localized by Alexa-488 conjugated secondary anti-

bodies, and nuclei were stained with 4¢-6-diamidino-

2-phenylindole (DAPI).

Protein extraction

For MMP analysis, VPs were dissected from three animals

per group, immediately frozen in liquid nitrogen and

stored at )80 �C until used. The frozen tissue was homog-

enized in 50 mm Tris-HCl, pH 7.4, containing 0.2 m NaCl,

0.1% Triton, 10 mm CaCl2 and 1% protease-inhibitor

cocktail (Sigma Chemical Co.) using a Polytron homo-

genizer (Kinematica, Lucerne, Switzerland). The homogen-

ates were incubated for 2 h at 4 �C and centrifuged at

2080 g for 20 min at 4 �C. The supernatants were removed

and the pellets resuspended in the same solution as

described above, heated to 60 �C for 5 min, centrifuged at

2080 g for 20 min at 4 �C, and the two supernatants were

pooled. The protein concentration was determined by

using the Bradford reagent (Bio-Rad Laboratories, Hercu-

les, CA, USA) following the manufacturer’s instructions.

Gelatin zymography

Twenty micrograms of protein extract was electrophore-

sed in 10% SDS polyacrylamide gel containing 0.1% gel-

atin (used as protein substrate) at 4 �C under non-

reducing conditions. After electrophoresis, the gel was

washed twice under gentle shaking at room temperature

with 2.5% Triton X-100 for 30 min to remove SDS. The

gel was incubated overnight in a 50 mm Tris-HCl, pH

7.4, containing 10 mm CaCl2 and 0.1 m NaCl at 37 �C.

The gel was then stained with Coomassie brilliant blue

R (0.5% dye in 20% methanol and 10% acetic acid) for

1 h. Unstained bands indicating gelatinolytic activity

were seen after a series of washes with 30% ethanol and

10% acetic acid. The intensity of the bands was deter-

mined using the Scion Image Analysis software (Scion

Corporation, Frederick, MD, USA). The activity deter-

mined for the VP of non-castrated rats was used as the

reference (100%). The experiments were performed in

triplicate.

Western blotting (WB)

The protein extracts obtained as described above were

used in this assay. A total of 60 micrograms of protein

was electrophoresed on polyacrylamide gels at different

concentrations, followed by electric transfer (Hoefer, San

Francisco, CA, USA) onto nitrocellulose membranes

(Amersham, Buckinghamshire, UK). The membranes

were blocked in 5% non-fat milk in TBS-T for 1 h, fol-

lowed by overnight incubation with 1% non-fat milk in

TBS-T and rabbit anti-MMP-7 (Chemicon) diluted

1 : 500, mouse anti-clusterin (Upstate Technologies, Lake

Placid, NY, USA) (1 : 1000) or rabbit anti-AIF diluted

1 : 2000 (Cell Signaling Technology, Beverly, MA, USA).

The membranes were washed in TBS-T and incubated for

1 h with peroxidase-conjugated goat anti-rabbit Ig

(Zymed, San Francisco, CA, USA) or goat anti-mouse Ig

(Sigma Chemical Co.) each diluted 1 : 2000, followed by

detection with the Luminol system (Santa Cruz Biotech-

nology, Santa Cruz, CA, USA). The intensity of the bands

was determined using the Scion Image Analysis software.

The values determined for the control were used as the

reference (100%) (except for clusterin). The experiments

were performed in triplicate.

Caspase-3 activity assay

Caspase-3 activity was determined with a colorimetric test

(Sigma Chemical Co.), according to the manufacturer’s

instructions. This assay is based on the hydrolysis of the

peptide substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide

(Ac-DEVD-pNA) by caspase-3, resulting in the release of

p-nitroaniline (pNA) which has an absorbance at 405 nm.

In brief, 50 lg of protein from two VPs for each experi-

mental point was assayed in duplicate in a 96-well plate.

The samples were incubated for 90 min with the assay

buffer in the presence of substrate with or without a cas-

pase-3 inhibitor (AC-DVDE-CHO). The concentration of

the pNA released from the substrate was calculated from

the absorbance values measured in an ELISA reader, and

a calibration curve was prepared with defined pNA

solutions.

Statistical analysis

Statistical analyses were performed by anova followed by

the multi-comparison post-hoc Tukey’s or Fisher’s tests,

at p < 0.05, using a free trial version of the software Mini-

tab (Minitab Inc., State College, PA, USA). Results are

presented as the mean of measurements for at least three
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animals per group. Error bars were omitted from some

graphs for the sake of clarity.

Results

Drastically reduced prostate weight after castration is

associated with successive peaks of apoptosis

In non-castrated animals, the prostate weight was approx-

imately 0.1% of the animal’s body weight (Fig. 1A). After

14 days of androgen deprivation, the prostate weight was

reduced to about 0.016% of the animal’s weight. Seventy-

six per cent of this reduction took place within the first

week, and 34% within the second week post-castration.

Interestingly, daily variation in prostatic weight revealed

three major points of weight reduction, at days 3, 7 and

11 after androgen ablation (Fig. S1). Moreover, the gland

gained weight at days 1 and 10 after castration.

To evaluate the kinetics of cell death in the prostatic

involution, we used both Feulgen staining and TUNEL

reaction for counting apoptotic cell nuclei and nuclei

containing fragmented DNA. Three days after castration,

characteristic apoptotic nuclei and nuclei containing frag-

mented DNA were found (Fig. S2). The counts were very

similar, with two major waves of apoptosis detected at

the 3rd and 11th day, with a less-prominent count at the

7th day after surgery (Fig. 1B). No statistical difference

was observed between the percentage of apoptosis identi-

fied by each procedure at each time point. It was appar-

ent that these successive peaks of epithelial cell death

were associated with the marked points of prostatic

weight reduction (Fig. S1).

Caspase-3 activation is considered a key factor in apop-

tosis, and a converging element in both intrinsic and

extrinsic apoptotic pathways. Therefore, we investigated

the variation in caspase-3 amounts and activity through-

out the timeline of the experiment, using WB and a col-

orimetric assay. The caspase-3 content showed an increase

centred at days 6 to 8, but no clear association with the

apoptosis peaks (Fig. S3). Under the experimental condi-

tions used, we could not detect the cleaved active band.

However, caspase-3 activity (peak activity at days 2 and

9-11) (Fig. 1C) correlated with the observed kinetics of

apoptosis and preceded DNA fragmentation.

Clusterin is known as a testosterone-repressed message

in the rat VP and is associated with apoptosis (Rouleau

et al., 1990). It was also found in association with apop-

tosis in the mammary gland (Lund et al., 1996). However,

its specific function is unknown. To determine whether

clusterin expression was correlated with the different

apoptosis peaks detected up to day 14, we investigated

the variation in clusterin content within the timeline of

the experiment by WB. We found that the amount of

clusterin increased in response to castration up to day 5,

overlapped the apoptosis peak at day 3, and also exhib-

ited a second peak at days 8 and 9, preceding the apopto-

sis peak at day 11 (Fig. 1D).

Apoptosis-inducing factor is a mitochondrial protein

that is released from mitochondria and translocated to

the cell nucleus, where it binds to DNA and elicits DNA

fragmentation (Lipton & Bossy-Wetzel, 2002). AIF was

found in the VP by WB, and its content dropped

abruptly after castration (Fig. 1E–H). Nonetheless, it was

located by immunohistochemistry in the cytoplasm of the

luminal epithelial cells of the VP in non-castrated animals

(Fig. 1F) and in the nuclei of apoptotic cells after castra-

tion (Fig. 1G,H).

Matrix-remodelling enzymes accumulate and are acti-

vated before the apoptotic peak at day 11

The stromal compartment undergoes noticeable changes

after castration (Vilamaior et al., 2000; Antonioli et al.,

2004, 2007; Augusto et al., 2008). To verify if a correlation

existed between the changes in the extracellular matrix

components and the kinetics of apoptosis, we investigated

the variations in the amounts and ⁄or activation of

MMP-2, MMP-9, and MMP-7 in the regressing prostate.

Figure 2A presents a representative zymogram showing

the variation in MMP-2 and MMP-9 content and its den-

sitometric quantification. The MMP-2 amounts varied

after castration, but reached a peak on day 10 (Fig. 2A).

This coincided with the peak activation of this enzyme

(measured as the percentage of the active 62 KDa band

with respect to the total). The amount of MMP-9

increased at days 10 and 11, with no association with the

first peak found on the 3rd day after castration (Fig. 2A).

Figure 2B presents a representative WB for MMP-7 in

the VP of castrated rats, and the densitometric quantifica-

tion of the data, revealing a clear drop in MMP-7 content

during the first three days after castration and a progressive

increase after day 8, with a maximum amount observed at

day 10. Nevertheless, for the proteolysis-derived active

MMP-7, we found a peak of activation at day 9.

Stromal and epithelial cells contribute to the increased

MMP activity at day 11

To determine which cells contribute to the enzymes pre-

ceding the peak in epithelial-cell apoptosis at day 11, we

used immunohistochemistry to locate MMP-2, MMP-7

and MMP-9. Figure 3 shows the location of these three

enzymes in the VP at day 10 after castration. MMP-2

(Fig. 3A) and MMP-7 were found predominantly in the

epithelium, but were also observed at the surface of

smooth-muscle cells in the stroma. At least part of the

epithelial staining for MMP-2 may be attributable to

MMPs and apoptosis in the rat prostate A. Bruni-Cardoso et al.
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Figure 1 (A) Variation in the rat ventral prostate (VP) relative weight (shown as a percentage of the total body weight) up to the 14th day after

castration. There was a 76% reduction within the first 7 days, and a further 34% reduction within the next 7 days (n = 4). (B) Kinetics of apopto-

sis in the rat VP after castration, up to the 14th day after surgery, as determined by the percentage of morphologically recognized nuclei after the

Feulgen reaction and after terminal deoxynucleotidyl transferase-mediated -dUTP nick end labelling (TUNEL) reaction. (C) Caspase-3 activity as

determined by a colorimetric assay in extracts of the VP of control and castrated rats up to the 14th day after surgery. Peak activity was detected

at days 2, 5 and 9–11. Data are the means of measurements for two animals. (D) Representative western blotting (WB) for clusterin in VP extracts

and its relative variation after castration. Two peaks were found at days 5 and 9 after castration. Significant increases in clusterin amounts were

found at days 5, 8 and 9 after castration. Maximum expression was found at days 5 or 9 in different gels and defined as 100%. The expression

in the control was fixed at zero. (E) Representative WB for apoptosis induction factor (AIF) in the rat VP before and up to the 14th day after cas-

tration and its quantification, showing a marked reduction in response to androgen deprivation. Immunohistochemical localization of AIF in the

VP epithelium of non-castrated rats, showing its cytoplasmic location (F) and its translocation to the cell nucleus of apoptotic cells on the 3rd (G)

and 11th (H) day after castration, showing the nuclear localization in apoptotic cells. Results are the mean ± SEM. The asterisks indicate significant

differences from the control after TUNEL reaction, following anova and Tukey’s or Fisher’s test. F-H, scale bar = 20 lm.
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macrophages. MMP-9 occurred in different locations: in

fibroblasts and smooth-muscle cells in the stroma, but

not in the epithelium (Fig. 3C).

Inhibition of MMP activity results in decreased apoptosis

at day 11

The time association between MMP-2 and MMP-7 activa-

tion, MMP-9 expression and the apoptosis peak at day 11

led us to question if a causal relationship exists between

these two events. To approach this question, we blocked

MMP activity using non-specific (hydrocortisone and

doxycycline) (Mignatti & Rifkin, 1993; Saikali & Singh,

2003) and broadly specific (GM6001) (Gupta et al., 2007)

inhibitors during days 9 through 11, and checked their

influence on the apoptosis rate at day 11. It was then

apparent that MMP inhibition caused a reduction in the

percentage of epithelial-cell apoptosis at day 11 (Fig. 4),

demonstrating a causal relationship between MMP activ-

ity and cell death.

Discussion

Using a combination of morphological and biochemical

analysis associated with pharmacological intervention, we

have identified a second wave of apoptosis in the regress-

ing VP in response to castration, which is dependent on

A

B

Figure 2 (A) Representative gelatin zymogram of VP extracts show-

ing the identification of MMP-2 (72 KDa, 68 KDa, and 62 KDa) and

MMP-9 (92 KDa and 82 KDa) and variation in the amount of the total

and active band (62 KDa) (as a percentage of the controls) and in

MMP-9 (arbitrary units). MMP-2 increased after castration. MMP-9

was not expressed in the control prostate, but was highly expressed

at days 10 and 11. (B) Representative WB for MMP-7 in VP extracts

from control (Ct) and castrated rats, depicting the native (29 KDa)

and cleaved forms (23 KDa and 20 KDa), and the percentage varia-

tion of the total and active MMP-7, showing that the content and

activation dropped below control levels immediately after castration;

and a subsequent increase, starting at day 7, with a peak of the total

content at day 10 and a peak of the active form at day 9. Symbols

represent significant changes with respect to controls for active

MMP-2 (*), total MMP-2 (#) and MMP-9 (§).

A

B

C

Figure 3 Immunohistochemical location of MMP-2 (A), MMP-7 (B)

and MMP-9 (C). MMP-2 was found in both epithelial (Ep) and stromal

compartments, particularly in smooth-muscle cells (SMC). At least part

of the epithelial staining was due to macrophages (arrow). MMP-7

was predominantly located in the epithelial cells, even though minimal

staining could be observed around the smooth muscle cells. By con-

trast, MMP-9 was exclusive to the stroma, in association with the sur-

face of cells. Scale bar = 25 lm.
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extracellular-matrix degradation, and demonstrates that

matrix remodelling is a prerequisite for continued dele-

tion of epithelial cells.

The prostate gland is highly dependent on androgens

for its development, growth and functioning, and castra-

tion results in active and progressive regression of the

gland (Isaacs, 1984; Kyprianou & Isaacs, 1988; Isaacs

et al., 1994). Analyses of long-term (100 days) androgen

deprivation showed that the organ corresponds to about

5% of the prostate weight in the control animals (Antoni-

oli et al., 2007). The weight reduction observed within

the first week post-castration results from the elimination

of the accumulated secretions, the reduction in the syn-

thetic organelles such as the endoplasmic reticulum and

the Golgi complex, reduced blood flow and extensive

deletion of epithelial cells by apoptosis. Nonetheless,

weight gain occurred at days 1 and 10. It has been

reported previously that increased blood-vessel permeabil-

ity results in vascular extravasation, and this might

contribute to the weight gain observed at day 1 after cas-

tration. This increased vascular permeability results from

the deletion of endothelial cells, which is a primary event

occurring after castration (Shabsigh et al., 1998). It

remains to be determined whether another series of

vascular changes similar to those observed early after

castration takes place and might be responsible for the

weight gain at day 10. It is also interesting to note from

the present results that both time points preceded peaks

of epithelial-cell apoptosis.

Extending the analysis period to 14 days, we could

identify two further increases in apoptosis on days 7 and

11. Both methods (Feulgen and TUNEL) showed identical

kinetics of cell death, demonstrating that accurate identi-

fication of apoptotic nuclei might provide good estimates

of tissue apoptosis, at least in the rat VP, confirming

previous findings by our group (Garcia-Flórez et al.,

2005). These results demonstrate that prostatic regression

results from multiple waves of apoptosis. Sandford et al.

(1984) reported the occurrence of successive waves of

apoptosis, but they referred to the ability of the gland to

recover after the administration of testosterone and to

show the major apoptotic peak at day 3 (appearing at day

2 after repeated cycles of testosterone administration).

However, they failed to discriminate the additional peaks

observed in this study, perhaps because they did not carry

out analyses in the day 8–12 period.

We have shown that caspase-3 activity and the translo-

cation of AIF to the cell nucleus are events shared by the

apoptosis peaks at days 3 and 11. Both these events are

related to apoptosis induction, but represent components

of the caspase-dependent and caspase-independent path-

ways respectively. AIF translocation to the cell nucleus is

a factor associated with induction of LNCaP apoptosis in

response to cisplatin (Zhang et al., 2007). A search for

other members of each pathway with respect to each

apoptosis peak is underway in our laboratory.

Clusterin has been reported to correlate with androgen

deprivation and epithelial apoptosis in the rat VP. Indeed,

it was first described as TRPM-2, because it is strongly

induced in the VP of castrated animals. It is also involved

with mammary-gland regression (Lund et al., 1996).

However, the present results demonstrated that the clus-

terin content is increased in the regressing prostate, but

showed no clear correlation with apoptotic cell death or

even a direct correlation with androgen deprivation. This

pattern suggests that clusterin expression has a temporal

association but apparently no causal relationship with

epithelial apoptosis, reinforcing the notion that this mole-

cule is closely associated with specific events leading to

tissue remodelling, and most specifically with signal trans-

duction and DNA repair (Trougakos & Gonos, 2002).

Furthermore, we have reason to believe that one possible

function of clusterin (at least of its secreted sulphated

form) is the inhibition of an inflammatory response,

orchestrating the recruitment of inflammatory cells (mac-

rophages, lymphocytes and mast cells) with maintenance

of the non-inflamed condition, perhaps by recruiting and

stimulating regulatory T cells. This possibility is currently

under investigation in our laboratory.

We have previously reported that, regardless of the

kinetics of apoptosis within the first week post-castration,

the maximum regression of the epithelium was about the

same (�24% of the original weight) (Garcia-Flórez et al.,

2005). This led us to hypothesize that stromal changes

occur to allow further regression of the epithelium to take

place.

In fact, the regressive changes of the mammary gland

involve a second wave of apoptosis, which was demon-

Figure 4 Effects of non-specific and broadly specific MMP inhibition

on the apoptotic rate at day 11. Doxycycline (Dox), hydrocortisone

(HC), and GM6001 were administered to castrated rats, and the per-

centage of apoptotic cells was determined when compared with the

percentage of apoptotic cells found in the VP of castrated rats at day

11 (Cas11). A significant reduction in apoptosis rate (*; p < 0.05) was

found for the three inhibitors.
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strated to be dependent on the stromal production of

matrix-degrading enzymes, particularly gelatinase-A and -B

(MMP-2 and -9 respectively), by stromal fibroblasts, and

that blocking MMP activity with hydrocortisone reduced

the apoptosis rate and the regressive changes of the gland

(Lund et al., 1996). Furthermore, we and others have

reported later changes in stromal organization and in the

content of extracellular matrix components, from tenascin

expression (Vollmer et al., 1994) to fibrillar and microfi-

brillar collagen reorganization (Carvalho et al., 1997;

Vilamaior et al., 2000), from variations in heparan sulphate

(Augusto et al., 2008) to the altered ultrastructure of the

basement membrane (Carvalho & Line, 1996; Ilio et al.,

2000).

The VP differs from the mammary gland, where stro-

mal fibroblasts produce the MMP presumed to degrade

the epithelial basement membrane (Lund et al., 1996), by

showing a contribution from both epithelial and stromal

cells. Immunolocation of macrophages demonstrated that

these cells contribute part of the epithelial staining for

MMP-2 (results not shown). On the other hand, based

on the present data, we cannot rule out the participation

of MMPs in the first peak at day 3.

MMP-7 has been implicated in the cleavage and liber-

ation of the FAS ligand (FAS-L), which would result in

the induction of apoptosis of the epithelial cells (Powell

et al., 1996); this was associated with a change in the

vectorial secretion of the enzyme from the lumen to the

basal membrane of the cell (Ilio et al., 2000; Powell

et al., 1996, 1999; Felisbino et al., 2007). However, we

could not observe either MMP-7 expression or activation

in association with the apoptotic peak on the 3rd day

after apoptosis. The reason for this discrepancy might be

the inherent differences between mice and rats. Another

possibility is that the MMP-7 knockout mice used to

show that the absence of MMP-7 results in diminished

apoptosis at day 3 after castration might have an intrin-

sically reduced rate of apoptosis. Because no apoptosis

rates were estimated for the non-castrated mice, this

possibility should be examined further in the future.

However, the opposite was true for the apoptosis peak

at day 11, when MMP-7 activation reached a marked

peak.

It is not possible to ascertain at the moment whether

these enzymes are involved with extracellular-matrix

remodelling to accommodate a progressively smaller vol-

ume of the epithelium, which was demonstrated earlier to

be associated with the pleated and folded basement mem-

brane (Carvalho & Line, 1996), or whether their activity

would result in the activation of a paracrine mechanism

responsible for causing epithelial cells to undergo apopto-

sis, such as the liberation of growth factors or cryptic sig-

nals from the extracellular matrix. The existence of a

paracrine mechanism was proposed for the induction of

apoptosis in epithelial cells in the context of androgen

deprivation, because epithelial cells lacking androgen

receptors also underwent apoptosis in chimeric-tissue

experiments (Kurita et al., 2001). However, this consider-

ation should be placed in the context of the findings

presented here. It is consistent that epithelial apoptosis

after the first peak at the third day after castration does

not result directly from the drop in androgen levels,

because the additional peaks after castration occur long

after the levels of testosterone and dihydrotestorene fall

below the level of detection (Kashiwagi et al., 2005). It is

possible that basement-membrane degradation, by the

action of MMP-2, MMP-7 and MMP-9, results in epithe-

lial-cell anoikis which triggers apoptosis, as has been sug-

gested for the mammary-gland regression (Lund et al.,

1996). Because pharmacological blocking of MMP activity

by any of the compounds employed here (hydrocortisone,

doxycyclin, and GM6001) did not result in complete inhi-

bition of epithelial-cell apoptosis, other superimposing

mechanisms responsible for matrix degradation or for

inducing apoptosis may contribute to the death of epithe-

lial cells.

In conclusion, to the best of our knowledge, this is the

first study to report (i) the existence of multiple apoptotic

waves in the regressing VP; (ii) the dependence on extra-

cellular-matrix remodelling for regressive changes to pro-

gress after the first week after castration; and (iii) the

causal relationship between MMP activity and the day-11

apoptosis peak. These observations will certainly have an

impact on the methodological approaches for studying

prostate regression, as well as on the use of androgen-

deprivation therapies.
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version of this article:

Figure S1 Daily variation in prostatic weight (percentage reduc-

tion within a 24-h interval). Maximum reduction was achieved

at day 7, followed by marked reductions at days 4 and 11

(arrowheads). Weight gain was observed at day 1 and 10.

Ct = control.
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Figure S2 Representative microscope images of a Feulgen-stained

section of the VP 3 days after castration. Arrows indicate frag-

mented nuclei with compact chromatin. (B) Representative

microscope image of TUNEL-positive nuclei in the epithelium

of the VP 3 days after castration. Arrows indicate TUNEL-posi-

tive nuclei. A and B, scale bar = 20 lm.

Figure S3 (A) Representative WB for caspase-3 in extracts from

the rat VP before and after castration, indicating the uncleaved

inactive band. (B) Quantification of the WB for caspase-3. There

was an increase in the content of caspase-3 after castration, cen-

tred at days 6–8.

Please note: Wiley-Blackwell are not responsible for the content

or functionality of any supporting materials supplied by the

authors. Any queries (other than missing material) should be

directed to the corresponding author for the article.
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4. DISCUSSÃO 

No presente trabalho, foram investigados o papel da MMP-2 durante as primeiras fases do 

desenvolvimento prostático pós-natal em roedores e o envolvimento das MMP-2, -7 e -9 na 

regressão prostática após a castração cirúrgica. Utilizando-se de diversas metodologias de biologia 

celular e de bioquímica, demonstrou-se que a MMP-2 contribui para a morfogênese epitelial da PV 

de ratos e camundongos, e que a progressiva regressão da PV de ratos pós-castração cirúrgica é 

dependente de remodelação estromal associada à atividade de MMPs. 

A degradação da matriz extracelular e a remodelação tecidual são necessárias para a 

criação de espaços que permitem o crescimento e a invasão de tecidos em desenvolvimento ou 

tumorais (VanSaun e Matrisian, 2006; Page-McCaw et al., 2007). As proteinases em geral e as 

MMPs em particular têm um papel essencial nesses processos. A morfogênese da PV de roedores é 

caracterizada por eventos dinâmicos, tais como crescimento epitelial, ramificação e canalização 

das estruturas epiteliais (Sugimura et al., 1986a; Sugimura et al., 1986b; Hayward et al., 1996; 

Bruni-Cardoso et al., 2007), que necessitam de remodelação estromal e, conseqüentemente, da 

atividade de MMPs. Além disso, a maioria desses eventos é completada até a terceira semana após 

o nascimento (Hayashi et al., 1991; Vilamaior et al., 2006; Huang et al., 2005; Pu et al., 2004, 

Bruni-Cardoso e Carvalho, 2007). Nesse contexto, o papel da MMP-2 na morfogênese da PV de 

roedores foi investigado, inibindo-se a expressão e atividade dessa enzima na PV de ratos em 

cultura de órgão ou utilizando-se de uma linhagem de camundongo nocaute para MMP-2 (MMP-2-

/-). Esses estudos demonstraram pela primeira vez que a MMP-2 é essencial para o 

desenvolvimento normal da PV, no que diz respeito à proliferação de células epiteliais, 

ramificação epitelial, assim como na sua organização tecidual e acúmulo de fibras colagênicas.  

Vários trabalhos documentaram o envolvimento de MMPs no desenvolvimento de órgãos 

ramificados, tais como rim (Lelongt et al., 1997), glândula mamária (Wiseman e Werb, 2002), 

pulmão (Kheradmand et al., 2002), e glândula salivar submandibular (Steinberg et al., 2005). 

Camundongos MMP-2-/- apresentam reduzido tamanho corporal, reduzida neovascularização (Kato 

et., 2001), diminuída invasão ductal primária na glândula mamária (Wiseman et al., 2003), e 
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reduzido desenvolvimento sacular dos pulmões (Kheradmand et al., 2002). Nosso grupo mostrou 

recentemente que as atividades de MMP-2 e -9 são mais altas e localizadas no epitélio e na 

interface epitélio/estroma na PV de ratos durante a primeira semana pós-natal, e sugeriu que a 

atividade gelatinolítica destas enzimas estaria correlacionada com a remodelação da MEC 

necessária para morfogênese da PV, especificamente permitindo o crescimento e projeção das 

estruturas epiteliais em direção ao estroma adjacente (Bruni-Cardoso et al.,2008). 

No presente trabalho, encontrou-se que a inibição de MMPs com 20 μM de GM6001 

prejudicou de forma significativa o crescimento e morfogênese da próstata ventral de ratos até o 

dia 2 em cultura. A despeito de ter mostrado um efeito de dose-dependência, o tratamento com o 

GM6001 não afetou significativamente o desenvolvimento da PV nos estágios mais tardios. 

Considerando-se o fato de GM6001 ser um inibidor de amplo espectro, é possível que a atividade 

de algumas MMPs possa ter um efeito inibitório na morfogênese da glândula e que o bloqueio 

dessas enzimas possa contribuir para o crescimento. Sabe-se que alguns componentes da MEC 

promovem a ramificação epitelial, tais como a tenascina no pulmão (Gebb e Jones, 2003) e o 

colágeno tipo III na glândula salivar (Nakanishi et al., 1998). De modo que o efeito inibitório seria 

manifestado através da degradação em excesso de componentes da MEC que poderiam contribuir 

para o desenvolvimento do órgão.  

O papel da MMP-2 na morfogênese da PV foi analisado com o emprego do “small 

interference” RNA (siRNA) específico para MMP-2 com o uso de controles apropriados (somente 

o agente de transfecção, lipofectamina, ou siRNA específico para GFP). O silenciamento pós-

transcricional da MMP-2 com siRNA foi altamente eficiente, alcançando 90% de redução da 

quantidade de RNAm (conforme demonstrado por RT-PCR quantitativo) e aproximadamente 60% 

da atividade de MMP-2 (conforme demonstrado por zimografia). Provavelmente, a discrepância 

entre essas porcentagens seja resultado da estabilidade da proteína MMP-2 no ambiente 

extracelular. O silenciamento da MMP-2 reduziu o crescimento do órgão (dia 6) e comprometeu a 

morfogênese prostática durante o período experimental. Conforme avaliação histológica, as PVs 

desenvolvidas in vitro apresentaram arquitetura semelhante às desenvolvidas in vivo (Bruni-

Cardoso & Carvalho, 2007; Bruni-Cardoso et al., 2008). Células apoptóticas foram encontradas no 

epitélio em canalização. Embora tenham apresentado células apoptóticas, não houve formação do 

80



 

 

 

 

lúmen no grupo siMMP-2, indicando que em adição a criação de espaços em conseqüência da 

deleção de células epiteliais, a expansão e consolidação do lúmen requer atividade de MMP-2 na 

periferia das estruturas epiteliais. Este resultado é consistente com a atividade gelatinolítica e a 

localização da MMP-2 não somente nas estruturas epiteliais distais, mas também na base do 

epitélio ao longo das estruturas epiteliais (Bruni-Cardoso et al., 2008). 

A despeito dos resultados in vitro mostrarem que a atividade de MMP-2 e a conseqüente 

remodelação da matriz sejam necessárias para a morfogênese da PV, havia a necessidade de uma 

avaliação mais sistêmica desta hipótese. Portanto, decidiu-se examinar o papel da MMP-2 no 

desenvolvimento prostático in vivo, utilizando-se a linhagem de camundongo MMP-2-/- como 

modelo biológico.  

Assim como demonstrado para ratos, a MMP-2 foi encontrada tanto no estroma como no 

epitélio da PV do camundongo selvagem no dia 6. No epitélio, a MMP-2 foi concentrada nas 

estruturas epiteliais distais. Como resultado da ausência de MMP-2, encontrou-se um menor 

número de extremidades distais (“tips”), uma taxa reduzida de proliferação de células epiteliais, 

um maior acúmulo de fibras reticulares ao redor do epitélio, sugerindo que a MMP-2 contribua 

para a ramificação epitelial, através da remodelação de algumas proteínas da MEC. Portanto, esse 

processo criaria espaços para a bifurcação e elongação das estruturas epiteliais e influenciaria na 

proliferação das células epiteliais 

Os camundongos MMP-2-/- adultos apresentaram um menor peso da PV e reduzido volume 

do epitélio e das células musculares lisas (CML). O epitélio e as CML exercem função crucial na 

fisiologia prostática. As células epiteliais luminais são responsáveis pela atividade secretora da 

glândula, enquanto as CML ajudam a eliminar a secreção acumulada no lúmen no momento da 

ejaculação (McNeal et al., 1988). Além disso, há a sinalização parácrina entre esses dois tipos 

celulares que é essencial em todos os estágios do desenvolvimento e homeostase da glândula 

(Cunha e Chung, 1981). Essas interações devem estar comprometidas no camundongo MMP-2-/-, 

devido ao espessamento da membrana basal que normalmente atua como uma barreira química e 

fisiológica entre o epitélio e as CML.  
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Tanto a taxa de proliferação como a de morte celular não foram afetadas nos camundongos 

MMP-2-/- adultos, indicando então, que o menor tamanho da PV nesses animais seja conseqüência 

da reduzida taxa de proliferação celular e morfogênese alterada durante a primeira semana de 

desenvolvimento pós-natal. 

No geral, as MMPs são reguladas em nível transcricional por uma ampla variedade de 

fatores de crescimento e citocinas (Qin et al., 1999). Entretanto, mecanismos pós-transcricionais 

também contribuem para essa regulação (Borden e Heller et al., 1997). A expressão de MMP-2 é 

constitutiva, no entanto, as concentrações dessa enzima podem variar durante o desenvolvimento, 

inflamação e progressão tumoral (Qin et al., 1999).   

A próstata de roedores apresenta três fases principais de crescimento. Depois da fase inicial 

no estágio embrionário, um crescimento acentuado ocorre no início da vida pós-natal em resposta a 

um pico de testosterona (Corbier et al., 1992). Nós acreditamos que as altas concentrações de 

testosterona nesse período possam influenciar a expressão de MMPs, especialmente MMP-2. 

Nesse contexto, Liao et al., (2003) demonstraram que a testosterona regula a expressão de MMP-2 

em células LNCaP e LAPC-4  de uma maneira dose-dependente.  Além disso, há um elemento 

responsivo ao andrógeno (ARE) no promotor do gene da MMP-2 (Li et al., 2007), indicando que a 

expressão de MMP-2 possa ser regulada por andrógenos durante o desenvolvimento da próstata. 

De forma contraditória, tanto a MMP-2 como as MMP-7 e -9, de acordo com os resultados aqui 

apresentados e com estudos anteriores (Limaye et al., 2008), tiveram a sua expressão e atividade 

aumentadas em um ambiente privado de andrógenos, sugerindo que a regulação daexpressão das 

MMPs por andrógenos, particularmente a MMP-2, seja realizada de uma forma complexa e 

dependa do modelo utilizado. 

Ao contrário do que ocorre nos camundongos selvagens, a PV de animais MMP-2-/- adultos 

apresentou a expressão de MMP-9 conforme demonstrado por imunohistoquímica, o que sugere 

que a ausência da MMP-2 seja compensada por essa enzima ou até mesmo por outras proteinases 

nesse modelo. Entretanto, a presença da MMP-9 nos animais deficientes em MMP-2 não foi 

suficiente para suprimir as alterações causadas pela ausência da MMP-2. De forma interessante, a 

quantidade de RNAm de MMP-9, conforme detectados em experimento de RT-PCR em tempo 
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real, não foi aumentado após a inibição de MMP-2 por siRNA em cultura de PV neonatal. Esse 

efeito não compensatório pode ser explicado pelo curto período experimental, o que difere do 

modelo “knockout”, onde os animais têm a MMP-2 ausente desde o início do desenvolvimento 

embrionário. 

Há a possibilidade de que as MMPs não somente contribuam para a degradação de 

componentes da MEC, mas também na clivagem específica de proteínas que poderia produzir 

neoepítopos contidos na MEC e prover informações para as células epiteliais. Como exemplo, na 

glândula salivar submandibular, a atividade MT2-MMP resulta na liberação do fragmento NC1 do 

colágeno IV. Esse fragmento possui uma interessante atividade biológica, regulando o 

comportamento celular e, em particular, a angiogênese (Rebustini et al., 2009). 

Utilizando-se de uma combinação de análise morfológica e bioquímica associada com 

intervenção farmacêutica, foi identificado no presente trabalho, uma segunda onda de apoptose na 

regressão da PV em resposta à castração cirúrgica, que é dependente de degradação da MEC, 

demonstrando que a remodelação da MEC é um pré-requisito para a deleção das células epiteliais. 

A próstata é altamente dependente de andrógenos para seu desenvolvimento, crescimento e 

funcionamento, e a castração leva a uma ativa e progressiva regressão da glândula (Isaacs, 1984; 

Kyprianou & Isaacs, 1988; Isaacs et al., 1994). Análises de privação androgênica de longa duração 

(100 dias) mostraram que o órgão regride a aproximadamente 5% do peso da próstata de animais 

controle (Antonioli et al., 2007). A redução de peso observada dentro da primeira semana pós-

castração resulta da eliminação secreção, a redução das organelas de síntese, tais como o reticulo 

endoplasmático, complexo de Golgi e vesículas de secreção, reduzido fluxo sanguíneo e extensiva 

deleção de células epiteliais por apoptose. De forma inesperada, ganhos de peso ocorreram nos 

dias 1 e 10 depois da castração. Foi relatado anteriormente que a permeabilidade aumentada dos 

vasos sanguíneos resulta em extravasamento vascular e que isso poderia resultar no ganho de peso 

observado 1 dia após a cirurgia. O aumento da permeabilidade vascular resulta da deleção de 

células endoteliais, que é um dos primeiros eventos após a castração (Shabsigh et al., 1998).  

Ainda é necessário investigar se há mudanças vasculares similares às que ocorrem no estágio 
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inicial da castração e se elas seriam responsáveis pelo ganho de peso no dia 10. É importante 

ressaltar que esses ganhos de peso precedem os picos de apoptose de células epiteliais.  

Por estender o período de análise para 14 dias, pôde-se identificar dois picos extras de 

apoptose nos dia 7 e 11 com o uso das técnicas de Feulgen e TUNEL. Ambas as metodologias 

mostraram cinética idêntica de morte celular, demonstrando que a identificação precisa de núcleos 

apoptóticos pode gerar boas estimativas de índices de morte celular, ao menos para PV, 

confirmando resultados publicados pelo nosso grupo (Garcia-Florez et al., 2005). Esses resultados 

demonstraram que a regressão prostática após a castração cirúrgica resulta de múltiplas ondas de 

apoptose. 

 No presente trabalho foi demonstrado que a atividade de caspase-3 e a translocação de AIF 

(“apoptosis-inducing factor”) para o núcleo são eventos compartilhados pelos picos de apoptose 

nos dias 3 e 11. Ambos os eventos estão relacionadas à indução de apoptose, entretanto 

representam vias dependente e independente de caspase respectivamente. A translocação do AIF 

para o núcleo é um mecanismo associado à indução de apoptose em células LNCaP  como resposta 

ao tratamento com a cisplatina (Zhang et al., 2007). A identificação de outros componentes que 

participam na via de morte celular em cada um dos picos de apoptose está em curso no nosso 

laboratório.  

Sabe-se que a expressão de clusterina é diretamente correlacionada com a privação 

androgênica. Essa molécula foi primeiramente descrita como TRPM-2 (“Testosterone-Repressed 

Prostate Message”-2), por ser fortemente induzida na PV de animais castrados (Buttyan et al., 

1989). Ela é também envolvida com a regressão da glândula mamária. (Lund et al., 1996). Embora 

o presente estudo tenha demonstrado que o conteúdo de clusterina é aumentado na regressão 

prostática, não foi encontrada uma associação direta entre a cinética de apoptose ou mesmo com a 

ausência de andrógeno. Esse padrão de expressão sugere que a clusterina tenha uma associação 

temporal, mas aparentemente não causal com a morte celular epitelial, o que reforça a noção de 

que essa molécula esteja associada com eventos específicos de remodelação tecidual e, mais 

especificamente, com a transdução de sinal e reparo de DNA (Trougakos & Gonos, 2002). Além 

disso, nós acreditamos que uma possível função da clusterina na regressão prostática seja a 
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inibição da resposta inflamatória, controlando o recrutamento de células inflamatórias 

(macrófagos, linfócitos e mastócitos) com a manutenção da condição não inflamada, talvez por 

estimular céulas T regulatórias. Essa possibilidade está sendo atualmente investigada no nosso 

laboratório. 

 Um estudo anterior de nosso grupo associando castração cirúrgica e a administração de 

estrógeno demonstrou que, independente da cinética de apoptose dentro da primeira semana pós-

castração, a regressão máxima do epitélio era aproximadamente a mesma (24% do peso original) 

(Garcia-Flórez et al., 2005). Isso nos levou a hipotetizar que alterações no estroma ocorreriam no 

sentido de permitir a regressão adicional do epitélio. De fato, a regressão da glândula mamária 

após o desmame envolve uma segunda onda de apoptose que é dependente da produção estromal 

(por fibroblastos) de enzimas que degradam MEC, particularmente MMP-2 e -9. Ainda nesse 

modelo, o bloqueio da atividade de MMPs por hidrocortisona reduziu a taxa de apoptose e as 

alterações de regressão da glândula (Lund et al., 1996). Além disso, nosso grupo e outros 

pesquisadores documentaram mudanças tardias na organização estromal e no conteúdo de 

componentes da MEC, de expressão da tenascina à reorganização fibrilar e microfibrilar de 

colágeno (Carvalho et al., 1997; Vilamaior et al., 2000), de variação do heparam sulfato  (Augusto 

et al., 2008) às alterações ultraestruturais na membrana basal (Carvalho & Line, 1996; Ilio et al., 

2000).  

A PV apresenta a contribuição de ambas as células epiteliais e estromais na produção de 

MMPs, o que  difere da glândula mamária, onde os fibroblastos produzem as MMPs que 

supostamente degradam a membrana basal. A imunolocalização de macrófagos demonstrou que 

essas células contribuem parcialmente para marcação imunohistoquímica da MMP-2 (resultados 

não apresentados). Por outro lado, no presente estudo, não se descarta a participação de MMPs no 

primeiro pico de apoptose. A MMP-7 é implicada na clivagem e liberação do ligante FAS (FAS-L) 

na PV de camundongos, o que resulta na indução de apoptose das células epiteliais (Powell et al., 

1996);  isso foi associado com uma mudança vetorial na secreção dessa enzima, da porção luminal 

para a porção basal das células epiteliais (Ilio et al., 2000; Powell et al., 1996, 1999; Felisbino et 

al., 2007). Entretanto, nós não observamos a expressão ou ativação da MMP-7 em associação com 

o pico de apoptose no 3º dia. A razão para essa discrepância poderia ser inerente a diferenças entre 
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ratos e camundongos. Outra possibilidade seria o fato do camundongo “knockout” para MMP-7 

usado para como modelo da ausência de MMP-7 resultou em diminuída taxa de apoptose no dia 3 

após a castração poderia ter uma taxa intrinsecamente reduzida de apoptose. Desde que as 

quantidades células apoptóticas não foram estimadas para os animais não castrados, essa 

possibilidade poderia ser analisada no futuro. O oposto foi verdade para o pico de apoptose do dia 

11 após a castração, quando a atividade de MMP-7 alcançou um pico. Até o presente momento, 

não é possível dizer com certeza se essas enzimas estão envolvidas com a remodelação da matriz 

extracelular para acomodar a regressão epitelial, o qual foi demonstrado previamente ser associada 

com o pregueamento da membrana basal (Carvalho e Line, 1996), ou se a atividade dessas enzimas 

resultaria na ativação de mecanismos parácrinos que poderiam levar à apoptose das células 

epiteliais, tais como a liberação de fatores de crescimento ou sinais crípticos da MEC.  

A existência de mecanismos parácrinos foi proposto para a indução de apoptose de células 

epiteliais num ambiente sem andrógeno após experimentos com tecidos quiméricos (epitélio que 

não expressa AR recombinado com um mesênquima selvagem), onde células epiteliais que não 

expressam AR sofreram apoptose num ambiente provado de andrógenos. Contanto, essa 

consideração deve ser contextualizada frente aos achados do presente trabalho (Kurita et al., 

2001). É fato que a apoptose de células epiteliais que ocorre após o primeiro pico de apoptose (ao 

3º dia após a cirurgia) não resulta diretamente da queda da concentração de andrógeno, isso porque 

os picos adicionais de apoptose acontecem após um longo tempo de ausência quase que total da 

testosterona e da diidrotestosterona (Kashiwagi et al., 2005). Portanto, é possível que a degradação 

da membrana basal, pela ação das MMP-2, -7 e -9, resulte de um estado de anoikis das células 

epiteliais que ativaria o processo de apoptose, conforme já sugerido para a regressão da glândula 

mamária (Lund et al., 1996). Estudos em andamento no nosso laboratório indicam que o 

tratamento com o GM6001 estabiliza a fosforilação da FAK (quinase de adesão focal) na porção 

basal das células epiteliais, ao contrário do que ocorre com a PV dos animais não tratados com a 

droga, indicando que as MMPs possam afetar a interação entre as células epiteliais e a MEC, 

comprometendo assim, a adesão celular. 

O bloqueio da atividade de MMPs pelos inibidores farmacológicos empregados aqui 

(hidrocortisona, doxiciclina, e GM6001) não ocasionaram a completa inibição da apoptose de 
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células epiteliais, sugerindo que outros mecanismos celulares possam atuar no processo de 

apoptose das células epiteliais. Dentre esses, temos evidências da participação da heparanase 

(Augusto et al., em preparação) 

Apesar de distintos, os modelos de desenvolvimento prostático e regressão prostática 

compartilham diversas características. Ambos os modelos apresentam dinamismo nas mudanças 

fenotípicas e no comportamento celular (proliferação e diferenciação celular durante o 

desenvolvimento e atrofia e morte celular durante a regressão) e também intensa remodelação da 

MEC. De acordo com os resultados apresentados no presente trabalho, conclui-se que as MMPs 

exercem papel crucial tanto no crescimento como na regressão da PV. 
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5. CONCLUSÕES  

 

a. A MMP-2 exerce um importante papel no crescimento epitelial e morfogênese da 

próstata ventral de roedores; 

b. A inibição da MMP-2 por siRNA compromete o crescimento, ramificação, formação de 

lúmen e a proliferação de células epiteliais da PV de ratos in vitro, ao menos em parte 

devido à estabilização da matriz colagênica; 

c. A PV do camundongo “knockout” para MMP-2 apresenta peso relativo reduzido e 

alterações estruturais decorrentes de menor proliferação epitelial, menor ramificação 

ductal e acúmulo da matriz colagênica no período neonatal;  

d. Na regressão da próstata ventral de ratos após a castração há múltiplas ondas de morte 

celular e a progressiva regressão prostática que ocorre após a primeira semana depois 

da castração é dependente da remodelação da matriz extracelular; 

e. Há uma relação direta entre a expressão e atividade das MMP-2, -7 e -9 e o pico de 

apoptose que ocorre 11 dias após a castração. 
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