PG-BGA
AVA
AVAVAY  UNIVERSIDADE ESTADUAL PAULISTA

u ne s Y&  40LIO DE MESQUITA FILHO”
Campus de Botucatu '

UNIVERSIDADE ESTADUAL PAULISTA
“Julio de Mesquita Filho”

INSTITUTO DE BIOCIENCIAS DE BOTUCATU

Analise integrativa do transcriptoma e proteoma da prostata
ventral da prole de ratos submetidos a restricdo proteica

materna

Ana Carolina Lima Camargo

Discente
Prof. Dr. Luis Antonio Justulin Junior

Orientador
Dr.Guilherme Targino Valente

Coorientador

BOTUCATU -SP
2021



PG-BGA
AVA
AVAVAY  UNIVERSIDADE ESTADUAL PAULISTA

u ne s "™ 90ULIO DE MESQUITA FILHO”
Campus de Botucatu '

UNIVERSIDADE ESTADUAL PAULISTA
“Jalio de Mesquita Filho”

INSTITUTO DE BIOCIENCIAS DE BOTUCATU

Analise integrativa do transcriptoma e proteoma da prostata
ventral da prole de ratos submetidos a restricdo proteica

materna

Ana Carolina Lima Camargo

Discente
Prof. Dr. Luis Antonio Justulin Junior

Orientador
Dr.Guilherme Targino Valente

Coorientador

Tese apresentada ao Instituto de Biociéncias,
Campus de Botucatu, UNESP, para obtencdo do
titulo de Doutor no Programa de P6s-Graduagdo em
Biologia Geral e Aplicada, Area de concentracio
Biologia Celular e Estrutural e Funcional.

Nome do orientador: Prof. Dr.Luis Antonio Justulin

Junior

Departamento de Biologia Estrutural e Funcional-
Morfologia, IB- UNESP-Botucatu

Botucatu-SP
2021



FICHA CATALOGRAFICA ELABORADA FELA SECAD TEC. AQUIS. TRATAMENTO DA INFORM.
DIVISAD TECNICA DOE BIELIOTECA E DOCUMENTAGCACD - CAMPUS DE EOQTUCATU = UNHESFE
BIRLICTECARIA RESPONSAVEL: ROSEMEIRE APARECIDA VICENTE=CEE &/5651

Camargo, Ana Carolina Lima.
Anadlise integrativa do transcriptoma e protefémica da
prostata wventral da prole de ratos submetidos & restrigdo

proteica materna / Ana Carolina Lima Camargo. - Botucatu,
2021
Tese [(doutorado) - Universidade Estadual Paulista

"Tilio de Mesquita Filho", Instituto de Biociénecias de
Botucatu
Orientador: Luis Antonie Justulin Junior
Coorientador: Guilherme Targino Valente
Capes: 20603002

1. Préstata. 2. Transcriptoma. 3. Protebmica. 4. Dieta
com restricdo de proteinas. 5. Programacdo fetal.

Palavras-chave: Desenvolvimento; Programagdo fetal;
Prostata ; Proteomica; Transcriptoma.




Dedicatoria

Com todo amor,

dedico as minhas avos Maria Auxiliadora e Magndlia!



Esta obra é trabalho de fruto e dedicagdo nao
apenas meu, mas de varias pessoas que
contribuiram para que fosse finalizada com
sucesso. Reconhegco que ndo seria possivel
realizd-la sozinha. Assim agradeco a todos que,
a sua maneira, colaboraram com ela.

Agradeco,

Aos meus pais Aurilucia e Francisco

Obrigada por toda educacgéo e por me apoiarem nessa caminhada.

Aos meus irmaos Eduardo e Victor, minha cunhada Jeniffer

Mesmo em momentos dificeis estiveram ao meu lado, e sempre acreditaram que eu era

capaz.

Ao meu avd Francisco

Entende a minha distancia e auséncia, mas se emociona cada vez que me Ve.
Ao meu orientador Prof. Dr Luis Antonio Justulin

S&o 8 anos de parceria, obrigada por todo aprendizado, por nos apoiar a cada dia, e nos

ensinar a ser grandes profissionais.
Ao meu eterno coorientador Dr. Sergio Alexandre A Santos (Peidei)

Mesmo néo sendo sua IC predileta, ainda sigo aprendo a cada dia mais com vocé.
Obrigada Pei, por toda parceria, aprendizado e risada ao longo desses 8 anos.

As minhas eternas parceiras Flavia Bessi (Klo) e Ketlin Colombelli

Flavia e Ketlin, obrigada por essa caminhada e parceria juntas, tenho certeza de que essa

pos-graduacao teria sido mais dificil sem vocés ao meu lado.

Aos colegas de laboratorio Luiz Frediane e Matheus Fioretto

Pela amizade e ajuda durante todo esse processo.

Ao meu namorado, Rafael Borges

Pela compreenséo nessa etapa, obrigada por tanto em tdo pouco tempo.
A minha roommate, Amanda Lima

Pela companhia, conversas, muitas receitas de comidinhas.



Agradecimentos

Aos colegas do Laboratério de Matriz Extracelular (LabMEC), Nilton Santos,
Caroline Barquilha, Franciele Moselle, Isabela Barbosa, Caio Moncéo, Luisa Annibal,
Renato Mattos, Matheus Betta Oliveira, Cecilia Luvizutti, Elian Ribeiro, Ana Beathriz
Lorente, Beatriz Remoli e Isabelle Tenori, agradeco por toda ajuda direta e indiretamente

no trabalho e ambiente de trabalho.

Em especial aos que aqui ja passaram Maira Cucielo (Sauza), Helga Nunes
(Helguinha), Bruno Martinucci (Xi) e Brenda Minatel, acredito que os cafés e almocos

juntos serdo lembrados com muito carinho, ter convivido com vocés foi um prazer.

Aos colegas do Laboratério do musculo estriado (LBME), Bruno Duran, Bruno
Fantinatti, Sarah Santiloni Cury, Paula Paccielli Freire, Jéssica Silvino Valente e ao
Laboratorio de desreguladores enddcrinos e carcinogénese (LABDECA) em especial
Ariana Musa de Aquino, obrigada a todos por toda ajuda e paciéncia durante os
experimentos e convivio. Aos demais discentes, docentes e funcionarios do setor de

Morfologia, obrigado pelos bons momentos vividos.

A familia Beduschi, Eliete, Claudinei e Rian, desde a graduacdo me acolheram

como parte da familia e me ajudaram muito durante toda minha estadia em Botucatu.

Ao Dr. Carlos S Moreno, por me receber e transmitir o conhecimento durante meu

estagio na Universidade de Emory (Georgia- EUA).

Aos Professores do Departamento de Morfologia, 1B, UNESP de Botucatu pelo
acolhimento, conhecimento compartilhado e pela oportunidade que me concederam de

atuar em aulas na graduacdo através do estagio docéncia.

Aos professores membros da banca de qualificacdo Luiz Gustavo, Thomas Ong e

Bruno Duran, pela contribuigdo nesse trabalho.

Aos Professores que aceitaram o convite para constituirem a banca examinadora

desta tese. Obrigada por contribuirem com a minha formacao.

A coordenadoria e professores do Programa de P6s-Graduacio em Biologia Geral

e Aplicada pela exceléncia na formacéo de seus alunos.
A Coordenagio de Aperfeicoamento de Pessoal de Nivel Superior (CAPES).

A Fundacio de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP) pela
concessao da bolsa de estudos (Processos 2017/08715-0/ 2018/09408-6).


javascript:mediumPopup('/SAGe_WEB/printProcess.do?abstractProcessId=270286&typeProcess=true&showInPopup=true&org.apache.struts.taglib.html.TOKEN=5e19af642d72e58fc730ce87bc20df80&method=printProcess',%20'popup')

Ao0s animais experimentais, 0s quais tratamos com todo o respeito e consideracao.

Por fim agradeco a todos que de uma forma ou de outra, contribuiram para o

desenvolvimento deste trabalho.



“Nothing in life is to be feared, it is only to be understood. Now is the time to
understand more, so that we may fear less”

Marie Curie



Resumo

A exposicdo materna a dieta deficiente em proteina durante a gestacdo, estd associada ao
desenvolvimento de doencas na prole, em especial cardiovasculares, renais, metabdlicas e até
mesmo o cancer. Além disso, estudos do nosso grupo de pesquisa demonstram que a restrigdo
proteica materna (RPM) impacta o desenvolvimento e aumenta a incidéncia de lesdes prostaticas
na prole de ratos velhos. Os mecanismos moleculares que desencadeiam estas alteracGes ainda
sdo pouco conhecidos. Assim, o objetivo deste trabalho foi identificar o perfil de expressao global
de RNAs mensageiros (transcriptoma) e de proteinas (proteoma) em amostras de prostata ventral
de ratos jovens submetidos a RPM durante a gestacdo e lactacdo, e integrar vias moleculares
envolvidas no desenvolvimento prostatico em animais normais e restritos. Utilizamos ratos
machos da linhagem Sprague Dawley no dia pds natal (DPN) 21 nascidos de maes alimentadas
com ragéo padrdo (17% de proteina) (grupo controle -CTR), ou de mées alimentadas com ragao
hipoproteica (6% de proteina) durante a gestacdo e lactacdo (Grupo restrito gestacdo e lactagéo
(GLLP). Apés este periodo, os animais foram eutanasiados com overdose de anestésico, pesados
e a préstata ventral (PV) coletada. Observamos atraso nas etapas do desenvolvimento prostatico
(menor peso corporeo e peso PV ao nascimento no DPN 1), acompanhado do desbalanco
hormonal (aumento nos niveis de colesterol, testosterona e estrogeno no DPN 21). Analises de
proteoma (LC-MS/MS) revelou alteracdo no perfil protéomico da glandula prostéatica desses
animais, apresentando o enriquecimento de vias moleculares associadas ao perfil de perturbacéo
estrogénica e cancer. Andlise de transcriptoma (HigSeg-2500, llumina) revelou perfil génico
distinto entre os grupos CTR e GLLP, apresentando genes codificadores de proteinas envolvidos
em vias de desenvolvimento, citocromo p450 e cAncer. Ambos resultados foram comparados aos
dados de transcriptoma e do proteoma para adenocarcionoma prostatico (PRAD) no banco de
dados The Cancer Genome Atlas, com o objetivo de investigar se a RPM € responsavel por alterar
a expressdo génica e proteica de alvos relacionados ao desenvolvimento de lesdes prostaticas,
dados associados aos animais no DPN 50 submetidos a RPM. Nossos resultados destacam que o
papel da RPM, no desenvolvimento normal da prostata, alterando as vias moleculares que
promovem a carcinogénese da préstata de crescimento lento com o envelhecimento. Além disso,
a andlise in silico pode ser uma ferramenta Util para caracterizar potenciais biomarcadores e vias

moleculares envolvidas na carcinogénese da prdstata de roedores e humanos.

Palavras- chave: Prostata, DoHaD, Transcriptoma e Proteoma



Abstract

Maternal exposure to a protein-deficient diet during pregnancy is associated with the development
of diseases in the offspring, especially cardiovascular, renal, metabolic and even cancer. In
addition, studies by our research group demonstrate that maternal low protein diet (LPD) impacts
development and increases the incidence of prostatic lesions in the offspring of old rats. The
molecular mechanisms that trigger these changes are still poorly understood. Thus, in this study
was to identify the global expression profile of messenger RNAs (transcriptome) and proteins
(proteome) in ventral prostate (VP) samples from young rats submitted to maternal LPD during
gestation and lactation, and to integrate molecular pathways involved in prostate development in
normal and restricted animals. We used male Sprague Dawley rats on the postnatal day (PND) 21
born to dams fed standard diet (17% protein) (control group -CTR), or dams fed LPD (6% protein)
during gestation and lactation (gestation and lactation LPD group -GLLP). After this period, the
animals were euthanized with anesthetic overdose, weighed and the VP collected. We observed
a delay in the stages of prostate development (lower body weight and PV weight) at birth on PND
1), accompanied by disbalance hormonal (increased levels of cholesterol, testosterone and
estrogen on PND 21). Proteome analyzes (LC-MS/MS) revealed changes in the pretein profile of
the prostate gland in these animals, showing enrichment of molecular pathways associated with
the estrogenic disturbance and cancer profile. Transcriptome analysis (HigSeg-2500, llumina)
revealed a distinct gene profile between the CTR and GLLP groups, showing genes alteraed by
maternal LPD were involved in development, cytochrome p450 and cancer pathways. All results
were compared to the transcriptome and proteome data for prostate adenocarcionoma (PRAD) in
The Cancer Genome Atlas (TCGA) database, with the aim of investigating whether maternal LPD
is responsible for altering the gene and protein expression of targets related to the development
of lesions prostatic, data associated with the profile of animals in DPN 50 submitted to maternal
LPD. Our results highlight that the role of RPM in the normal development of the prostate,
altering the molecular pathways that promote the carcinogenesis of the slow-growing prostate
with aging. In addition, in silico analysis can be a useful tool to characterize potential biomarkers

and molecular pathways involved in rodent and human prostate carcinogenesis.

Keywords: Prostate, DoHaD, Transcriptome and Proteome
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1. Programacéo Fetal

Nas Ultimas décadas, tem sido observado aumento exponencial da incidéncia de doencas
relacionadas ao metabolismo corp6reo, principalmente em criancas(AGARWAL et al., 2018;
FLODMARK et al., 2004; PENKLER et al., 2019; SEIDELL; HALBERSTADT, 2016). Dentre as mais
prevalentes estdo a obesidade, diabetes, doengas cardiovasculares, renais e hepaticas (ANTWI, 2008;
BIANCO-MIOTTO et al., 2017; DAMASCENO et al., 2014; EMBLETON et al., 2016; GODFREY;
BARKER, 2000; LEE, 2015; RODRIGUEZ-GONZALEZ et al., 2015; THORNBURG, 2015). O consumo
de alimentos ultraprocessados, hipercaléricos e pouco nutritivos, associado a habitos de vida sedentario
estdo intimamente relacionados a pandemia destas doencas (DEARDEN; OZANNE, 2014; FRANK, 2016).
Neste contexto, mais evidéncias epidemioldgicas e experimentais demonstram que doengas historicamente
consideradas crénicas, podem ter origem a partir de insultos sofridos durante o periodo embrionario/fetal
(AGARWAL et al., 2018; HIVERT et al., 2015; HO et al., 2017; WALKER; HO, 2012). A manutencao de
condigBes adequadas durante o desenvolvimento intrauterino, periodo de alta vulnerabilidade, é de
fundamental importéncia tanto para a gestante como para o embrido/feto em desenvolvimento (HANSON;
GREEN, 2019; MERICQ et al., 2016; SUZUKI, 2018).

Um dos primeiros pesquisadores a demonstrar correlacdo entre insultos maternos durante a
gestacdo e 0 aumento de casos de doengas nos descendentes foi o epidemiologista inglés David Barker. Em
seu primeiro estudo, Barker e seus colaboradores coletaram dados de recém-nascidos (entre os anos de
1911 e 1930) em um hospital na regido de Hertforshire, Inglaterra. O total de mortes por doenca cardiaca
na idade adulta em individuos com baixo peso corpéreo para 1 ano de idade foi 2-7 vezes maior que
individuos com peso considerado normal (BARKER et al., 1989). Na década de 1980, Barker e
colaboradores demonstraram correlagdo entre a nutricdo infantil, incidéncia de mortalidade neonatal e de
mortes por doengas cardiacas na idade adulta em regides mais pobres da Inglaterra e do Pais de Gales
(BARKER; OSMOND, 1986), criando a “Hipotese de Barker”.

Em um outro estudo, Barker coletou dados de gestantes e recém nascidos na regido de Lancashire,
Inglaterra, nascidos entre os anos de 1935 e 1944. Analisando dados de peso corpdreo ao nascimento, peso
da placenta, peso corporeo e pressdo arterial na idade adulta, Barker e colaboradores demonstraram que
individuos com baixo peso ao nascimento associado a maior tamanho de placentas apresentaram maior
pressdo arterial (BARKER et al., 1990), dando origem & “Fetal Origin of Adult Diseases” (FOAD)
(BARKER et al., 1990). Esta teoria, inicialmente controversa, despertou grande interesse médico-cientifico
e anos mais tarde foi criada uma sociedade internacional, denominada Origem desenvolvimentista da Satde
e da Doenga (“Developmental Origins Of Health and Disease”) (DOHaD) (GLUCKMAN; BUKLIJAS;
HANSON, 2015; SUZUKI, 2018) que conta com institui¢des de pesquisa e de apoio de politicas publicas
da Europa, América do Norte e regides do Pacifico, bem como os paises em desenvolvimento (SCHULZ,
2010)(SCHULZ, 2010b).

Em uma das poucas oportunidades de se avaliar a influéncia de fatores ambientais sobre o
desenvolvimento humano, Ravelli et al. (RAVELLI; STEIN; SUSSER, 1976) (1976) demonstraram o
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impacto da restricdo alimentar sobre os filhos de gestantes expostas a um periodo de escassez alimentar
severa durante o cerco alemédo a Holanda, no final da 2a Guerra Mundial (1944-1945), episodio conhecido
como Dutch Hunger Winter (Inverno da Fome Holandesa). Durante esse periodo, o consumo alimentar foi
limitado a 400-800 calorias/dia, inclusive para gestantes. Esses individuos, cujas maes sofreram restricdo
alimentar nesse periodo, apresentaram alta incidéncia de obesidade na vida adulta. Esse evento, embora
tragico, proporcionou condicBes para melhor entendimento dos efeitos da restricdo alimentar intrauterina
sobre a satide humana, sendo fundamental para fomentar politicas de atencéo a gestante e ao recém-nascido,
além de alicergar o interesse sobre a DOHaD (SCHULZ, 2010).

Apesar dos poucos recursos tecnolégicos da época, Hales & Barker (1992) propuseram que o
principal mecanismo relacionado a estas respostas adaptativas refere-se ao atraso no desenvolvimento das
células beta-pancreaticas produtoras de insulina, resultando em alteragdes metabdlicas e maior incidéncia
de diabetes tipo 2 na idade adulta (HALES; BARKER, 1992). Estudos tem proposto que 0 aumento da
incidéncia de doengas metabdlicas se da através de mecanismos genéticos e epigenéticos de programacéao
intrauterina (BARKER; THORNBURG, 2013; GLUCKMAN; BUKLIJAS; HANSON, 2015; LANGLEY -
EVANS, 2019; LEE, 2015).

Grande parte do conhecimento sobre os efeitos da programacéo fetal deriva de estudos utilizando-
se modelos animais, especialmente roedores. Diversos modelos de programacdo fetal tém sido
desenvolvidos nos Gltimos anos para investigar 0s impactos de alteracdes no ambiente intrauterino sobre a
prole. Neste contexto, um dos modelos mais utilizados é o consumo de dieta hipoproteica oferecida as ratas
durante a gestagdo e/ou lactacdo (COLOMBELLI et al., 2017; DE OLIVEIRA et al., 2016; OZANNE,
1999; PETRY et al., 2001; PINHO et al., 2014; RINALDI et al., 2013; SENE et al., 2013; VEGA et al.,
2016). Varios autores demonstraram que o consumo de ragdo hipoproteica estd associado ao baixo peso ao
nascimento, reducdo de crescimento de diferentes 6rgdos, elevacdo da pressao sistélica, dislipidemia e
resisténcia & insulina em modelos de roedores (DE BRITO ALVES et al., 2016; DE LIMA et al., 2015;
FALCAO-TEBAS et al., 2012; OZANNE; HALES, 2004: PAULINO-SILVA; COSTA-SILVA, 2016).

Além disso, estudos demonstram que o status nutricional durante periodos criticos de
desenvolvimento tem forte impacto sobre a longevidade. Assim, filhotes machos nascidos de ratas
alimentadas com dieta hipoproteica durante a gestacdo e que apresentaram menor peso ao nascimento
demonstraram ganho de peso acelerado (catch-up growth) associado ao desenvolvimento de resisténcia a
insulina e diabetes tipo 2 na idade adulta, diminuindo a longevidade (EMBLETON et al., 2016b;
MCMILLEN; ADAM; MUHLHAUSLER, 2005; PETRY et al., 2001). Estes efeitos podem se agravar
quando associados a condi¢des p6s-natal desfavoraveis, tais como consumo de alimentos ultraprocessados,
hipercal6ricos, pouco nutritivos e habitos de vida sedentarios (DEARDEN; OZANNE, 2014). Anélises de
orgdos especificos revelaram que a RPM durante o periodo gestacional em ratos acarreta menor nimero de
néfrons no rim (HABIB et al., 2012; SENE et al., 2013), menor quantidade de células beta e de ilhotas de
Langerhans no pancreas (CALZADA et al., 2016; DAHRI et al., 1991), proporcdo alterada entre os tipos
celulares, aumento de estresse oxidativo e fibrose hepatica (BURNS et al., 1997; TARRY-ADKINS et al.,

2016; VEGA et al., 2016), menor numero de neurdnios que controlam o apetite no hipotdlamo
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(PLAGEMANN et al., 2000) e menor ndmero de alvéolos pulmonares (ZANA-TAIEB et al., 2013). Em
conjunto, estes dados demonstram que o status nutricional durante o desenvolvimento pré e pos-natal
alteram o metabolismo da prole e a morfofisiologia de diferentes érgdos e sistemas, sendo que as
consequéncias podem ser observadas tanto ao nascimento, como a longo prazo.

Zambrano et al demonstraram que a restricdo proteica durante a gestacdo foi capaz de reduzir a
contagem de espermatozoides e a fertilidade da prole de ratos machos aos DPN 270 (ZAMBRANO et al.,
2005). Este mesmo grupo atribuiu estes efeitos a diminuicdo da quantidade de células de sertoli nos
testiculos dos animais restritos, o que leva a uma desorganizagdo dos tubulos seminiferos. Além disso,
também foram observadas alteragdo de proliferacdo e maturagdo das células germinativas, aumento de
estresse oxidativo e perda de defesa antioxidante nos testiculos e espermatozdides destes animais
(BAUTISTA et al., 2017; RODRIGUEZ-GONZALEZ et al., 2012b, 2014). Em conjunto, estes dados
demonstram que a RPM afeta diretamente, ndo somente a morfogénese, como também a funcéo de 6rgéos
reprodutivos tanto em idade reprodutiva, como também afeta da capacidade reprodutiva em machos durante
o envelhecimento (RODRIGUEZ-GONZALEZ et al., 2014).

No sistema genital da prole feminina foram observadas diminui¢cdo do numero da reserva de
foliculos ovarianos e alteragdo no padréo de producio de hormadnios esteroides intraovariano (GUZMAN
C, GARCIA-BECERRA R, AGUILAR-MEDINA MA, MENDEZ |, MERCHANT-LARIOS H4 et al.,
2014); além do atraso no desenvolvimento mamério (BAUTISTA et al.,, 2013) e favorecendo o
desenvolvimento de cancer de mama ap0s exposicdo ao desregulador enddcrino bisfenol A (BPA)
(VARUZZA et al., 2019). Além disso na prole masculina foram descritos diminuigdo do peso testicular,
alteracdo na organizacdo celular dos tibulos seminiferos, redugdo da expressdo do receptor de andrdgeno
nos testiculos e comprometimento da producéo espermatica (RODRIGUEZ-GONZALEZ et al., 2012a),
seguido de aumento de estresse oxidativo intratesticular e espermatico (RODRIGUEZ-GONZALEZ et al.,
2014); alteracdo morfoldgica e morfométrica do epididimo e reducdo da vasculogénese do epididimo nas
fases iniciais do desenvolvimento epididimal e na idade reprodutiva (CAVARIANI et al., 2019; DE
MELLO SANTOS et al., 2019).

Atualmente, o conceito DoHaD néo se trata apenas sobre uma ciéncia académica, se tornando uma
pratica no cotidiano dos individuos, além da questdo sobre saide publica, formulagdo de politicas e
educacdo. Estudos relacionados com o tema contribuem para o conhecimento publico, a fim de melhorar o
nivel de salde humana, principalmente na questdo de gerar outra vida, na fase de concepgdo, gestacao e
lactagcdo. Com o objetivo de aumentar a conscientizagdo mundial sobre esse conceito, incluindo o publico
no geral e profissionais da educacéo e saude, e da politica de salde, foi lancada uma campanha 'Primeiros
1000 dias', divulgando a importéncia do estado nutricional de mées que periodo de amamentacao (fetal e
neonatal) até 2 anos apds o nascimento (total de aproximadamente 1000 dias: 280 dias antes do nascimento
+ 730 dias infantis apds o nascimento). Com isso, as pesquisas do DoHaD podem fornecer evidéncias
cientificas importantes para a comunidades no geral e cientificas, como estimulo para melhor qualidade de
vida e bem-estar ao longo das geracdes (GLUCKMAN; BUKLIJAS; HANSON, 2015; SUZUKI, 2018).
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1.2 Morfofisiologia da prostata: aspectos normais e alterados

A prostata ¢ uma glandula exocrina acessoria sexual masculina, cujo desenvolvimento e
homeostasia encontram-se sob controle androgénico, responsavel pela producéo e secrecao de fluidos que
contribuem para a liquefacdo do ejaculado, e reproducdo (CUNHA et al., 1985). Altamente suscetivel a
transformacdo oncogénica a uma frequéncia significativamente maior que a de outros tecidos sexuais
secundarios masculinos, como as glandulas seminais (SIEGEL; MILLER; JEMAL, 2018). Ela secreta um
complexo proteolitico composto por fosfatase acida, acido citrico, fibrinolisina, enzimas especificas e
outros fatores componentes do fluido seminal (MARKER et al., 2003). Esta secrecdo melhora
significativamente a fertilidade masculina, pois liquefaz o ejaculado além de possuir enzimas e gradientes
ibnicos que alcalinizam o canal vaginal e nutrientes que garantem a motilidade dos espermatozoides
(AUMULLER; SEITZ, 1990).

Em homens, a prostata é a maior glandula sexual acessoria, compartimento subperitoneal,
anterior ao reto e inferior a bexiga (VERZE; CAl; LORENZETTI, 2016) . Contém um sistema
de ductos ramificados e histologicamente apresenta o epitélio pseudo-estratificado cercado por um estroma
fibromuscular anterior que recobre o tecido glandular, o exterior do érgdo é envolto por uma capsula fibrosa
(HENRY et al., 2018; ITTMANN, 2018; MCNEAL, 1988) Macroscopicamente, a prdstata humana é
unilobular, contendo trés zonas (Figura 1): zona central ramificada anteriormente a uretra prostatica,
circundando o ducto ejaculatorio, equivalendo a 20-25% da prostata; zona de transicdo, circunda a uretra e
compreende cerca de 5-10% do tecido prostatico, representa o local da hiperplasia prostatica benigna (HPB)
(MCNEAL, 1981; TIMMS, 2008); e a zona periférica, que corresponde a 70% do volume da glandula e
representa o local mais comum de malignidade (MCNEAL, 1988; TOIVANEN; SHEN, 2017; YACOUB,;
OTO, 2018).
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Ducto ejaculatorio

zc zona central
zf zona fibromuscular
zt zona de transigdo
zp zona periférica
rgp regido glandular periférica

Figura 1. Anatomia macroscopica e microscépica da prostata humana. A préstata humana é dividida
em trés zonas: a zona central, a zona de transicdo e a zona periférica, representam 20-25%, 5-10% e 70 %
do tecido glandular, respectivamente. Uma faixa fibromuscular de tecido separa a zona de transicdo dos
compartimentos glandulares restantes. A zona central se expande em forma de cone ao redor dos dutos
ejaculatorios até a base da bexiga. A zona periférica representa a maior parte do tecido glandular prostatico
e cobre os aspectos posterior e lateral da glandula. Adaptado de Verze, P. (VERZE; CAl; LORENZETTI,
2016).

Em ratos e camundongos a glandula é reconhecida por pares distintos de l6bulos (Figura 2 A)
denominados: prostata anterior (PA), prostata ventral (PV), prostata lateral (PL) e prostata dorsal (PD). Se
dispdem ao redor da bexiga urinaria e se diferenciam pelos padrdes de ramificacéo, histologia e expressdo
das proteinas secretoras (MARKER et al., 2003; SHIRAI et al., 2000). Os lobos dorsais € lateral podem ser

referidos juntos como prostata dorsolateral (PDL).
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anterior prostate

A Prostata de rato adulto B
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Ducto deferente

Vesicula seminal

Prostata anterior
Prostata ventral

Prostata lateral Prostata dorsal

Uretra ventral prostate

Figura 2. Localizagdo e organizacdo anatdbmica da prostata de roedores. (A) Vista anterolateral (lado
esquerdo) dos lobos da prostata em relacéo a bexiga, vesiculas seminais e uretra, evidenciando os quatro
lobos dispostos ao redor da bexiga urinéria. (B) Aparéncia macroscdpica e organizacdo microscopica
(Coloragdo hematoxilina -eosina H.E.) dos pares de l6bulos prostéticos do rato adulto. (Adaptado de Marker
et al., 2003).

Estudos comparativos do desenvolvimento da préstata, demonstraram que a inducéo da préstata
mediada por androgenos, brotamento epitelial, morfogénese e diferenciagdo ramificada, sdo semelhantes
na organogénese de roedores e prdstata humana(CUNHA et al., 1987, 2018). A morfologia e histologia das
prdstatas humanas e de roedores também apresentam varias diferengas importantes, além de diferencas na
arquitetura dos compartimentos epitelial e estroma. Os tipos de populacBes celulares séo similares e,
provavelmente, desempenham as mesmas fungdes, variando somente na distribui¢do relativa entre as
espécies (IMAMOV et al., 2004; TOIVANEN; SHEN, 2017) (Figura 3). Em humanos, a camada celular
basal surge de forma continua nas sec¢@es histoldgicas, enquanto em roedores, ocorre através de longos
processos citoplasméticos, no qual as células basais entram em contato umas com as outras (HAYWARD;
CUNHA; DAHIYA, 1996). Assim, existe uma propor¢do de 1: 1 de células basais para células luminais na
prdstata humana, enquanto a proporgdo em roedores se torna a proporgao aproximada de 1: 7 (MCNEAL,
1988; TOIVANEN; MOHAN; SHEN, 2015; TOIVANEN; SHEN, 2017; YACOUB; OTO, 2018).
Portanto, este fator favorece estudos referentes a homologia morfofuncional entre as diferentes espécies
(IMAMOV et al., 2004; KARR et al., 1995; PRICE, 1963; WANG et al., 2018)
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Figura 3. Esquema dos tipos celulares encontrados na prdéstata adulta. O compartimento epitelial é
composto por células basais que revestem a membrana basal, células luminais secretorias e populacdes
raras de células intermediarias e neuroenddcrinas. Esses ductos epiteliais sdo adjacentes a um
compartimento estromal que inclui células musculares lisas, fibroblastos e componentes vasculares e
neurais. Adaptado de Toivanen (2017).

O desenvolvimento prostatico (pré e/ou pds-natal) em roedores tem sido extensivamente utilizado
com o objetivo de avaliar 0s mecanismos moleculares e cascatas de sinaliza¢do ativados/inibidos durante a
morfogénese glandular (CUNHA et al., 1987; PRINS, 1992; PRINS et al., 2001). O inicio do
desenvolvimento prostatico se dé por volta do 17° dia de gestacdo em camundongos, 18° dia em ratos e
entre a 9-10% semana em humanos (WELSH et al., 2008). Em todas as espécies, inclusive nos humanos, a
préstata se desenvolve por meio de um processo altamente conservado, denominado “morfogénese de
ramifica¢do”, no qual pequenos brotos se projetam a partir do epitélio do seio urogenital (UGS). Enquanto
em humanos a maior parte do desenvolvimento da prostata ocorre no periodo intrauterino,
aproximadamente 10 semanas de gestacdo em humanos (KELLOKUMPU-LEHTINEN; SANTTI;
PELLINIEMI, 1980), nos roedores a prostata é rudimentar ao nascimento, sendo a maior parte do
desenvolvimento, durante os primeiros 15 dias de vida dia pés-natal (DPN) (TIMMS; MOHS; DIDIO,
1994). Em ambos, esse processo se estende até que a maturidade sexual seja atingida com a puberdade
(MARKER et al., 2003; PRINS; PUTZ, 2008) (Figura 4).
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Figura 4. Estagios do desenvolvimento da prostata dos roedores. Adaptado de PRINS; PUTZ, 2008.

Durante o desenvolvimento embrionario, os andrégenos atuam via receptor de Andrégenos (AR),
no mesénquima urogenital para induzir a proliferagdo epitelial, a formagéo de ductos e a diferenciagcdo das
células epiteliais que ocorrem em paralelo ao desenvolvimento do estroma (CUNHA et al., 1992;
MARKER et al., 2003; RINALDI et al., 2018). A testosterona, um dos principais andrégenos, é produzida
por células intersticiais do tubulo seminifero. Na préstata, a testosterona livre, é convertida em DHT, pela
5 a-redutase do tipo 11, mais especifica para células epiteliais da préstata. E tanto a testosterona, quanto a
DHT podem se ligar ao AR e migrar para o nlcleo das células epiteliais (PRINS; BIRCH, 1997; TAPLIN;
HO, 2001).

Em resposta aos androgenos, o epitélio do seio urogenital passa a expressar Sonic hedgehog (Shh),
que por sua vez estimula expressdo do gene homeobox Nkx3.1 no DG15.5, dois dias antes de surgirem os
primeiros brotos prostaticos (WILHELM; KOOPMAN, 2006). Depois do nascimento, ocorre alongamento
dos brotos e inicio da morfogénese com a formacdo dos ductos (PRINS, 1992). O padrdo de ramificagéo é
complexo e l6bulo-especifico, sendo que este processo se inicia na prostata ventral (PV) no DPN 3-5 e dois
dias depois na prostata dorsolateral (PDL). Nesse periodo, também ocorre inicio da diferenciacdo das
células tronco em células basais e luminais, com expressdo diferencial de CK e AR, acompanhada do inicio
da formacédo do limen, que atinge as extremidades distais dos ductos no DPN12 (PRINS; BIRCH, 1995)
(Figura 5). Concomitantemente, as células mesenquimais prostaticas condensam-se ao redor dos brotos em
formagdo, forma-se uma camada periductal de células musculares lisas enquanto as células interductais
diferenciam-se em fibroblastos (HAYWARD; ROSEN; CUNHA, 1997). Outro processo importante que
ocorre entre 0s DPN10-15 é a diferenciacdo funcional das células epiteliais luminais (PRINS; BIRCH,
1995), sendo que em roedores, as proteinas de secre¢do prostaticas sdo detectaveis a partir do DPN20 e

tornam-se mais abundantes concomitantemente ao aumento dos niveis séricos de testosterona.
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Figura 5. Diagrama ilustrando o desenvolvimento prostéatico e diferenciacdo das células epiteliais do
camundongo. (A) No dia gestacional 15 (E15), o seio urogenital consiste em epitélio pseudoestratificado
e todas as células coexpressam p63 e CK8. (B) No E17, os brotos prostaticos iniciam sua formacao. Na
regido proximal (préximo a uretra, X), as células epiteliais se distinguem em uma linhagem CK8+
revestindo o limen e uma linhagem p63+ CK8+ na base do epitélio. Na regido distal que ainda ndo formou
luz (), as células epiteliais co-expressam p63 e CK8. (C) No DNP1, e se inicia o processo de elongacao e
ramificagdo dos ductos. Sinaptofisina (Syn+). Adaptado de PENG; JOYNER, 2015.

Além de ser importante para fertilidade a prostata tem despertado, nos Gltimos anos, grande
interesse médico-cientifico pela alta incidéncia de patologias, dentre elas destacam-se a HPB e o CaP
(BANERJEE et al., 2018). Segundo dados publicados pela “Global Cancer Statistics” (Globocan) 2018, o
CaP é o segundo cancer que mais acomete homens no mundo ficando apenas atras do cancer de pele ndo
melanoma e a quinta principal causa de mortes no mundo, sendo diagnosticados no mundo 1.276.106 novos
casos apenas em 2018, mais comum o diagndéstico em paises desenvolvidos, atingindo homens com idades
acima de 65 anos e mais comum em homens afro-americanos que homens brancos (BRAY et al., 2018).
Dados do Instituto Nacional do Cancer (INCA), mostra que a realidade do CaP ndo é diferente no Brasil, e
a estimativa para 0 ano de 2020 ¢ de 65.840 novos casos (INCA, 2020).

1.3 Prostata e Programacéo Fetal

Um dos primeiros pesquisadores a considerar as altera¢des no periodo intrauterino/perinatal como
potencial indutor de desordens prostaticas foi Willian Gardner, professor do Departamento de Patologia da

University of South Alabama. Em suas observac6es, Gardner descreveu areas glandulares com carateristicas

26



240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

275
276

histopatoldgicas semelhantes a tecido imaturo na prostata de pacientes, o qual segundo ele, caracteriza um
desenvolvimento assincrénico, que pode ter origem a partir da morfogénese prostatica e, assim influenciar
a biologia da glandula, bem como favorecendo maior incidéncia de desordens com o envelhecimento
(GARDNER, 1995). A partir desta descri¢dao, Gardner propds a seguinte hipdtese: “The origins of prostatic
diseases, including carcinoma, are to be found in the in-utero influences upon the developing prostate”.
Como exemplo, Gardner descreveu a exposicao de gestantes a fitoestrdgenos, que potencialmente poderia
influenciar a morfogénese prostética, levando a maior susceptibilidade de desordens com envelhecimento
por um mecanismo de imprinting estrogénico (GARDNER, 1995).

A hipdtese de Garner alavancou o interesse sobre como o periodo inicial do desenvolvimento
poderia influenciar a incidéncia de desordens prostaticas. Grande parte do conhecimento existente dos
efeitos do ambiente intrauterino/perinatal sobre a biologia prostatica foi gerado a partir de estudos
experimentais, especialmente em roedores. Dentre 0os modelos de exposi¢cdo materna, oS comumente
utilizados séo os seguintes: Diabetes Gestacional (CAMARGO et al., 2017; SANTOS et al., 2014);
Desreguladores Endocrinos (SCARANO et al., 2019; VARUZZA et al., 2019); e Restricdo Proteica
Materna (CAVARIANI et al., 2019; COLOMBELLI et al., 2017; DE MELLO SANTOS et al., 2019;
SANTOS et al., 2019).

Especificamente, modelos de dieta hipoproteica revelaram que o desenvolvimento e maturacdo
prostaticos sdo afetados pela restricdo proteica gestacional. Ramos et al mostraram menor quantidade de
acinos e tamanho reduzido na prostata dorsolateral de ratos de 21 dias de idade expostos a restri¢do proteica
intrauterina (RAMOS et al., 2010). Rinaldi et al obtiveram resultados semelhantes na prostata ventral de
ratos submetidos a restri¢do proteica gestacional e analisados aos 35 dias de vida pds-natal (RINALDI et
al., 2013). Além disso, Pinho et al também observou atraso no desenvolvimento prostatico na prole de
animais submetidos ao mesmo protocolo e analisados com 1 dia de vida pds-natal (PINHO et al., 2014).

A restrigdo proteica materna se tornou um modelo bem estabelecido em nosso laboratério de
pesquisa, se dedicando a entender como os efeitos da RPM afetam o desenvolvimento da préstata até o
envelhecimento da prole. Rinaldi et al (2013) demonstraram que animais submetidos a restricdo proteica
apenas gestacional, apresentaram prostatite e displasia epitelial nos DPN 120 e 360 com diminuic&o sérica
de di-hidrotestosterona (DHT). Colombelli et al observaram que os animais no dia p6s-natal 10 (DPN10)
apresentaram menor tamanho dos 4cinos prostaticos, diminui¢do da angiogénese da glandula e queda nos
niveis séricos de testosterona(COLOMBELL et al., 2017). Por sua vez, Santos et al investigaram o periodo
do desenvolvimento prostatico e o envelhecimento, nos animais nos DPN 21 e 540, submetidos a RPM
durante a gestacdo e lactacdo, destacando o atraso no desenvolvimento da préstata ventral no DPN 21 e
maior incidéncia de lesdes prostaticas no envelhecimento, tais como displasia epitelial, neoplasia
intraepitelial (PIN) e carcinoma in situ (SANTOS et al., 2019). Estes dados foram correlacionados a
estrogenizacdo desses animais, devido ao aumento dos niveis séricos de estrdgenos nas méaes e na prole no

DPN 21 e aumento na proporcao estrégeno/testosterona nos animais no DPN 540, outro fator importante

foi a alteracdo no perfil protéomico da glandula prostatica desses animais, apresentando o
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enriquecimento de vias moleculares associadas ao perfil de perturbagdo estrogénica
(SANTOS et al., 2020). Portela et al mostraram que esses 2animais no DPN 540
apresentavam um aumento do estresse oxidativo intraprostatico e desregulacdo na expressdo

de importantes biomarcadores conhecidos do CaP (PORTELA et al., 2021).

Apesar da etiologia complexa do CaP, estudos em modelos animais apontam que exposicdo a
insultos durante o desenvolvimento intrauterino predispéem a glandula a maior incidéncia de lesGes na
idade adulta. Dentre estes destacam-se aumento de prostatites e displasias epiteliais seguido de exposi¢do
gestacional a dieta hipoproteica (RINALDI et al., 2013), aumento de hipertrofia glandular ap6s exposi¢édo
gestacional e lactacional a dieta hiperlipidica (PYTLOWANCIV et al., 2016) e desenvolvimento de les6es
prostaticas em animais adultos expostos ao bisfenol A ou estradiol no periodo perinatal (CHEONG et al.,
2016b; DE LIMA et al., 2015; HU et al., 2011; RODRIGUEZ-GONZALEZ et al., 2015b).

1.4 Estrdgeno e prostata

A biossintese do estrogeno é catalisada por um membro da superfamilia p450,
chamada aromatase p450, produto do gene Cypl19 (O’DONNELL et al., 2001). Essa
proteina responsavel pela ligacdo ao substrato androgénico e por catalisar uma série
de reacBes, que levam a formacdo de um anel fendlico no anel A da molécula,
caracteristicos dos estrégenos. Em humanos, alguns tecidos como ovario, testiculos,
placenta, figado de feto, tecido adiposo, condrdcito, osteoblastos (BARKER et al.,
2012; O’DONNELL et al., 2001; OLSSON et al., 2007, REDONDO et al., 2000;
SAFFARINI et al., 2015) tem capacidade de expressar a aromatase, promovendo a
sintese de estrdgenos, A prostata também expressa a aromatase, de modo que a sintese
de estrogenos esta envolvida na inducdo da HPB (TSUGAYA et al., 1996). Os
estrégenos foram caracterizados nos anos 70 (JENSEN et al., 1973), e pertencem a
familia de receptores nucleares, entre 0s quais se encontram receptores para horménios
esteroides, vitamina D, retindides entre outros (O’DONNELL et al., 2001). Séo
conhecidas duas formas de receptores de estrogeno, ER alpha (ERa) e ER beta (ERp),
sendo identificados em camundongos, ratos e humanos (BOTTNER; THELEN;
JARRY, 2014; KUIPER et al., 1996; TREMBLAY et al., 1998).

Os ERs contém duas formas ativadoras distintas, uma no dominio A/B chamado de activation
function | (AF 1), segunda forma hormdnio dependente localizado no dominio E, activation function Il (AF
I1), sendo ambas requeridas de forma acoplada para completa ativagdo dos ERs na maioria das células. Na

préstata a localizacdo desses receptores varia, de acordo com o processo fisioldgico desencadeado, e o ERa
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esta localizado nas células estromais enquanto o ERP nas células epiteliais (PRINS et al., 1998; PRINS;
BIRCH, 1997). Os receptores desempenham papeis antagdnicos na prostata, sendo o ERa, associado a
processos de proliferagéo celular, enquanto o ERf} desempenha papel antiproliferativo (DA; LU; WANG,
2015; LATIL et al., 2001; STETTNER et al., 2007; ZHAO; ZHOU; GUSTAFSSON, 2019). Prins et al
(2006) avaliaram a proéstata de ratos neonatos expostos a altos niveis de estrogeno, no qual observaram
desregulacdo entre os receptores ERa, ERB, AR e receptores retindides (RARs). Além disso, houve
alteracdo da expressdo de morfégenos expressos no mesénquima prostatico, concluindo-se que altas doses
de estrogeno em periodos de desenvolvimento estdo relacionadas com alteragdes estruturais e funcionais
na prostata que podem persistir ao longo da vida, causando assim o imprinting estrogénico (PRINS et al.,
2006).

Em condi¢Bes normais, 0 aumento dos niveis de estrdgeno intraprostatico acontece em dois
momentos, no desenvolvimento intrauterino e no envelhecimento (PRINS; KORACH, 2008). O primeiro
aumento nos niveis de estrdgeno ocorre, em humanos, no terceiro trimestre gestacional, junto a uma queda
nos niveis de testosterona, e como consequéncia ha o desenvolvimento de uma metaplasia escamosa no
epitélio prostatico que regride imediatamente ap6s o nascimento, quando 0s niveis de estrogénio tém uma
queda abrupta (PRINS; KORACH, 2008; WERNERT et al., 1990; ZONDEK et al., 1986). No
envelhecimento, o aumento das concentracGes séricas de estrogeno esta relacionado a maior incidéncia de
lesbes prostaticas (KING; NICHOLSON; ASSINDER, 2006; SALINAS et al., 2014; SANTOS et al.,
2019).

A exposicdo a concentrages anormais de testosterona durante a gestacdo é responséavel por
alteracdo na organogénese prostatica e alteragdo no padrdo da disposi¢do de marcacéo positiva para 0 AR,
ERa e em marcadores de proliferacdo celular na prostata de gerbilos machos e fémeas ao nascimento
(RAMOS et al., 2020). Gomes et al (2020) demonstraram que a prostata de gerbilos, ao serem expostos ao
aluminio na vida pés-natal, apresentavam um aumento nas concentragdes séricas de testosterona e da
imunomarcagdo de células ERa positivas, associando esses resultados a um aumento da proliferacdo de
células epiteliais e estromais, bem como um aumento do compartimento epitelial e diminuicdo do estroma
(GOMES et al., 2020). A partir de dados clinicos de pacientes com CaP, Shen et al (2019) estabeleceram
que a marcacdo positiva para integrina a6 (CD49f) e ERa se correlacionavam com o fenotipo de células
tronco do cancer de prdstata, e que apresentavam um maior potencial metastatico de transicdo epitélio-
mesénquima (SHEN et al., 2019). Além disso, o ERa atua em processos inflamatérios e no estabelecimento

de lesBes pré-neoplésicas (BONKHOFF, 2018).
1.5 Epigenética, Programacéo Fetal e Estrogeno
A plasticidade e habilidade do embrido/feto em responder as alteragdes ambientais (dieta, estresse

e hormdnios), podem ser impactados durante o desenvolvimento intrauterino, sendo capaz de modular a

expressdo de genes envolvidos com o controle da proliferacdo e diferenciacdo celular em uma fase de
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morfogénese de Orgdos e sistemas vitais (BURTON; FOWDEN; THORNBURG, 2016; SINGH,;
MORRISON; HOY, 2019; SUZUKI, 2018). Nos dltimos anos, mecanismos epigenéticos tém sido
apontados como os principais moduladores da expressdo génica envolvidos em vérias formas de
programacéo fetal (BIANCO-MIOTTO et al., 2017; GOYAL; LIMESAND; GOYAL, 2019), uma vez que
mudancas ambientais podem alterar de forma persistente marcadores epigenéticos e desencadear respostas
fenotipicas que afetam a estrutura e funcionamento de 6rgdos de maneira permanente (SINCLAIR KD,
ALLEGRUCCI C, SINGH R, GARDNER DS, SEBASTIAN S, BISPHAM J, THURSTON A, HUNTLEY
JF, REES WD, MALONEY CA, LEA RG, CRAIGON J, MCEVOY TG, 2007; WATERLAND; JIRTLE,
2003).

O pesquisador Waddington foi pioneiro em utilizar o termo "epigenética” foi para definir as
interagdes entre genes e o ambiente que podem levar desenvolvimento de um fenétipo diferenciado do
individuo(WADDINGTON, 1942) . A partir de entdo, outros autores referem-se a epigenética como
mudangas reversiveis e herdaveis no genoma capazes de afetar a expressdo génica e o fenétipo celular, sem,
entretanto, alterar a sequéncia primaria de nucleotideos do DNA (DEANS; MAGGERT, 2015;
FERNANDEZ-TWINN; CONSTANCIA; OZANNE, 2015). Os principais mecanismos de regulagio
epigenética incluem metilacdo de DNA, por enzimas DNA metil transferases (DNMT), modifica¢do pos-
transcricional de histonas pelas enzimas histona acetilase (HAC) ou deacelilase (HDAC), além da
participagdo de RNAs ndo codificantes, dentre estes, os microRNAs (miRNA) que também tem sido
descrito como um mecanismo epigenético de regulagdo da expresséo génica (ALLIS; JENUWEIN, 2016;
HEERWAGEN et al., 2010).

Ultimamente, diversos estudos com a tematica de estudos de sequenciamento em larga escala
baseadas na combinagdo de “omas” (transcriptoma, MicroRNoma, metiloma e proteoma) tem Siso
extensivamente publicados (JADDOE, 2019). Além disso, andlises integrativas destes dados utilizando
ferramentas de bioinformatica, associadas a pardmetros clinicos, tém auxiliado na elucidacdo de redes
moleculares envolvidas na patogénese de vérias doencas, além de servir como importante ferramenta para
identificacdo e sele¢do de potenciais alvos terapéuticos (SOOKOIAN et al., 2013). Neste contexto,
Esterhuyse et al (2015), utilizaram uma analise integrativa do transcriptoma, microRNoma, metiloma e
proteoma para demonstrar diferencas em marcadores moleculares em células sanguineas de pacientes
acometidos por tuberculose. Essa estratégia metodoldgica utilizada pelos autores permitiu a identificagdo
de conjuntos de genes alterados na tuberculose capaz de diferenciarem pacientes saudaveis dos acometidos
pela doenca (ESTERHUYSE et al., 2015).

Em um modelo de programacdo fetal induzida por exposicdo perinatal a desreguladores
enddcrinos, Cheong et al. (2016), identificaram em prostatas de camundongos recém-nascidos (DPN 3 e 5)
regides promotoras diferencialmente metiladas de aproximadamente 100 genes. A andlise de
enriquecimento dessas vias demonstrou que 15 desses genes estdo envolvidos com a carcinogénese
prostatica, particularmente com pluripoténcia de stem cells (Pitx3, Wnt10b, Pagr4, Sox2, Chst14, Tpd52,
Creb3l4). Quando estes dados foram comparados com banco de dados da literatura (The Cancer Genome

Atlas - TCGA), revelou-se que 0s mesmaos genes estdo alterados em pacientes que apresentam recorréncia
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do CaP. Assim, os autores concluiram que modificagdes epigenéticas resultantes de exposigdo perinatal a
desreguladores endécrinos podem servir como marcadores preditivos para a recorréncia de CaP, além de
impactar a carcinogénese prostatica com o envelhecimento.

Estudos demonstram que a regulacdo epigenética pode influenciar em diferentes
niveis o crescimento e o desenvolvimento de um organismo (Figura 7) (ALLIS; JENUWEIN,

2016; DELCUVE; RASTEGAR; DAVIE, 2009; KIEFER, 2007). Apesar de intensivos estudos
para compreender 0s mecanismos epigenéticos que geram essas alteracdes, pouco se sabe sobre os
mecanismos moleculares pelos quais essas reacdes/mudancas quimicas sdo reguladas e/ou como sdo
transmitidas entre as geracbes (GOYAL et al., 2014; LONGO; GOYAL, 2014). Estudos em modelo de
programacéo fetal por restricdo proteica tem demonstrado a participagdo de mecanismos epigenéticos, e
apesar de existir diversos estudos sobre esse mecanismo no contexto do desenvolvimento embrionério e da
biologia do cancer, o conhecimento sobre como a epigenética contribui para a programac&o fetal ainda séo
escassos. Por isso a importancia para continuar os estudos relacionados com PF e epigenética, uma vez que
alteracBes durante o periodo preconcepcdo ou gravidez precoce é a janela de oportunidade para novas

estratégias estratégias inovadoras de salde da populacdo (HEERWAGEN et al., 2010).
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Figura 6. Diferentes mecanismos epigenéticos e processos que regulam a expressao génica. Adaptado
de (D. Goyal et al., 2019).
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2. Justificativa e relevancia do tema proposto

Nos ultimos anos, esforgos tém sido destinado ao entendimento de como a exposi¢do a condicles
gestacionais adversas afetam o desenvolvimento e a salde dos descendentes. Estudos recentes enfatizam
os efeitos danosos da RPM sobre pardmetros metabdlicos, doengas cardiovasculares e longevidade da prole.
Nosso grupo vem se dedicando a demonstrar o impacto negativo da programacdo fetal sobre o
desenvolvimento e fisiologia prostatica, tanto em modelo de diabetes gestacional (CAMARGO et al., 2017,
SANTOS et al., 2014), como em modelo de RPM (COLOMBELLLI et al., 2017; RINALDI et al., 2013;
SANTOS et al.,, 2019). Atualmente, avancos em tecnologias de sequenciamento associado a maior
disponibilidade e barateamento das analises globais, tem permitido uma mudanca de paradigma na
construcdo de estudos em biologia molecular e do desenvolvimento. Estas anélises integrativas, além de
gerarem grande quantidade de dados, permite visdo global e integrada dos mecanismos que coordenam a
expressdo génica e proteica. Assim, o desenvolvimento deste projeto permitiu uma visdo global integrativa
dos mecanismos moleculares que controlam tanto o desenvolvimento prostatico normal, como em condi¢do
de RPM no DPN 21 e 540. Resultados similares do nosso grupo demonstram a maior incidéncia de lesGes
prostaticas nos animais restritos (RINALDI et al., 2013; SANTOS et al., 2019), associando com resultados
gerados por esse trabalho, juntamente com dados depositados em bancos de dados para modelo de roedor
(GeoDataset https://www.ncbi.nlm.nih.gov/gds) ou de humano (TCGA), nos permitird a caracterizagdo dos
possiveis alvos moleculares alterados no inicio do desenvolvimento que tem relagdo com a maior

susceptibilidade a doencas prostaticas com o envelhecimento nos animais no DPN 540.

3. Objetivo
3.1 Objetivo geral

Caracterizar o perfil global de expressdo dos mMRNAs e de proteinas na prostata
de ratos machos da linhagem Sprague Dawley submetidos a restricdo proteica materna

(gestacional e lactacional), durante a fase de desenvolvimento e envelhecimento.

3.2 Objetivos especificos
- Inducéo da restricdo proteica materna (gestacional e lactacional);

- Caracterizar o perfil global (MRNA e proteina) na prostata ventral (PV) de
animais nos 21 dias de idade pés-natal dos - Inducdo da restricdo proteica materna

(gestacional e lactacional);
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- Correlacionar os dados de expressdo global de mRNA (transcriptoma) e de

proteinas (proteoma) na PV destes animais;

- A partir destes dados globais, construir redes de interagdes que apontem quais
as vias de sinalizacdo que aparecem alterados na préstata de ratos submetidos & RPM;

- Correlacionar estes resultados dos alvos diferencialmente expressos a dados de
MRNA e proteinas sobre cancer de prdstata em humanos (The Cancer Genome Atlas -
Cancer Genome — TCGA; https://cancergenome.nih.gov/ e The Human Protein Atlas;
www.proteinatlas.org/) e modelos de roedores (GeoDataset-

https://www.ncbi.nIm.nih.gov/gds)

4. Resultados

Os resultados obtidos encontram-se descritos nos proximos 2 capitulos (capitulos I1 e I11). O
manuscrito referente ao capitulo Il Transcriptomic landscape reveals molecular signaling pathways related
to prostate cancer risk in maternal malnourished offspring rats sera submetido ao journal Frontiers in Cell
and Developmental Biology, com fator de impacto 5.201. O manuscrito do capitulo IlI: Identification of
Potential Molecular Pathways Involved in Prostate Carcinogenesis in Offspring Exposed to Maternal

Malnutrition, publicado no periédico Aging, com fator de impacto 5.51.
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Abstract

Previous work determined that maternal malnutrition in early life increased the risk of development of
prostate cancer in aging in the offspring of rats, as described by Developmental Origins of Health and
Disease (DOHaD) concept. Using a model of maternal exposure to low-protein diet (LPD; 6% protein)
during the gestational and lactational periods, we characterized the transcriptomic landscape of ventral
prostate (\VP) in young rats on postnatal day (PND) 21. Here we describe that animals on PND 21 submitted
to maternal LPD, had low birth weight, decreased serum levels of progesterone, increased cholesterol,
testosterone and estrogen. Through RNA-seq analysis we identified 710 differentially expressed genes
(DEGs), significant differences in gene expression profiles were apparent between control vs gestation and
lactation maternal LPD group, demonstrated deregulation of key genes, in addition, pathway analysis
demonstrated relationship activated in prostate development, as well as during carcinogenesis. Cyplblb,
Rspo3, Cyp7bl and Gadd45g were commonly deregulated in young, but also in older maternally
malnourished rats, which developed prostate cancer. In silico analysis reveal these four genes can be altered
by epigenetic modulation and deregulated in human prostate cancer. Our results described potential key
molecular pathways deregulated after exposure to maternal LPD that may connect early life conditions to
prostate carcinogenesis in rat offspring. A better understanding of the effects of maternal LPD in
development prostate biology may reveal an expansive view of molecular signaling pathways and

biomarkers for disorders of the prostate in early life that could persist in adulthood.

Keywords: Prostate, Transcriptome, Developmental process, DOHaD.
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Figure 1. Schematic representation of the experimental design, data analysis, and results. Control
group (CTR), Gestation and lactation low protein diet group (GLLP); postnatal- day (PND). Ventral
prostate (VP); upregulated genes (up) in red, downregulated genes (down) in blue, differentially expressed
genes (DEG).
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1. Introduction

Developmental Origins of Health and Disease (DOHaD) states that exposure to inappropriate
conditions during periods of high vulnerability, such as intrauterine development, early postnatal life
and/or puberty (Suzuki, 2018), can lead to the reorganization and adaptation of cells, making individuals
more susceptible to cardiovascular diseases (Godfrey and Barker, 2000), diabetes(Agarwal et al., 2018),
and even cancer in adulthood (Welsh et al., 2008). The high vulnerability periods can be affected by
several external environmental changes, such as exposure to phthalates(Scarano et al., 2019), maternal
obesity(Bautista et al., 2017), and maternal low protein diet (LPD) (Zambrano et al., 2005; Daniel et
al., 2016; Santos et al., 2019; Gomes et al., 2020).

Although several studies have described metabolic and cardiovascular diseases as a
consequence of early life exposure to adverse conditions (Langley-Evans and Sculley, 2006; Daniel et
al., 2016; Vithayathil et al., 2018), the evidence demonstrated that maternal LPD can also negatively
impact the male and female genital system (Colombelli et al., 2017), decreasing fertility rate and the
onset of puberty (Zambrano et al., 2014). In addition, decreased testicular weight, changes in the cellular
organization of seminiferous tubules, reduced androgen receptor expression in the testis and impaired
sperm production have also been reported in male offspring exposed to maternal LPD (Rodriguez-
Gonzélez et al., 2012). These results were associated to the increased intratesticular and sperm oxidative
stress (Rodriguez-Gonzélez et al., 2014), morphological and morphometric changes of the epididymis
and reduced vasculogenesis of the epididymis in the early stages of epididymal development and
accelerated reproductive senescence (Cavariani et al., 2019; de Mello Santos et al., 2019). Experimental
evidence has associated maternal LPD during gestation and lactation periods to the increased incidence
and severity of prostatic lesions in older offspring rats, results was partially attributed to the estrogenized
intrauterine environment, as well as increased estrogen levels in offspring throughout postnatal life
(Santos et al., 2019).

The intrauterine/neonatal periods are the key window of vulnerability for prostatic
morphogenesis and growth. In rodents, prostate development begins on gestational day (GD) 13 when
the androgens synthesized by the fetal testis induce the formation of prostate epithelial buds (Prins and
Putz, 2008). It is known that androgens are essential for the development and function of the prostate,
thus the prostate gland is hormone-dependent (Prins et al., 1991; Prins and Putz, 2008), such as
estrogens play important roles in prostate homeostasis and in diseases (Prins et al., 2006; Nelles et al.,
2011). Several decades ago, John McNeal demonstrated prostate gland arises from the endodermal
urogenital sinus (UGS) which differs from the rest of the male reproductive accessory sex glands,
therewith, proposed that the origins of prostate cancer may have a developmental basis (McNeal, 1981).
Prins et. al demonstrated that unregulated exposure to estrogen during the development of the prostate,
in terms of time, type and dose, can reprogram the gland, lead to differentiation defects and predispose
to an increased risk of prostate cancer (Prins et al., 2001; Prins and Ho, 2010). The exposure to high
levels of estrogen during critical periods of prostate development has been associated with delay in

prostate growth (Ho et al., 2006), changes in the regulation of key molecular signaling pathways
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involved in both normal prostate development (Prins and Korach, 2008), as well in the early stages of
prostate carcinogenesis (Dobbs et al., 2019). The elucidation of molecular pathways that lead to changes
in the prostate development is crucial to understand the role of maternal nutrition on prostate cancer risk
in offspring.

Epigenetic mechanisms have long been described as the potential mechanism behind
development programming in the context of DOHaD (Barker et al., 1990; Gluckman et al., 2008). Fetal
programming demonstrates how events in early life or during the development of the individual, or
specific organ, can program that individual for an increased risk of chronic disease later in life (Yan and
Yang, 2014; Prins et al., 2018; Felix and Cecil, 2019; Goyal et al., 2019). Animal studies have focused
extensively on DNA methylation as the context for epigenetic modification in DOHaD (Bianco-Miotto
et al., 2017).Cheong et. al demonstrated in rodent models that neonatal exposure to xenoestrogens led
to the deregulation of genes related to stem cell function through DNA methylation in the adult prostate,
allowing for a prolonged proliferation phase and increasing the number of stem cells stem in the
prostate, recognized for malignant transformation induced by carcinogens in adulthood, leading to an
increased susceptibility to cancer (Prins et al., 2015, 2017; Cheong et al., 2016).

The present study sought to address critical elements by maternal LPD under prostate biology,
across identifying altered genes profile during the development of the offspring rat VP submitted to
maternal LPD during gestation and lactation periods. We first undertook an analysis of biometric and
hormone parameters of offspring rat submitted to maternal LPD, the analysis included morphology of
ventral prostate (VP), body and prostate weight, anogenital distance, total levels of cholesterol,
testosterone, and estradiol, parameters this is especially important could serve as markers of maternal
LPD. Next, we evaluate changes in the transcriptional profile by RNA-seq analysis, results revealed
most deregulated genes related to the developmental process, hormonal, and even cancer. In addition,
the most molecular mechanisms associated metabolism of estrogen and androgen, regulation of non-
canonical Wnt signaling and p53 signaling pathway, cytochrome P450 metabolism of endogenous
sterols and steroid hormone biosynthesis. Finally, translational in silico analysis demonstrated that
DEGs altered by maternal LPD can be modified via epigenetic modulation, especially four DEGs shared
in the VP and human prostate cancer. Overall, these results demonstrated the essential role of maternal
malnutrition during early life in modulating gene-environment interaction to increase cancer

susceptibility in older rats.

2. Material and Methods

2.1 Experimental groups

Pregnant Sprague Dawley rats were divided into two groups (n=12/group): Control (CTR),
dams fed a normal protein diet (17% protein); and Gestational and Lactational Low Protein diet (GLLP),
dams fed a LPD (6% protein) during gestation and lactation periods. Normal and LPD were provided

by PragSolucdes (PragSolucdes, SP, Brazil). All diets were isocaloric and normosodic (Supplementary
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Table 1). The experimental procedures were following the Ethical Principles on Animal
Experimentation adopted by the Brazilian College of Animal Experimentation (COBEA) and the
protocol was approved by the Ethical Committee on Animal Use of the Institute of Biosciences, Sdo
Paulo State University (Protocol: 949/CEUA).

At birthday (PND 1) male offspring were weighed and the anogenital distance (AGD) was
measured. The AGD was adjusted to body weight as described by Gallavan et. al (Gallavan et al., 1999).
The number of pups per litter was reduced to 8 (1:1 ratio between males and females). At PND 21 the
AGD was measured, and male pups were euthanized by an overdose of anesthesia (ketamine/xylazine)
followed by decapitation, weighing, and the blood, and ventral prostate (VP) were collected and

processed by a different analysis as described below.

2.2 Blood serum analysis

Blood samples (n=12/group) were centrifuged (2400 g for 20 minutes) and were used to determine
the quantifications of total cholesterol 107 (Labtest®, R76-2/100, Brazil, sensitivity: 0.06 mg/dL), and the
circulating concentration of estradiol (17B-estradiol - Monobind®, 4925-300 CA, USA sensitivity: 6.5
pg/mL), testosterone (17B-hdroxy-4-androsten-3-one - Monobind®, 3725-300A, CA, USA. sensitivity:

0.038 ng/mL), using colorimetric methods as manufacturers’ protocol.

2.3 Histological procedure

VP samples from CTR and GLLP group (n=8/group) were fixed for 4 hour in Methacarn (70%
methanol + 20% chloroform + 10% acetic acid)(Puchtler et al., 1970). After that, the samples were
dehydrated in ethanol, diaphanized in xylene, and embedded in Paraplast (Sigma Co, Saint Louis, MO).
Sections with 5 um thickness were produced using a rotative microtome and collected in silanized slides.
The slides were stained with hematoxylin-eosin (HE) and used for morphological and stereological
analysis. The relative proportions of the ventral prostate (VP) components (epithelium, lumen, and stroma)
were determined using stereological analysis describes by Santos et al (Santos et al., 2019). The results
were expressed as a percentage of each component and a proportion of the total area analyzed. All analyses

were performed using a Leica DMLB 80 microscope connected to a Leica DC300FX camera.

2.4 Total RNA extraction

RNA extraction was performed with Trizol (Ambion, USA) containing 1% of -Mercaptoethanol,
following the manufacturer’s instructions. Four VP samples from the CTR group and three VP samples
from the GLLP group were used for next-generation sequencing (NGS)-based RNA-seq analysis. The

NanoDrop (Thermo Scientific, USA) was used to quantify the total RNA by spectrophotometry, and the
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RNA Integrity Number (RIN) was used to measure the RNA quality, using the 2100 Bioanalyzer system
(Agilent, USA). Only RNA samples with RIN > 8 were used for subsequent analysis.

2.5 mRNA purification, library construction, and sequencing

HiSeq2500 platform (Illumina) was used for RNAs sequencing. An aliquot of total unfractionated
RNA was submitted for library construction, and sequencing Ribo-Zero was used during library preparation
for rRNA depletion. Messenger RNA purification and library construction was carried out with total RNA
using the TruSeq Standard mRNA Sample Preparation Kit (lllumina), following the manufacturer's
specifications. The sequencing was performed with the HiSeq Sequencing System. The entire process of
library preparation and sequencing were processed by Macrogen (Seoul, South Korea, Korea) and the data
were downloaded through a HTTP link.

2.6 Standardization and identification of DEGs

Initially, the raw data were analyzed in terms of reading quality through FastQC software
(https://iwww.bioinformatics.babraham.ac.uk/projects/fastqc/) (Wingett and Andrews, 2018) to inspect for
low-quality reads and adapters. Subsequently, the single-end reads were trimmed using the Trimmomatic
software (v. 0.36) and default parameters(Bolger et al., 2014). After processing by read-quality media, the
remaining reads were aligned against the reference genome of Rattus Norvegicus (Genome assembly:
Rnor_6.0GCA _000001895.4) obtained through the Ensembl (http://useast.ensembl.org/index.html)
through the software STAR (v. 2.5.1a)(Dobin et al., 2013; Dobin, 2016). The resulting files were processed
through the Feature Counts software(Liao et al., 2014) to obtain read counts and Cufflinks to obtain
fragments per kilobase of transcript per million (FPKM), for specificity analysis of clustering(Trapnell et
al., 2010).

Differential expression analysis of RNA-seq data was performed with the edgeR Bioconductor
package in R(Chen et al., 2008). Differentially expressed genes (DEGSs) between experimental groups were
determined applying the statistical cutoff of Log, Fold Change > [+0.66| < |-0.66| and the p-value < 0.05.
All different DEGs were showing in Supplementary Table S2.

2.7 Enrichment of ontological terms and molecular pathways

Kobas 3.0 software (http://kobas.cbi.pku.edu.cn/) (Maere et al., 2005) was used to determine the
enrichment of ontological terms and molecular pathways related to the identified DEGs on Kyoto
Encyclopedia of Genes and Genomes (KEGG) (https://www.genome.jp/kegg/) and Gene ontology
(http://geneontology.org/) databases. The cut-off criterion used for both analyses was p-value adjusted <
0.05.
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2.8 Identification of shared DEGs between rat VP and samples/patients from PRAD-TCGA

Consistent with the Early Life Origin of Prostate Cancer (Gardner, 1995), we investigated whether
DEGs-enriched molecular pathways related to the developmental process and carcinogenesis in the VP of
young rats could also be deregulated in patients diagnosed with PCa. cBioPortal is a comprehensive web
resource that could visualize and analyze multidimensional cancer genomics data
(https://www.cbioportal.org/)(Gao et al., 2013), based on the Prostate Adenocarcinoma (PRAD) dataset
extracted from The Cancer Genome Atlas (TCGA) database, genetic alterations of DEGs were obtained
from cBioPortal. UALCAN (http://ualcan.path.uab.edu/analysis.html), a comprehensive and interactive
web resource, provides easy access to publicly available cancer OMICS data (Chandrashekar et al., 2017).
In our study, DEGs level was obtained in the “Expression” links using the “TCGA analysis” module and

the “PRAD” dataset.

2.9 Identify four protein-coding genes: Cyplbl, Rspo3, Cyp7bl, and Gadd45¢g

We  search  across literature  the  function of DEGs  using PubMed
(https://pubmed.ncbi.nlm.nih.gov/), the US National Library of Medicine premier bibliographic database.
Across the DEGs we selected four protein- coding genes: Cyplbl (Cytochrome P450 Family 1 Subfamily
B Member 1), Rspo3 (R-Spondin 3), Cyp7bl (Cytochrome P450 Family 7 Subfamily B Member 1), and
Gadd45g (Growth Arrest and DNA Damage Inducible Gamma) to validations. In addition, was used the
Enrichr tool (https://maayanlab.cloud/Enrichr/) (Kuleshov et al., 2016) to further verify the enrichment of
four protein-coding genes (PCG), presented by alluvial diagram, connecting the representative target genes
into biological processes and molecular signaling, alluvial plot was generated using SankeyMATIC online
tool (http://sankeymatic.com/). Differential expressions of four PCG in prostate tissues were assessed by
GEPIA2 (Gene Expression Profiling Interactive Analysis; http://gepia.cancer-pku.cn/)(Tang et al., 2017),

an online database with fast and customizable features based on PRAD- TCGA.

2.10 Validation of selected DEGs by RT-qPCR

Aliquots of 2 pg of total RNA from CTR and GLLP groups on PND 21 (n=8/group) were reverse
transcribed using the High-Capacity RNA-to-cDNA Kit (Life Technologies), in 10 pl of reaction according
to the manufacturer's instructions. The cDNA was then diluted 10X with ultra-pure water and stored at -
20°C until used in RT-gPCR reaction. Aliquots of cDNA from each sample were added to a mixture of
reagents containing primers "sense" and "anti-sense" and the volume was completed to 10ul with ultrapure
water. The primers sequences are shown in Table 1. In addition, we evaluated the expression of these DEGs
in VP samples from older offspring submitted to maternal malnutrition. The reactions were performed in
duplicates for each target gene in the Real Time QuantStudio 12K flex System (Applied Biosystems) in

384-well plates according to the manufacturer's instructions. The values obtained for all samples were
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normalized by the ratio obtained between the informational gene and the reference gene. The values were
calculated using the ratio of the GLLP/CTR groups. Relative quantification was performed by the 2744¢t
method(Livak and Schmittgen, 2001)using DataAssistTM v3.01 software (Thermo Fisher Scientific).
According to the expression stability among all samples, the reference gene Gusb (B-glucuronidase) and

Gapdh (glyceraldehyde 3-phosphate dehydrogenase) were used to normalize mRNA expression.

Table 1. Specification for Primers used for gRT-PCR.

Gene symbol Access number Primer Amplicon (pb)
; AGCTATGGAAGTCCTGCGTG
CYP7BI NM_019138.1 AAGTCTCCTTTCCGCAGACG 2626
GAGTCCGCCAAAGTCCTGAA
GADD45G NM_001077640.1 GTCAATGTCGTTCTCGCAGE 1064

GGAAAGAATTGGCATGAAGCA
3
RSPO NM_001100990 CCATAATATCCACTTGGACACGAA 1006

GGGCTGGATTTGGAGGATGT

CYPIB1 NM_012940 TOCTGGCTGGCTCCAAAG 2321
GCTCTCTGCTCCTCCCTGTTC
GAPDH NM_017008 GAGGCTGGCACTGCACAA 1306
AAATTGTGGCCCGTGGAA
GUSB NM_017015 GGCACGCGGCACCTTA 2483

Consistent with the early life origins of prostate cancer, we evaluated whether deregulation of
selected transcripts observed in the VP of young rats (PND21) persists in older animals (PND 540),
contributing to the development of carcinoma in situ, previously described in these animals(Santos et al.,
2019, 2020; Portela et al., 2021). For that, we used the RNA samples extracted from the VP of CTR and
GLLP groups (n=8/group) of older rats, as published in Santos et al. (2019). The RT-qPCR reactions were

carried out as described above.

2.11 Statistical analysis

Bar graphs were performed using GraphPad Prism® software (version 8.00, Graph Pad, Inc., San
Diego, CA). The results were submitted to the normalization analysis of the Shapiro-Wilk test. After that,
differences of two groups were statistically examined through unpaired tests; the parametric results were
submitted to analysis of variance “Test t”, and Mann-Whitney test for nonparametric results. The results

were expressed as mean + SD and differences were considered statistically significant when p-value < 0.05

2.12 In silico analysis of genetic alteration related to selected DEGs in the PRAD-TCGA

database

cBioPortal was used to investigate the somatic mutations, copy number variation of shared DEGs
identified in our study with those from the tumor samples using the PRAD-TCGA database. Human protein
atlas (HPA) project (https://www.proteinatlas.org/humanproteome)(Berglund et al., 2008) was used to
demonstrate the tissue localization of these four protein-coding genes in normal and tumor prostate samples

by immunohistochemistry.
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2.13 Methylation analysis: Global and in silico

Methylated DNA Quantification kit (ab117128, Abcam UK) was used to perform global
methylation analysis. For this, we used 80ng aliquots of DNA from each sample (n = 4/group), following
the manufacturer's recommendations, were analyzed in 450nm spectrometer. The numerical results
obtained regarding the degree of methylation were compared between the CTR and GLLP groups. In
addition, cBioPortal was used to correlation between methylation beta values and gene expression profile
of shared DEGs identified in our study with those from the tumor samples using the PRAD-TCGA database.
UALCAN web resource was used to determine the DNA methylation status of the promoter region of
Cyplbl, RSPO3, Cyp7bl, and Gadd45g genes in normal adjacent tumor tissue and cancer samples
extracted from the PRAD-TCGA.

2.13 Data representation and analysis

Heatmaps and Principal Component Analysis (PCA) plots were created using the web tools
ClustVis (http://biit.cs.ut.ee/clustvis/) (Metsalu and Vilo, 2015) and Morpheus
(https://software.broadinstitute.org/morpheus) (Rn Starruf et al., 2014). Volcano plot generated by ggplot2

on package R.

3. Results
3.1 Maternal malnutrition affects biometric parameters in male offspring

The offspring from the GLLP group showed lower body weight compared to the CTR group on
PND 1 (CTR 6.62 £+ 0.40 vs GLLP 5.83 + 0.55) and PND 21 (CTR 39.24 + 9.37 vs GLLP 20.02 + 3.87)
(Figure 2 A and Table 2). The AGD was reduced in the GLLP group compared to the CTR group (CTR
10.68 £ 0.94 vs GLLP 7.63 + 1.62) (Table 2). Serum levels of total estrogen (17f-estradiol) (CTR 15.69 £
1.06 vs GLLP 20.32 + 3.18), testosterone (17B-hydroxy-4-androstene-3-one) (CTR 0.72 + 0.11 vs GLLP
1.84 +0.29), and cholesterol (CTR 158.7 25.35 + vs GLLP 792.9 + 183.9) were increased in GLLP group
CTR group, respectively (Table 2).
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Table 2. Biometric and hormonal parameters of male offspring on PND21.

Parameters CTR GLLP
Dams body weight day 1 pregnancy (g) 232.53+2528 241.65+£27.13
Dams body weight day 21 pregnancy (g) 368.04+16.49 343.76+20.88*
Dams body weight day 1 lactation (g) 238.75+26.50 231.50+24.56*
Dams body weight day 21 lactation (g) 236.76+17.93 193.73+13.00*%
Offspring body weight PND 1 (g) 6.62+0.40 5.83+0.55*%
Offspring body weight PND 21 (g) 39.24+9.37 20.02+3.87*
Offspring number per dam 10+0.94 10.01+1.16
AGD (mm) 10.68+2.54 7.63+1.62*
Absolute VP weight (mg) 3.20£0.79 1.44+0.38
Relative VP weight 1.15+£0.29 0.78+0.15%
Absolute UGC weight (mg) 11.11+1.48 5.6+0.47*
Relative UGC Weight 2.98+0.52 3.12=0.45
IGF-1 (pg/ml) 512.30£65.5 175.30+£23.81%
Total cholesterol levels offspring at PND 21 (mg/dL) 158.725.35 792.9+ 183.9*%
17p-hydroxy-4-androstene-3-one levels offspring at PND 21 (ng/ml) 0.72+0.11 1.84+0.29%
17B-estradiol levels offspring at PND 21 (pg/ml) 15.69+1.06 20.32+3.18%

Prostate tissue fraction (%)

Ephitelium 35.71+7.45 48.05+7.53
Lumen 45.47+12.48 30.50+6.16
Stroma 19.79+6.35 29.64£7.29

Data expressed as mean and standard deviation. * indicates statistical difference between groups when p value <0.05.

The absolute and relative VP weight and urogenital complex were decreased in the GLLP group
compared to the CTR group (Table 2). In the CTR group, the acini appeared dilated and lined by columnar
epithelial cells, with the enlarged lumen and fully with secretion. The fibromuscular stroma was thin around
the glandular compartment. In the GLLP group, the luminal acini were reduced, and the stromal
compartment was increased compared to the CTR group. These results demonstrated a relationship between

hormonal imbalance and impairment of VP growth in the GLLP group (Figure 2 B; Table 2).
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Figure 2. Animals and prostate morphology. A) Representative images of male offspring from CTR and
GLLP groups on PND 1 and PND 21, scale bars represent 2 cm; B) Representative histological sections of
ventral prostate (VP) lobes from the CTR and GLLP groups on PND 21 stained with hematoxylin-eosin
(HE) for a general view of glandular morphology. L: lumen, ep: epithelium, S: stroma.

3.2 Identification of DEGs between CTR and GLLP groups

The principal component analysis (PCA) showed the sample clusters into the CTR (in red) and
GLLP groups (in blue) (Figure 3 A). After data preprocessing and standardization, the edgeR at R package
was utilized to screen out DEGs. Based on the threshold of p-value < 0.05 and Log, Fold Change > |+0.66|
< |-0.66. Figure 3 B shows a volcano plot representing a total of 710 DEGs identified (526 and 184
transcripts, respectively up-or down-regulated). Supplementary table S 2 describes in detail the gene list.
Hierarchical clustering of FPKM (fragments per kilobase of transcript per million fragments mapped)
values revealed a distinct transcriptomic profile between the animals from CTR and GLLP groups (Figure
3 C). Taken together, these data provide evidence that maternal LPD alters genes profile during the
developmental process of the prostate gland, we observed across PCA plot the difference between the
samples groups, and clustering by heatmap genes revealed distinct genetic profile between CTR vs GLLP

groups.
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Figure 3. Gene expression analysisin CTR and GLLP groups. A) Principal Component Analysis (PCA)
of CTR group in red and GLLP group in blue, visualized distribution between samples; B) Volcano plots,
each blue point represents the differentially expressed genes between treated group; C) Heat map of the
mean expression levels (Logz Fold Change) of 710 genes differentially expressed between CTR and GLLP
groups. The rows (genes expressions) and columns (groups) were clustered using Euclidean distance. The
upregulated and downregulated genes with absolute values of Log, fold <0.66 > and p-value < 0.05. Red
color represents high expression and blue, low expression.

3.3 Gene ontology and molecular pathways enriched by DEGs

Upregulated genes enriched ontological terms such as anatomical structure development,
multicellular  organism  development, single-multicellular  organism process, single-organism
developmental process, developmental process, and molecular pathways involved chemical carcinogenesis,
proteoglycans in cancer, Wnt and cadherin signaling, inflammation, and angiogenesis (Figure 4 A,
Supplementary Table S 3).The downregulated genes enriched ontological terms related to Ras and Rho
GTPase binding, cell differentiation, cellular developmental process, developmental process, anatomical
structure development, and molecular pathways associated with p53 signaling and PI3K-Akt signaling
pathway (Figure 4 B, Supplementary Table S 3). To correlate early life malnutrition with prostate disorders
during aging, we selected 106 upregulated and 38 downregulated genes, which enriched mostly relevant
ontological terms and molecular pathways related to prostate developmental biology and cancer for the next
analyses. We observed that all DEGs selected from functional enrichment terms (106 upregulated and 38
downregulated genes) presented genetic alterations in 98% (483/498) and 93% (458/498) of queried
patients/samples, respectively (Supplementary Figure 1). The most common genetic alterations observed
in both datasets were high mRNA expression, amplification and deletion. Besides, all DEGs observed in
the VP were also deregulated in human prostate cancer samples, as observed through UALCAN tool

(Supplementary Figure S 2).
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Figure 4. Enrichment pathway analysis of differentially expressed genes in the VP of maternally
malnourished offspring rats. Biological processes identified and molecular pathways genes with
upregulated genes (A) and downregulated genes (B). Significant when p < 0.05.

3.4 Selection of shared DEGs between VP and prostate cancer samples for validation by RT-
gPCR

Based on their enrichment value and key role on prostate developmental biology and
carcinogenesis (Supplementary Table S 4) four protein-coding genes: Cyplbl (Cytochrome P450 Family
1 Subfamily B Member 1), Rspo3 (R-Spondin 3), Cyp7bl (Cytochrome P450 Family 7 Subfamily B
Member 1), and Gadd45g (Growth Arrest and DNA Damage Inducible Gamma) were selected for
validation by RT-gPCR in the VP samples. The RT-gPCR confirmed the upregulation of Cyplbl, Rspo3,
and downregulation of Cyp7bl and Gadd45g transcripts in the VP of young rats submitted to maternal
malnutrition (Figure 5 A-D). Consistent with our hypothesis, Cyplbl and Rspo3 were upregulated, while
Gadd4bg was downregulated in the VP of older rats submitted to maternal LPD. Cyp7b1, which was
downregulated on PND 21 showed upregulated in the VP of older rats (Figure 5 E-H). Overall, these results
demonstrate the long-term effect of maternal malnutrition on deregulating key molecular signaling

pathways involved in both VP development and cancer.
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Figure 5. Representative images of RT-gPCR analysis of Cyplbl (A and E), Rspo3 (B and F),
Cyp7bl (C and G) and Gadd45g (D and H), in the different experimental groups. CTR = control;
GLLP = gestational and lactational protein restriction on postnatal-day 21 and 540, respectively. Indicates
statistical difference between groups when p <0.05 (* =p < 0.05).
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3.5 In silico validation of Cyplbl, Rspo3, Cyp7bl and Gadd45g expression in patients with

prostate cancer

First, we explored the expression of CYP1B1, RSPO3, CYP7B1 and GADD45G in human prostate cancer
and normal samples from PRAD-TCGA and GTEXx databases, respectively. As shown in Figure 4 A,
RSPO3 mRNA level was significantly decreased in tumor samples, while CYP1B1, CYP7B1 and
GADD45G mRNA level mRNA level was found in tumor tissues, but statistical significance was not
reached (Figure 6 A). These genes were able to divide the 497 patients with PCa into two distinct groups,
In the survival curve those with high (red line) and low risk (green line), interestingly, these four genes
predicted worsen prognosis for patients with prostate cancer, prescribed a significant reduction in life
expectancy (hazard ratio = 6.69; log-rank p-value = 0.0022) (Figure 6 B). Although we performed GO and
KEGG enrichment terms using KOBAS, the EnrichR database contains additional gene signature
collections, consisting in a powerful toll to expanding the terms identified in the enrichment analysis. We
used EnrichR for enrichment analysis of Cyp1bl, Rspo3, Cyp7bl and Gadd45g within the following panel
of annotated gene databases (Elsevier Pathway collection, DisGeNET, Disease Pertubation from GEO_up,
BioPlanet 2019, KEGG_2019, GO_MF and GO_BP). The main enriched terms were related to male
infertility and prostate carcinoma, metabolism of estrogen and androgen, regulation of non-canonical Wnt
signaling and p53 signaling pathway, cytochrome P450 metabolism of endogenous sterols and steroid
hormone biosynthesis (Figure 6 C, Supplementary Table S 5). These findings showed these four protein-
coding genes are distributed among samples adjacent to the tumor and tumors in PCa, beyond are predictors
of cancer survival outcomes, in addition, using previously published data reveals association these genes

with prostatic disorders.
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Figure 6. Expression of mRNA levels and Functional enrichment. A) Expression mRNA levels of
CYP1B1, RSPO3, CYP7B1, and GADD45D across prostate cancer samples, tumor (red) and paired
adjacent tumor/normal (green); B) Overall survival curves comparing patients at high (red line) and low
(green line) risks; C) Alluvial diagram connecting the representative gene set enrichment analysis tool
EnrichR. Alluvial plot was generated using SankeyMATIC online tool (http://sankeymatic.com/).

3.6 Validation across PRAD- TCGA dataset: Genetic alterations and HPA

The oncoprint from ChioPortal was used to demonstrate the main genetic alterations observed in
the four targets genes (CYP1B1, RSPO3, CYP7B1 and Gadd45G) commonly deregulated in the VP and in
PRAD-TCGA patients. These genes are altered in 34% (168/491) of queries patients/samples, alterations
of CYP1B1, RSPO3, CYP7B1 and Gadd45G, were found in 8%, 10%, 16%, and 7% of the PCa cases,
respectively (Figure 7 A). Altered mRNA expression, amplification, and deep deletion were also commonly
observed, suggesting that these set selected genes deregulated our GLLP group, were altered in genetic
alterations. Furthermore, we also evaluated the expression profile of the CYP1B1, RSPO3, CYP7B1 and
Gadd45G genes by Human Protein Atlas (HPA) for immunolocalization of the genes in normal and tumor
prostate tissue. Correlation analysis based on the levels of mMRNA expression of human genes in normal
and tumor prostate clinical tissue among DEGs. We observed images with immunostaining low, medium
or high with antibodies of the CYP1B1, RSPO3, and CYP7B1 genes in both prostate tissues, only Gadd45G
genes was not detected, and the intensity was negative (Figure 7 B), affirming the presence of these genes
in normal and tumor prostate tissue, corroborating our results, the presence of deregulated genes in prostate

tissue.
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Figure 7. Genetic alterations and gene expression of genes set in TCGA. A) Oncoprint data represent
Prostate Adenocarcinoma (TCGA, Provisional) samples published in cBioPortal, a visual summary on a
query of genetic alteration of CYP1B1, RSPO3, CYP7B1 and Gadd45G genes in TCGA dataset; B)
Validation of targets genes by The Human Protein Atlas database.

3.7 Methylation status: mRNA and profile methylation

We performed the global methylation analysis to identify whether the effects of maternal LPD can
alter global methylation levels in the offspring's VP submitted to maternal LPD. We observed that
methylation levels increased in animals of the GLLP group on PND 21 (Figure 8 A). Additionally, the
expression and methylation level of set genes in prostate cancer, identified that all promoter methylation
was negatively correlated with the local regulation of all gene expression, with significant values of
spearman correlation and p-value of CYP1B1 (Spearman: -0.77/p = 1.64%%), RSPO3 (Spearman: -0.21/p =
4.186%%), CYP7B1 (Spearman: -0.36/p = 1.48%%) and GADD45G (Spearman: -0.21/p = 3.510%%)
suggesting the set genes could be methylation silences gene expression (Figure 8 B). Subsequently, we
analyzed the expression and promoter methylation level of genes using UALCAN tool from TCGA dataset.
We observed the methylation level of Cyp1b1 and Gadd45g (p-value = 25.865 and 21.11577, respectively)
in PCA was significantly lower than normal samples, while the methylation level of RSPO3 and CYP7B1
(p-value = <152 and 1.625%2), was higher in cancer than normal samples (Figure 8 C). These data
corroborate the changes observed methylation patterns and/or expression of candidate genes, thus,
demonstrate that epigenetic mechanisms can act in the modulation of gene expression in animals submitted
to maternal LPD in utero environment and during development, may serve as early biomarkers of prostate

malignancy.
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Figure 8. Methylation status in our animals and PRAD-TCGA samples. A) Box plot graph showing
DNA methylation levels between the CTR and GLLP groups (* significant difference with p <0.05).
Transcriptional level mRNA expression and promoter methylation of each gene was identified in both
cBioPortal (B) and UALCAN (C) database. p < 0.05 compared with normal prostate tissues.

4. Discussion

In recent years, studies have implicated malnutrition during early life as a key environmental risk
factor for the developmental origin of non-communicable chronic diseases, including breast and prostate
cancers (Fontelles et al., 2018; Santos et al., 2019; Varuzza et al., 2019; Alcantara Santos et al., 2020). The
knowledge of how maternal malnutrition affects key molecular mechanisms involved in prostate
developmental biology contributing to carcinogenic in older subjects can help in the identification of non-
genomic early origin of PCa, as proposed by Willian Gardner (Gardner, 1995; Bai et al., 2019; Santos et
al., 2019). Here we provide evidence that maternal LPD in gestation and lactation periods modulates the
expression of genes, our findings identified 526 upregulated and 184 downregulated genes in the VP of
maternally malnourished rats on PND 21. In addition, modulates molecular signaling pathways associated
metabolism of estrogen and androgen, regulation of non-canonical Wnt signaling and p53 signaling
pathway, cytochrome P450 metabolism of endogenous sterols and steroid hormone biosynthesis. Overall,
the enrichment analysis reveals deregulation of molecular pathways that participate in both prostate

developmental biology, as well as in carcinogenesis in the older subject (Alcantara Santos et al., 2020).
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Studies demonstrate that maternal LPD negatively affects the metabolic status, morphogenesis,
and homeostasis of important organs and tissues throughout life, which can compromise their capacity and
reproductive success [13, 17, 18, 66]. Animals submitted to maternal LPD presented lower birth weight
and lower weight gain at weaning, and changes in the gene expression associated with fetus growth
(Gonzalez et al., 2016). The AGD is an important biomarker of the response to androgens in the intrauterine
period, studies demonstrated that this parameter was regulated by testosterone and DHT produced by fetal
testicles (Mitchell et al., 2015). Mitchell et.al demonstrated a decrease of testosterone levels in these
animals at PND10, which may be associated with the reduction of the AGD, which affects other organs in
the male genital system (Mitchell et al., 2015; Diamanti-Kandarakis et al., 2017). A similar response was
observed in our findings by Santos et al, decrease AGD, and lower body and VP weight (Santos et al.,
2019), observed in animals from GLLP group on PND 21. Thus, these events showed that maternal LPD
can alters the developmental biology of the progeny, with last long consequences across the life span, such
effects can lead to changes in tissue morphology, irreversibly affect the functioning of organs and systems,
as well as compromise the longevity of individuals (Qasem et al., 2012; Altobelli et al., 2013).

Research from our laboratory has determined that maternal LPD causes changes in prostate
structure, and this a result of direct estrogen actions on prostate gene expression during the critical
developmental window (Rinaldi et al., 2013; Borges et al., 2017; Colombelli et al., 2017; Santos et al.,
2019; Portela et al., 2021). Similar results were observed by Prins et. al, demonstrated a response to high-
dose estradiol, androgen receptor levels are suppressed in stromal and epithelial cells due to targeted
proteolytic degradation (Prins and Ho, 2010). At the same time, we observed animals from GLLP group on
PND 21 an increase in total cholesterol serum levels, followed by high levels of estrogen and testosterone,
indicates that, although reduced VP weight, their metabolic status may be altered, and was associated with
alteration in the development process of the genital system, such as delay the development of the testis,
epididymis, and prostate [25, 26, 57, 67]. These results demonstrated that high-dose estrogen exposures
during development, leads to perturbations in steroid-mediated differentiation signals that control prostate
development (Prins et al., 2001) , can directly predispose to prostate neoplasia and the formation of tumors
with aging (Prins and Ho, 2010; Prins et al., 2017; Santos et al., 2019).

Our animals submitted to maternal LPD on PND 21, presented the upregulated pathways shared
in DEGs associated with the developmental process of tissue, cancer, and metabolism cytochrome P450
pathways, whereas downregulated DEGs revealed pathways associated with PI3K-Akt and p53 signaling
pathways, Ras-GTPase, and Rho-GTPase binding. Studies demonstrate that P450s are involved
biosynthesis of steroid hormones in endogenous signaling and progression of cancer (Omoto et al., 2005;
Stiles et al., 2009; Arnold et al., 2010; Hrycay and Bandiera, 2015; Maksymchuk and Kashuba, 2019;
Alsubait et al., 2020). The cytochrome P450 monooxygenases (CYPs) acts in the regulation of steroid
hormones biosynthesis (Nishimura et al., 2003; McDonnell, PharmD, BCOP and Dang, PharmD, BCPS,
2013; Alex et al., 2016; Ho et al., 2017), and deregulation in this process with increased in
estrogen/androgen ratio was associated with the development of human cancers, such as breast and prostate

cancers, also, changes in developments gene expression profiles (positive or negative regulation) shown to
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be sufficient to mediate tumor promotion (Ao et al., 2007; Franco et al., 2011; Singh et al., 2014).
Additionally, inactivating PI3K/AKT signaling inhibits bone metastasis of clinical PCa tissues (Tang et al.,
2018), and inactivation of p53 can act to activate STAT3 and drive prostate tumorigenesis (Pascal et al.,
2018), also Ras and Ros-GTPase could modulated p53 signaling (Vallianou et al., 2014). In addition, we
observed through oncoprint by cBioPortal that these dysregulated DEGs altered in our animals of the GLLP
group, was also involved in the expression profile and genetic alterations were involved in samples of PCa,
such as copy number alterations and somatic mutations (Tomlins et al., 2007; Taylor et al., 2010; Berger et
al., 2011; Wang et al., 2011; Barbieri et al., 2012; Baca et al., 2013; Cooper et al., 2015; Song et al., 2019).
So, the maintenance of these processes are crucial for glandular homeostasis, the terms enrichment analysis
showing as possible dysregulation of development pathways, through a hormonal disbalance, main in
estrogen, can lead to changes in tissue morphology, irreversibly affect the functioning of organs and
systems, as well as compromise the longevity of individuals (Qasem et al., 2012; Altobelli et al., 2013;
Dobbs et al., 2019).

To further investigate the role of genes from functional enrichment terms in the developmental
process and carcinogenesis, we are applying in silico filters to select the four protein-coding genes: Cyp1b1,
Rspo3, Cyp7bl and Gadd45G. Studies demonstrated that the expression these genes has been found in
multiple normal and tumors tissue, including prostate (Olsson et al., 2007; Xu et al., 2015; Mesci et al.,
2019; Alsubait et al., 2020). Cytochrome P450 are suggested participated of regulation many process by
pathological factors, the expression can be affected by hormones (Daskalopoulos et al., 2012), cytokines
(Kot and Daujat-Chavanieu, 2018), pregnancy (Xi et al., 2005), sex and age (Agrawal and Shapiro, 2003;
Banerjee et al., 2019). Additionally, all members RSPO proteins activate canonical Wnt signaling , and act
as antagonize BMP signaling independently (Rong et al., 2014; Lee et al., 2020; Zhang et al., 2020), Wnt
signaling are one of the pathways that is of great interest to the PCa community, and BMP signaling the
main roles in development, stem cells, adult tissue homeostasis, and disease (Mehta et al., 2011; Lee et al.,
2020; Zhang et al., 2020). Other findings, we observed that Gadd45g that is involved in diverse processes,
including cell cycle, apoptosis, DNA repair, and DNA demethylation(Hollander et al., 1999; Zhan, 2005),
also is expressed during mouse embryonic development (Kaufmann et al., 2011). Moreover, expression of
these four genes is associated with the recurrence-free survival of PCa patients. These selected protein-
coding genes have important functions during the development process and diseases.

Our results demonstrated that the increased levels of testosterone and estradiol in GLLP group on
PND 21, could be associated with imbalance between Cyplbl and Cyp7bl genes. Studies demonstrated
that Cyp P450 was detected on embryonic days 11, 15, and 17 and adult tissues, and was involved in the
metabolism of estrogen (Chen et al., 2012; Li et al., 2017; Xu et al., 2019).The CYP1B1 enzyme act in
estrogen metabolism by converting into 4-hidroxyestradiol (Gajjar et al., 2012; Gu et al., 2018), whereas
CYP7BI1 enzyme determine the estrogenic activity by hydroxylation of steroid, 3pAdiol, a metabolite of
5a-dihydrotestosterone (DHT) (Tsuchiya et al., 2005; Lundgvist and Norlin, 2012; Xu et al., 2019; Alsubait
et al., 2020). CYP1B1 was detected in many adult and fetal extrahepatic tissues including brain, kidney,
prostate, breast, and ocular tissues (Rieder et al., 1998). Besides, other studies showed the CYP1B1 mRNA
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have been detected in normal and tumors prostate tissue, however, the levels of CYP1B1 are markedly
higher in prostate cancer compared to benign tissues (Carnell et al., 2004; Ragavan et al., 2004; Tokizane
et al., 2005; Nishida et al., 2013). However, our GLLP animals on PND 21 presented Cyp7bl
downregulation expression, these results may be associated with smaller size at birth and lower prostate
weight, due to dysregulation on growth pathways. Similar results were observed by Weihua et. al suggested
that ERpB, 3BAdiol, and Cyp7bl are the pathway components that regulates the growth of the rodent VP,
this study showed knockouts mice to CYP7B1—/— , where the prostate were hypoproliferative before
puberty and smaller compared to their wild-type littermates after puberty (Weihua et al., 2002). The
opposite happens in the animals from the GLLP group on PND 540, that presented overexpression of
Cyp7bl gene, Olsson et. al hypothesized that CYP7B1 expression was increased in prostate tumors and that
promoter methylation contributes to the regulation of these genes expression in human prostate tissue
(Olsson et al., 2007). Santos et. al showed the high estrogen levels observed in the offspring rats on PND
21 and 540, as well as an increase in the estrogen/testosterone ratio, together with the alteration of the
Cyplbl and Cyp7bl gene expression, showed in this study, may have been altering the tissue response to
hormones in animals submitted to maternal LPD, demonstrates delay in the developmental capacity of the
prostate gland, in addition to contributing to carcinogenesis in old rats on PND 540 (Santos et al., 2019,
2020).

Studies demonstrated that RSPO was detected during mouse development [125], besides to
positively regulating the WNT/b-catenin signaling, thus, can act on prostate development (Murillo-Garzén
and Kypta, 2017; Yeh et al., 2019). Metha et. al demonstrated Rspo3 as potential activators of b-catenin
signaling in the male UGS, other studies showed that stromal AR regulation may be conserved during
prostate development throughout by Rspo genes and Wnt pathway (Han et al., 2011; Mehta et al., 2011;
Lee et al., 2020). The overexpression of Wnt signaling, by the Wnt agonists Rspo3, has been observed in
prostate tumors or stroma. (Zhang et al., 2020). Johnen et. al showed that Gadd45g was essential for
primary sex determination, male fertility and testis development. In this studies with mice with phenotype
Gadd45g—/— decreased SRY expression and blocked SOX9 expression, also dysregulation in developmental
defects other than sex reversal or infertility, and human abnormal appearance of genital organs [30], in
addition the dysregulated expression to aberrant promoter methylation has been observed in multiple types
of tumors (Ying et al., 2005; Guo et al., 2013; Xu et al., 2015), even PCa (Ramachandran et al., 2009).
Thus, these alterations in the Wnt / b-catenin pathway by overexpression of Rspo3 gene, associated with
decreases Sry expression by downregulation of Gadd45g gene, may explain the deregulated molecular
mechanism during prostate development, resulting in a developmental delay in our animals of GLLP group
on PND 21, whereas in the GLLP animals on PND 540 the Rspo3 deregulated may be associated stromal
cells in the tumor microenvironment and the activating mutations seem to sensitize the tumors responsive
Whnt-Rspo (Santos et al., 2019, 2020).

Another interesting observation were global methylation analysis showed increased in GLLP
animals on PND 21, these data corroborate the changes observed in mMRNA, demonstrating that epigenetic

mechanisms can act in the modulation of gene expression in these individuals during development, these
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changes in global DNA methylation in our animals in the GLLP group, can be an epigenetic signature
associated with increased susceptibility and changes in the gland of young animals, which may persist into
adulthood due to maternal LPD exposure. Studies show that neonatal development is a susceptible period
for the effects of DNA methylation, considering that a prostate is responsive to estrogen, becoming highly
vulnerable to insults by estrogenic agents during development (Prins et al., 2006, 2011; Prins and Ho, 2010).
In addition, we observed mMRNA and methylation profile in normal and tumor prostate patients/samples
PRAD-TCGA, suggested these genes has multiple modes of action, as dysregulation hormone and
development pathways, and as well as epigenetic DNA demethylation (Ushijima and Asada, 2010; Guo et
al., 2013; Fernandez-Twinn et al., 2015; Cheong et al., 2016). These results clearly show that there is a
great deal more to be learned regarding the role of DNA methylation, thus, future studies are planned to
develop a panel of methylated genes that may be used as markers across rats submitted to maternal LPD.
In summary, we have shown that the estrogenic environmental caused by maternal LPD during
the developmental critic period, results change in important hormone-responsive genes in prostate cells,
modifying prostate developmental biology. Furthermore, the present findings provide evidence that
animals submitted to maternal LPD have been changes in the expression pattern of genes responsible for
several signaling pathways that act during this phase of development, such as decreased body weight and
delayed development of prostate biology, in addition to changes in cell proliferation and/or differentiation,
which may connect early life exposure to prostate carcinogenesis in rat offspring, besides impacts the

prostate epigenome during early life.
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Figure 9. Molecular mechanisms altered by maternal LPD in GLLP animals on PND 21 and 540.
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Supplementary Figure 1. Genetic alterations in DEGs. Oncoprint data represent Prostate Adenocarcinoma
(TCGA, Provisional) samples published in cBioPortal. The samples consulted represent tumors enriched
with 106 upregulated (A) and 38 downregulated (B) genes, the set of genes was altered 98% (483/498) and
93% (458/498) of queried patients/samples, respectively. The most common type of changes observed in
both sets were high mMRNA expression, amplification and deletion.

77



927

928
929
930

PAFAH1B3
WINTG
WNT10A
MYLPF
PRKCG
NEFM
MLl
ALPK3
TEX1
NRC2
CRYAB

SCN3B
cypiBl
NTN3
ADAMTS16
MDK
XIRP2
ENO3
PLSCRY
cozs
Tuss28
caL
ocx
Msx2
ANKS6
PSMED
acrel
COH3
CNTFR
€109
[
SEMA4G
<3
HOXB9
ADM2
STAC3
HIF3A
CACNAIS
ANGPT2
Ass1
PRKCQ
HPGD
LRRC4B
TRIM72
Me
cs2
CasP4
NPFF
FTHIR
ADAMTS]
SEMASC
NPRZ
[y
PN
ARNT2
ACHE
GPR3TLI
GDFIO
MLFI
TCRs
RSPO3
BARKZ
CIQTNFS
Gre2
EPHXI
ACTAI

Expression pattern of input genes in Prostate
adenocarcinoma (PRAD)

14 LR T R

R0 R 0RO M| A0 D P

NN I VUMY AT AT 0NN O 0 ORTAD SO O I

TR L TR TR

i nmmm‘mnnumnunimmml

N A SRR T

IR RO T T R e e T AT AT

L IR TR

R N 0 1 VI 00 R

Normal

Log2(TPM+1)

(TR

IR TR U IS

il

[ ]

LI

Supplementary Figure 2. Expression genes across PRAD- TCGA. Heatmap showing expression profile
of 106 upregulated and 38 downregulated genes from Kobas analyses acros PRAD- TCGA, generated by

UALCAN.

78



931
932

933
934

935
936

937
938
939

940

941

942

943

944

945

946

947

948

Supplemtarys table

Supplementary Table 1. Composition of control diet and low protein diet.

Ingredients Control diet Low protein diet
(17% of protein g/kg) (6 % of proteing/kg)
Casein (84% of protein) 202 71.5
Starch 397 480
Dextrin 130.5 159
Sucrose 100 121
L-cysteine 3 1
Fiber pH 101 or pH 102 (microcellulose) 50 50
Soy oil 70 70
Mixture of salts AIN93G * 35 35
Mixture of vitamins AIN93G * 10 10
Choline Hydrochloride or Choline Bitartrate 2.5 2.5

* To know the detailed composition of the salt and vitamin mix, see REEVES et al. [*']

Supplementary Table 2. Differentially expressed genes (DEGS)- file excel

Supplementary Table 3. Enrichment terms of upregulated and downregulated DEGs (Excel)
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Supplementary Table 4. Bibliographic of four protein-coding genes by PubMed.

Gene Function Reference
Able to metabolize steroid hormones/ Cyp1bl have been implicated directly in the regulation of embryonic development. D.Choudhary, D et. al, 2003
CYP1B1is necessary for normal embryonic or fetal tissue development, the appearance of these two mutations could result in
L Jansson, I et. al, 2001
Cyplbl developmental abnormalities.
Encodes enzymes that convert 17B-estradiol in 4 hydroxyestradiol, a pro-carcinogenic molecule that triggers the activation of
. A . B : . . Chang, et. al., 2017
angiogenic processes. Suppression associated with PCa, responsible to activates caspases.
‘Wit and R-spondin gene expression in the developing male mouse lower urogenital tract. Mehta et. al, 2011
R 3 R-spondins are BMP receptor antagonists in Xenopus early embryonic development. Lee et. al. 2020
SpO3
Responsible for regulating Wnt signaling pathways, b-cathetins and G-protein coupled pathways. In the prostate, it could act as a .
: X . 3 3 . o X . Mesci et. al, 2019
prognostic and invasiveness biomarker, responsible for contributing to the gland angiogenesis.
Involved in the metabolism of various steroids, affecting estrogen pathways and androgen signaling. Maksymchuk et. al, 2019
Gp7bl CYP7B1represents the n?ah]or pathway for inactivating 3betaA‘d101 in the vprosmte‘ we ‘suggest 111th Evaem‘ 3betaAdiol, and CYP7B1 Pettersson 1. H et.al. 2008
are the components ofa pathway that regulates growth of the rodent ventral prostate.
In the reproductive tract, the enzyme metabolizes androgens that amagon_lze estrogen action; mice without CYP7B1 have abnormal Stiles AR et. al. 2009
prostates and ovaries.
Prostate cancer: JunD, Gadd45a and Gadd4 5g as Dan A. Liebermann & Barbara
therapeutic targets. Hoffiman. 2011
Gaddd4sg Gadd45-g expression during mouse ‘emblym.nc deve‘lopme.m/ Related to sfress slgma?mgI L-n 1‘esp0ns$ To physiological and envu'm.lmemal Kaufinann, etal, 2011
stress. including oncogenic stress. which can result in cell cycle arrest, DNA repair, cell survival, senescence and apoptosis.
Gadd45g is essential for primary sex determination, male fertility and testis development. Johnen H, et. al. 2013

Supplementary Table 5. Functional enrichment terms by Enrichr tool.

Database |

Term P-value Genes
Elsevier Pathway collection Metabolism of Estrogens and Androgens 1.0E-03 CYP1B1
Prostate Cancer 2.4E-02 GADD45G
DisGeNET Male infertility 1.0E-03 CYPIB1.GADD45G
Malignant neoplasm of prostate 1.5E-02 CYP1B1;.CYP7B1:GADD45G
Prostate carcinoma 1.4E-02 CYP1B1.CYP7B1:GADD45G
Disease Pertubation from GEQ up Prostate cancer DOID-10283 human GSE26910 sample 603 1.4E-03 CYP1B1:RSPO3
BioPlanet 2019 Cytochrome P450 metabolism of endogenous sterols 3.1E-06 CYP1B1;CYP7B1
Steroid hormone biosynthesis 4.6E-05 CYPIB1:.CYP7B1
Cytochrome P450 pathway 5.5E-05 CYPIBI1.CYP7B1
MicroRNA regulation of DNA damage response 1.4E-02 GADDA45G
Estrogen metabolism 3.4E-03 CYPIBI1
KEGG_2019 Steroid hormone biosynthesis 5.3E-05 CYPIB1L.CYP7B1
Transcriptional misregulation in cancer 3.7E-02 GADD45G
p33 signaling pathway 1.4E-02 GADD45G
GO MF Aromatase activity (GO:0070330) 1.2E-03 CYP1B1
GO BP Positive regulation of non-canonical Wnt signaling pathway (GO:2000052) 1.6E-03 RSPO3
Positive regulation of apoptotic process (GO:0043065) 1.4E-03 CYP1B1;GADD45G
Steroid metabolic process (GO:0008202) 1.4E-04 CYP1B1.CYP7B1
Regulation of non-canonical Wnt signaling pathway (G0:2000050) 2.2E-03 RSPO3

Significant when p value < 0.05.
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ABSTRACT

The developmental origins of health and disease concept links adult diseases with early-life
exposure to inappropriate environmental conditions. Intrauterine and postnatal malnutrition may lead to an
increased incidence of type 2 diabetes, obesity, and cardiovascular diseases. Maternal malnutrition (MM)
has also been associated with prostate carcinogenesis. However, the molecular mechanisms associated with
this condition remain poorly understood. Using a proteomic analysis, we demonstrated that MM changed
the levels of proteins associated with growth factors, estrogen signaling, detoxification, and energy
metabolism in the prostate of both young and old rats. These animals also showed increased levels of
molecular markers of endoplasmic reticulum function and histones. We further performed an in silico
analysis that identified commonly deregulated proteins in the ventral prostate of old rats submitted to MM
with a mouse model and patients with prostate cancer. In conclusion, our results demonstrated that
estrogenic signaling pathways, endoplasmic reticulum functions, energy metabolism, and molecular
sensors of protein folding and Ca2+ homeostasis, besides histone, and RAS-GTPase family appear to be
involved in this process. Knowledge of these factors may raise discussions regarding the role of maternal

dietary intervention as a public policy for the lifelong prevention of chronic diseases.
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INTRODUCTION

Advances in public health and preventive medicine have resulted in an unprecedented and
welcomed number of individuals reaching old age. Despite longevity, there has been observed an increase
in older populations affected by chronic diseases that demand specialized and expensive elderly care
services. The identification and widespread public awareness of unhealthy modifiable risk factors such as
western diet consumption and obesity, sedentary lifestyle, smoking, stress, and insufficient sleep, followed
by the adoption of a healthy lifestyle is a feasible, safe, and effective low-cost public policy program to
improve the quality of life with aging [1, 2]. Intrauterine and early postnatal life experiences may
permanently modulate health trajectories across the lifespan [3-5]. The hypothesis that the intrauterine
period of development may modulate offspring postnatal health was initially proposed by David Barker in
"Fetal Origin of Adult Diseases" (FOAD), almost 30 years ago [6]. Subsequently, FOAD evolved to
consolidate the "Developmental Origins of Health and Disease™ (DOHaD) concept by including both pre-
conception and early postnatal life as a new window of susceptibility. Recently, epigenetics has become
one of the most relevant molecular mechanisms associated with the transgenerational inheritance involved
with DOHaD [7].

Despite the difficulty in confirming the impact of maternal and early life adversity on human
health, some tragic events in human history were crucial in supporting the DOHaD concept. For example,
the "Dutch Hunger Winter" was a period of severe famine in the western part of the Netherlands at the end
of World War Il and has provided an opportunity to explore the effects of intrauterine malnutrition on
subsequent adult health [8]. First published in 1976, the Dutch Hunger Winter Cohort has been explored to
confirm the developmental origin of non-communicable chronic diseases, e.g., cardiovascular disease,
obesity, type 2 diabetes, schizophrenia, and infertility in the progeny exposed to famine [9-11].
Importantly, epidemiological and experimental studies have also supported the DOHaD concept as a
mechanistic framework related to early life carcinogenesis (such as breast and prostate cancer) [12-17].
Among the malignancies affecting men, prostate cancer (PCa) is the second most diagnosed cancer
worldwide. In 2018, the Global Cancer Statistics (GLOBOCAN) estimated almost 1.3 million new cases
of PCa globally, leading to 359,000 deaths [18]. Although multifactorial etiology, genetic background,
ethnicity, and aging are consistently established risk factors for PCa. However, evidence supporting the
early origin of PCa is growing. William Gardner (1995) proposed, almost 30 years ago, the "Prenatal origin
of PCa" hypothesis [19]. After that, some epidemiological studies have reinforced Gardner's hypothesis on
the early life origins of PCa, as diagnosed in older men [14, 20, 21]. These authors proposed that exposure
to certain environmental conditions during pregnancy, such as malnutrition or chemical endocrine
disruptors, may alter maternal steroid hormone profiles, thereby modifying the offspring's PCa risk
throughout life. This effect was consistently observed in African American men, who are at high risk for
PCa, and whose mothers have higher levels of estrogen during pregnancy compared to Caucasian women
[20].

In one of the few opportunities to explore how exposure to adverse conditions during windows of
vulnerability interferes with human PCa, Keinan-Boker et al. [13] demonstrated that Jewish men exposed
during early life to famine and stress during the Holocaust were at a higher risk for several types of cancer

(including PCa) later in life. Similarly, women severely exposed to famine during the Dutch hunger winter
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were at increased risk for breast cancer development [22]. Interestingly, a higher risk for breast cancer was
observed for women who were exposed to famine between the ages of 2 and 9 years. Dirx et al. [23]
analyzing data from the Netherlands Cohort Study, showed a slight increase in PCa risk among men
exposed to famine during adolescence (a critical window of vulnerability for reproductive organs)
compared with those men living in northern and southern parts of the Netherlands, who had almost no
exposure to famine. These data reinforce the need to explore, in-depth, the potential of early life
malnutrition as an environmental risk factor for prostate carcinogenesis across the lifespan.

Emerging experimental studies have been designed to explore the potential of early life exposure
to environmental risk factors on prostate carcinogenesis. The intrauterine or neonatal exposure to endocrine
disruptors, such as phthalate or bisphenol A, has been associated with the deregulation of critical molecular
pathways involved in prostate carcinogenesis in rat offspring [17, 24, 25]. Regarding maternal malnutrition
(MM), Santos et al. [16] demonstrated that offspring born from dams fed with a low protein diet (LPD)
during gestation and lactation were at high risk of developing prostatic disorders with aging, including
carcinoma in situ in the ventral prostate (\VVP) lobe. Overall, it has been proposed that early life exposure to
endocrine disruptors or malnutrition may show early deregulation and persistent cellular response to
estrogen signaling pathways, probably involving changes in epigenetic markers, such as DNA methylation
and the expression of microRNAs, leading to an increased incidence of prostatic disorders with aging [17,
25-27].

Although MM can be identified as a potentially modifiable environmental risk factor for offspring
prostate carcinogenesis, there is a lack of information regarding the molecular mechanisms involved in this
process. We previously demonstrated, for the first time, that maternal exposure to a low protein diet
promotes prostate carcinogenesis in older rat offspring [16]. In the current investigation, we used mass
spectrometry to identify, in young and older offspring, changes in the proteomic profile potentially involved

in the early life origins of prostate carcinogenesis observed with aging.

RESULTS
Maternal LPD reduced weight gain and imbalance of steroid hormones in male offspring

Offspring body weight was lower in the LPD animals on both postnatal days (PND) 21 and 540
compared to the respective control (CTR) groups (Figure 1A, 1B). The serum steroid hormones estrogen
(17p-estradiol) and testosterone (17p-hydroxy-4-androstene-3-one) increased in the GLLP group on PND
21 compared to the CTR group (Figure 1C). However, on PND 540, while estrogen was higher in the GLLP
group, testosterone levels decreased compared to the CTR group, leading to an increased estrogen/
testosterone ratio (Figure 1D).

84



117

118
119
120
121

122
123

124
125
126
127
128
129

PND 21 PND 540

A B
3 CTR
50+ r0.05 500~ * 1.0
* O GLLP =
401 — * +0.04 400+ _ 0.8
g 30 r0.03 G 2 300 B F0.6 G
© ©
o 20 == Loo2 3 S 200 Lo4 2
10+ +0.01 1004 0.2
0 T T T T 0.00 T T T T
Body weight VP weight Body weight VP weight
C D
251 * r2.5 50+ * -8
* i—_ll_ K *

20 = T 20 40 i
%15- F1.5 ’g %30- ” u:i:
2 104 1.0 2 2. 20- 3

o =
54 L0.5 10 @
0 T T T T 0.0 0 T T T T 0
Estrogen Testosterone Estrogen Testosterone

Figure 1. Body weight (A, B) and hormonal levels (C, D) of male offspring on PND 21 and 540. All data
are expressed as mean+SD. Asterisks (*) represent statistical differences between experimental groups with
p<0.05. CTR = control; GLLP = gestational and lactational low protein; PND = postnatal day; VP = ventral
prostate.

Early and late effects of maternal LPD on offspring VP

On PND 21, the morphological analyses demonstrated an impairment of prostate growth in the
GLLP group, characterized by a smaller prostatic secretory structure, reduced luminal compartment, and
increased epithelial and stromal compartments, compared to the CTR group (Figure 2A, 2B). On PND 540,
while we did not identify carcinoma in the CTR group (Figure 2C), the histopathological analysis confirmed
the presence of carcinoma in situ in the animals from the GLLP group selected for a mass spectrometry

analysis (Figure 2D).
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Figure 2. Representative histological sections of the VP lobes from the CTR and GLLP groups on PND
21 and 540, stained with hematoxylin-eosin (HE). Glandular growth in the GLLP group on PND 21 was
impaired compared to the CTR. At PND 540, the carcinoma in situ was highlighted by the dashed circle. S =

Stroma, L = Lumen, E = Epithelium, Scale bar: 500 pm.

Maternal LPD changed the proteomic profile in the prostate offspring at both ages

Figure 3 shows a total of 256 proteins identified in the VP by MS/MS approach on PND 21. Of
these, 158 proteins were significantly differentially expressed in the GLLP group compared to the CTR
group, including 138 and 20 proteins that were up- and downregulated, respectively. On PND 540, 366
proteins were significantly differentially expressed in the GLLP group compared to the CTR group,
including 135 and 141 proteins that were up- and downregulated, respectively. The complete list of proteins

is described in Supplementary File 1.
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143  Figure 3. Venn diagram. (A) Shared proteins between CTR and GLLP groups in PND 21 and 540. (B)
144 Shared proteins differentially expressed between the CTR and GLLP groups on PND 21 and 540. CTR =
145 Control; GLLP = Gestational and lactational low protein; PND = Postnatal day; up = upregulated proteins;

146  down = downregulated proteins.

147
148 Functional enrichment identified molecular pathways altered by maternal LPD in the offspring
149  prostate

150 Functional enrichment was performed for the set of downregulated and upregulated proteins
151 separately in both ages. The red and blue bars in Figure 4A demonstrate enriched terms for up and
152 downregulated proteins on PND 21, respectively. Upregulated proteins enriched terms related to protein
153 processing in the endoplasmic reticulum, antigen processing and presentation, metabolism of xenobiotics
154 by cytochrome P450, endocytosis, estrogen signaling pathway, longevity regulating pathway - multiple
155  species, apoptosis signaling pathway, chemical carcinogenesis, spliceosome, glutathione metabolism,
156 arachidonic acid metabolism, drug metabolism - cytochrome P450, and MAPK (mitogen-activated protein
157 kinase) signaling pathways. Downregulated proteins enriched terms related to cell cycle, Hippo signaling
158 pathway, FGF (fibroblast growth factor) signaling pathway, EGF (epidermal growth factor) receptor
159 signaling pathway, cytoskeletal regulation by Rho GTPase, apoptosis, cadherin signaling pathway, gap
160 junction, phosphatidylinositol 3' -kinase (P13K)-AKT signaling pathway, regulation of actin cytoskeleton,
161 tight junction, focal adhesion, RAP1 (Ras-proximate-1) signaling pathway, adherents junction, and p53
162  signaling pathway. Using a circus plot analysis, we identified the set of deregulated proteins (up and
163  down) associated with each enriched term on PND 21 (Figure 4B). On PND 540, the upregulated
164  proteins enriched terms related to the metabolism of xenobiotics by cytochrome P450, chemical
165  carcinogenesis, glutathione metabolism, drug metabolism - cytochrome P450, platinum drug
166  resistance, and protein processing in the endoplasmic reticulum. Downregulated protein- enriched
167  terms related to cytoskeletal regulation by Rho-GTPase, phagosome, gap junction, glycolysis/
168 gluconeogenesis, biosynthesis of amino acids, carbon metabolism, fructose galactose metabolism,
169  regulation of actin cytoskeleton, glycolysis, and cadherin signaling pathway (Figure 5A). Using a

170  circus plot analysis, we identified the set of deregulated proteins (up and down) associated with
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Figure 4. (A) Ontological enrichment of upregulated (red) and downregulated (blue) proteins on PND 21 by
KOBAs 3.0. All data were expressed as -Log10 (p-value). (B) Circus plot graphic identifying the top 10

enriched terms and the DEP associated with each term. The numbers in front of the bars mean the number of
proteins that enriched each term.
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identifying the top 10 enriched terms and the DEP associated with each term.
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The enrichment analysis from Ligand Perturbation UP/DOWN database showed that upregulated
proteins (in both PND 21 and 540) are associated with hormonal treatment, especially testosterone and
estrogen (Figure 6A, 6B). The set of downregulated proteins for both ages also enriched terms related to
exposure to testosterone and estrogen (Figure 7A, 7B). Overall, these results highlighted the involvement

of a hormonal imbalance on maternal LPD-induced prostate disorders in offspring.
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Figure 7. (A) Clustergram generated by Enrichr using upregulated proteins on PND 540. The red cells in
the matrix indicate the genes associated with each term. It was demonstrated the enriched terms with p-
value <0.05 (top 10). (B) Clustergram generated by Enrichr using downregulated proteins on PND 540.
The red cells in the matrix indicate the genes associated with each term. It was demonstrated the enriched
terms with p-value <0.05 (top 10).

Protein-Protein Interaction network

Protein-Protein interaction (PPI) network analysis demonstrated several clusters for up and
downregulated proteins on PND 21 and 540 (Supplementary Figures 1— 4). Based on these results, we
identified five principal clusters commonly deregulated in both ages: (1) RAB (Ras-related protein) 1,
RAB10, RAB15, RAB1A, RAB35, RAB8A, AND RABSB; (2) H2AFJ (Histone H2A.J), HIST1IH2AA,
HIST1H2AH, HIST1IH2AK, HIST1IH2AN, HIST2H2AC, and HIST3H2A; (3) GSTM2 (glutathione S-
transferase Mu 2), GSTM4 and GSTM7; (4) CALR (calreticulin), HSPAS (heat shock protein family A
member 5), P4HB (protein disulfide isomerase-4), PDIA6 (Protein Disulfide Isomerase Family A Member
6); (5) PRDX5 (peroxiredoxin-5) and TXN1 (thioredoxin 1). The cluster identified in commonly
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downregulated proteins on PND 21 and 540 was composed of HBA1 (hemoglobin Subunit Alpha 1), HBA-
A2, HBB, and HBE1 (Figure 8).
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Figure 8. Protein-protein interaction network between commonly upregulated proteins on both PND

21 and 540. Interactions of the identified proteins were mapped by searching the STRING database version
9.0 with a confidence cut-off of 0.7. In the resulting protein association network, proteins are presented as

nodes that are connected by lines whose thickness represents the confidence level (0.7-0.9).

In silico analysis confirmed the relationship between differentially expressed proteins (DEP)

and PCa in both rodent model and human samples

To give further insights into the role of maternal malnutrition on prostate carcinogenesis, we
compared our set of DEP with data from a transgenic PCa mouse model and data from The Cancer Genomic
Atlas (TCGA) patients with PCa taken from Gene Expression Profiling Interactive Analysis (GEPIA). In
the PB- Cre/PtenloxP/loxP, we identified a set of DEP commonly expressed in our samples, mainly on
PND 540 and in the prostatic tumors in all prostatic lobes. Interestingly, the percentage of commonly
deregulated targets between our samples and those from the PB-Cre/Ptenl oxP/loxP model increased with
aging (from PND 21 to 540) and with the aggressiveness of prostatic lesions (PND 21: PIN 3.6%; medium
5.0%; advanced 6.8% and PND 540: PIN 13.1%; medium 15.9%; advanced 21.3% (Figure 9A). Similar
results were obtained when our set of DEP was compared with data from patients with PCa (from 5.9% on
PND 21 to 12.0% on PND 540) (Figure 9B). We also identified six proteins (CALR, HIST2H2AC, HSPAS,

P4HB, and PDIAG) in the HPA database that showed increased immunostaining in PCa tumor tissue, while
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low or not detected in normal prostate tissue (Figure 9C). These results highlight the involvement of

maternal malnutrition in the deregulation of proteins involved in prostate tumors.
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Figure 9. (A) Heatmap showing the commonly differentially targets from our set of DEP and RNA-seq data
from ventral, dorsal, lateral, and anterior prostate lobes in the mice model of PCa (PB-Cre/PtenloxP/loxP).
The percentage of commonly deregulated targets increases as the prostatic disorders worsen (PIN to Medium
to Advanced PCa). (B) The commonly deregulated targets between our DEP and those extracted from RNA-
seq data by GEPIA. The percentage of commonly deregulated targets increases in the prostate of older
offspring. (C) Immunostaining of normal and prostate tumor samples for five commonly upregulated targets
in our samples and GEPIA database (http://gepia.cancerpku.cn/) using immunohistochemical data available

at the Human Protein Atlas database (https://proteinatlas.org/). PND: Postnatal day; VVP: Ventral prostate;
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Prostate cancer.
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Experimental validation of CALR as upregulated protein in offspring exposed to maternal

malnutrition

Based on the proteomic data (Supplementary File 1) and in silico analysis, we employed
immunohistochemical and RT-qPCR analyses to validate the CALR as an upregulated target in the
offspring VP born to dams fed with LPD in both PND 21 and 540. Immunostaining for CALR was more
evident in the GLLP group on both PND 21 (Figure 10C and 10D) and PND 540 (Figure 10G, 10H)
compared to the CTR group (Figure 10A, 10B, 10E, 10F) mainly in areas of carcinoma in situ. RT-gPCR
confirmed the upregulation of CALR gene expression in the GLLP group at both ages (Figure 101, 10J).
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Figure 10. Representative immunohistochemistry reaction for Calreticulin (CALR) in the VP lobes from
the CTR and GLLP groups on PND 21 (A-D) and 540 (E-H). RT-gPCR reaction for CALR in the VP
lobes from CTR and GLLP groups on PND 21 (1) and 540 (J). CTR = control; GLLP = gestational and
lactational low protein; PND = postnatal day. Data are expressed as fold change {plus minus} SD. Asterisks
(*) means the statistical difference between experimental groups with p <.05. Scale bar: 500 pm, and detail

50 um.

DISCUSSION

Although maternal exposure to adverse conditions has been identified as an essential window for
the development of non-communicable diseases in the progeny, there is a growing body of evidence
highlighting malnutrition during early life as a key environmental risk factor for the developmental origin
of some types of diseases such as some types of cancer, including breast and PCa in offspring [12-16, 18,
28— 30]. However, little data is supporting the molecular pathways associated with early life carcinogenesis

and understanding this aspect may be crucial to identifying and perhaps modulating molecular pathways

93



285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324

involved in the developmental origin of diseases, especially in those more vulnerable populations, who
have limited access to more expensive food components, such as proteins [31].

Consistent with our previous results [16, 32], the set of deregulated proteins identified in a mass
spectrometry analysis was associated with the molecular mechanism classically recognized as a potent
regulator of development, maintenance of tissue homeostasis, and disease. FGFs and EGFs act to regulate
glandular morphogenesis, cell proliferation, and differentiation and have secretory functions not only
during development but also during neoplastic transformation and tumor progression [33-38]. The Hippo
signaling pathway also plays a crucial role in the control of organ size, branching morphogenesis, and tissue
homeostasis by regulating cellular mechanisms such as cellular polarity, cell-cell contact, and cytoskeleton
organization [39, 40]. The enrichment of molecular pathways related to the endoplasmic reticulum function,
such as the metabolism of xenobiotic, chemical carcinogenesis, endocytosis, in addition to cell adhesion,
longevity, and apoptosis also highlights the involvement of these cellular and molecular mechanisms in
prostatic carcinogenesis [41-45]. The maintenance of these processes is crucial for glandular homeostasis.
As a consequence, the breakdown of these molecular mechanisms may also interfere with cell-cell adhesion
and metabolism, the maintenance of barriers between the blood and the epithelial and stromal
compartments, in addition to interfering within the dynamics of cellular differentiation, proliferation, and
migration, all mechanisms involved in the initial stages of carcinogenesis [46—49]. Our data also confirmed
the involvement of the estrogen signaling pathway in maternal malnutrition inducing early life prostate
carcinogenesis in rat offspring. Previous experimental evidence has demonstrated that early life exposure
to exogenous estrogenic compounds, such as BPA and Phthalates, may epigenetically reprogram prostate
developmental biology, lead to prostate carcinogenesis with aging [16, 50].

Protein-protein interactions play a crucial role in the control of cellular functions, signal
transduction, and metabolism; as such, understanding these interactions may help us to identify molecular
mechanisms involved in maternal malnutrition-induced prostatic disorders. The RAB family of proteins,
identified by a PPI network analysis, belongs to the RAS (rat sarcoma) superfamily of small GTPase. RAB
comprises a family of 66 members (the number of RAB-GTPases is conserved from yeast to humans) [51,
52], which function as molecular regulators essential for the localization and function of the membrane and
secretory proteins such as hormones, growth factors, and their membrane receptors. As such, RAB activates
several signaling pathways, including the MAPK pathway involved in cell growth and proliferation [53]
and the PISK/AKT/mTOR pathway that stimulates protein synthesis, cell growth, and inhibits apoptosis
[54]. Altered expression and the activity of RAB members have been implicated in the development of
several disorders, ranging from neurological disorders to diabetes [55]. Aberrant expression of RAB
proteins has also been described in multiple cancers, such as lung, brain, and breast. RAB 35, which
appeared to be deregulated in our study, can act as an oncogene [56]. The GTPase-deficient RAB35 mutant
(RAB35Q67L) activates the PI3K signaling pathway independently of growth factor stimulation and
suppresses apoptosis in human embryonic kidney HEK293E cells [57]. The cluster formed CALR, HSPADS,
PAHB and, PDIAG6 is a potential indicator of maternal malnutrition on the endoplasmic reticulum
dysfunction in the prostate of offspring since they act as the fundamental molecular machinery for correct
protein folding and Ca?* homeostasis. In a mouse model of caloric restriction (CR), Schafer et al. [58]

compared the influence of CR on the hippocampus at younger-adult and older-adult time points and
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identified the upregulation of HSPA1B, HSPAS5, PDIA4, PDIAG, and CALR. Other authors have also
associated the deregulation of these proteins in several types of cancer, including breast carcinoma,
hepatoma cells, non-small cell lung cancer, and glioma [59-63]. Although epigenetic modifications of
histones, such as histone lysine methylation and demethylation, histone lysine acetylation and deacetylation
have been implicated in the modulation of gene expression in the physiological and pathological conditions
[64, 65], deregulation of histone expression itself has also been described in several types of malignancies.
Xie et al. [66] demonstrated upregulation of hub genes formed by HIST1H1B, HIST1H2AJ, HISTIH2AM,
HIST1H2BI, HIST1H2BO, HIST1H3B, HIST1H3F, HIST1H3H, HIST1HAC, and HIST1H4D in breast
cancer, indicating that higher expression of these histones was associated with poor overall survival,
relapse-free survival, and distant metastasis-free survival. Interestingly, we also observed an increased
expression of HIST1 gene members (HISTIH2AA, HIST1IH2AH, HIST1H2AK, HIST1H2AN) in the VP
of both young and older rats exposed to maternal LPD. This result highlights the potential involvement of
the upregulation of histone proteins on prostatic disorders.

Another cluster is formed by enzymes acting in response to oxidative stress as GST, PRDX, and
TXNL1. The superfamily of GSTs acts in several mechanisms of cellular detoxification, resistance to
anticancer drugs, pollutants, and chemicals [67], and the overexpression of GSTs is also associated with
the presence of an inflammatory process [68]. It has been demonstrated that low expression of GSTs
increases reactive oxygen species in spermatozoids, leading to a degradation of the plasma membrane and
a loss of sperm viability [69— 71]. In the prostate gland, GSTs are mainly expressed in the basal cells [72],
and their overexpression is associated with epithelial disorders [73], DNA oxidation, and methylation [74,
75]. PRDX-5 is known to act as a redox sensor in the cytosol and several cellular compartments, and
silencing it makes the cell more susceptible to DNA damage and apoptosis [76]. In gastric cancer,
overexpression of PRDX5 alters the epithelial to mesenchymal transition (EMT) mechanism, with a poor
prognosis for patients [77] being correlated. TXN recycles oxidized PRDXs, and this function is essential
to balance intracellular oxidative stress [78, 79]. The increased expression of TXN in prostate tissue has
been positively correlated with the progression of Gleason score in patients with PCa [80], indicating that
transformed cells express higher levels of Trx 1 compared with normal cells. On the other hand, the
treatment of prostate cancer cells with natural bioactive compounds reduces TXN expression, collaborating
with the apoptosis of these cells [81]. Thus, the high expression of TXN in the prostate of maternal LPD
offspring could be related to the development of carcinoma in situ, as observed in older rats.

Considering that groups of interacting proteins are deregulated in both younger and older
undernourished offspring, it is possible that histones and RAS-GTPase families and proteins related to
oxidative stress, besides those involved with endoplasmic reticulum metabolism and function, may
participate in the long-term effect of maternal malnutrition on the prostate of offspring. These results
become more relevant with the identification of several of these proteins in patients and mice model of PCa

by in silico analysis.

CONCLUSIONS

In the present study, we show that maternal exposure to low protein diet deregulated molecular

pathways involved in prostate development early in life, which may act as risk factors for prostate
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carcinogenesis with aging. Estrogenic signaling pathways, endoplasmic reticulum functions related to
detoxification, energy metabolism, and molecular sensors of protein folding and Ca?* homeostasis, besides
histone, and RAS-GTPase family of proteins appear to be involved in this process. Knowledge of these factors
may raise discussions regarding the role of maternal dietary intervention as a favorable public policy for the

lifelong prevention of chronic diseases.

MATERIALS AND METHODS

Animals and experimental design

The detailed experimental design is described by Santos et al. [16]. Briefly, after the determination
of pregnancy on gestational day 1 (GD1), pregnant rats were distributed into two experimental groups
(n=6/group): Control (CTR): dams fed a normal protein diet (17% protein) and gestational and lactational
low protein (GLLP): dams fed a low protein diet (LPD) during gestational and lactational periods. Normal
and LPD diets were provided by PragSoluc@es (PragSolucdes, SP, Brazil). All diets were isocaloric and
normosodic (Supplementary Table 1). The male offspring were euthanized on a postnatal day (PND) 21
(weaning) (n=12/group) and PND 540 (n=12/group). The offspring, which were euthanized on PND 540,
had free access to a normal protein diet after weaning until the end of the experiment. The animals were
euthanized by an overdose of anesthesia (ketamine/xylazine) followed by decapitation, weighing, and the
blood and ventral prostate (VP) were collected and processed by a different analysis as described below.
The body weight, and VP weight, and hormonal levels were analyzed using a Student t-test, and statistical
differences were considered when p < 0.05. The animal procedures were approved by the Biosciences
Institute/UNESP Ethics Committee for Animal Experimentation (Protocol #573) following the ethical
animal research principles and the Brazilian legislation established by the Brazilian Council of Control in

Animal Experimentation.

Hormone analysis

Blood samples from offspring (n=12/group) were centrifuged (2400 g for 20 minutes), and sera
were used to determine the concentrations of estrogen (17B- estradiol, Monobind®, 4925-300 CA, USA
sensitivity: 6.5 pg/mL) and testosterone (17B-hydroxy-4- androstene-3-one, Monobind®, 3725-300A, CA.
sensitivity: 0.038 ng/mL). The hormonal qualifications were determined in 96-well plates using the ELISA

plate reader (Epoch™, Biotek Instruments, VT, USA) following the manufacturers' protocol.

Selection of prostate samples for mass spectrometry analysis

In a previous study, Santos et al. [16] demonstrated that maternal exposure to LPD induced a delay
in prostatic growth on PND 21, which was associated with prostate carcinogenesis in older rats on PND
540. Slides of the left VP lobes (n=3/group) were stained with hematoxylin-eosin (HE) and analyzed using
a Leica DMLB 80 microscope To exemplify the histological characteristics of the VP lobes from the CTR
and GLLP groups on PND 21 and 540. Based on these results, the contralateral right VP lobes (n=3/group)

from each group were submitted to mass spectrometry.
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Immunohistochemistry

Histological sections of 5 um (n = 6 per group) were processed as described by Santos et al. [16].
After the initial steps, the slides were boiled for 30 min in 10 mM sodium citrate solution (pH 6.0) for
antigen retrieval. Prostatic sections were blocked in 5% nonfat milk diluted in phosphate-buffered saline
(PBS) and incubated with anti-Calreticulin antibody (ab2908) specific primary antibody overnight at 4°C.
Slides were washed in PBS and incubated for one hour at room temperature in horseradish peroxidase
(HRP)- conjugated secondary antibody. The slides were washed, and the reaction was developed using 3,3'-
Diaminobenzidine (DAB, Sigma) and counterstained with hematoxylin for 30 seconds. The reactions were

analyzed using a Leica DMLB 80 microscope.

RT-gPCR

Prostate samples (n= 6 per group) from all experimental groups on PND 21 and PND 540 were
used to total RNA extraction using TRIzol® Reagent (ThermoFisher aScientific) according to the
manufacturer's recommendations. RNA integrity was evaluated by capillary electrophoresis using a 2100
Bioanalyzer (Agilent). Only samples with an RNA integrity number (RIN) > 7.0 were used. The extracted
RNA was treated with DNase | (Amplification Grade; ThermoFisher Scientific). The synthesis of cDNA was
performed using a High-Capacity cDNA Archive Kit (ThermoFisher Scientific) according to the
manufacturer's guidelines. Expression levels of CALR mRNA were measured by RT-qPCR using the
QuantStudio™ 12K Flex Real-Time PCR System (Thermo Fisher Scientific). All qPCRs performed were
compliant with the Minimum Information for Publication of Quantitative Real-Time PCR experiments (MIQE)
guidelines [82]. The cDNA samples were amplified using SYBR® Green Master Mix (ThermoFisher Scientific),
and specific primers were synthesized by Invitrogen to the CALR gene, forward:
GCCAGACACTGGTGGTACAGTTC reverse: CGCCC CCACAGTCGATATT. Relative quantification of
expression was performed by the 2724¢t method [83] using DataAssistTM v3.01 software (Thermo Fisher
Scientific). According to the expression stability among all samples, the reference gene GUSB (B-
glucuronidase) and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) were used to normalize mRNA

expression.

Mass spectrometry

The mass spectrometry protocol was based on a previous study by Gabriel Kuniyoshi et al. [84],
Dionizio et al. [85], and Da Silva-Gomes et al. [86], with modifications. Briefly, protein extraction was
carried out by homogenizing three VVPs lobes from each experimental group on PND 21 and 540 in
extraction buffer containing 0.01 M Tris-HCI, 0.005 M phenylmethylsulfonyl fluoride, 1% protease
inhibitor, 0.065 M dithiothreitol, 8 M urea (in a proportion of 30mg tissue/100 pg buffer). The homogenate
was vortexed for 2-3 min and centrifuged for 15 min at 9,690 g and 4°C. The supernatant was recovered,
and the total protein was quantified by Bradford assay using the BSA standard [87]. Samples were grouped
to constitute three pools of 50 ug proteins each in a total of 50 uL (1 ug/uL). Next, the samples were
incubated for 60 min at 37°C with 10 pL of 50 mM ammonium bicarbonate and 25 ul of 0.2% surfactant
solution, followed by incubation with 2.5 puL of 0.1 M dithiothreitol for 40 min at 37°C.

Carbamidomethylation was performed with 2.5 pL of 0.3 M iodoacetamide, incubated for 30 min at
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room temperature, and protected from light. Then, samples were subjected to proteolytic digestion
overnight at 37°C using 0.05 pg/uL trypsin diluted in 0.05 M Ammonium bicarbonate, followed by
incubation with 10 pL trifluoroacetic acid 5% for 90 min at 37°C. The samples were centrifuged at 14,000
RPM 4°C for 30 minutes. After this step, the samples were desalted using Sep-Pak Vac C18 (Waters
Manchester, UK) columns, reduced in a concentrator, and maintained at - 20°C until the time of analysis

by mass spectrometry.

The analysis of the tryptic peptide was performed using the nanoACQUITY UPLC system
(Waters, Manchester, UK) coupled to a Xevo Q-TOF G2 mass spectrometer (Waters, Manchester, UK)
equipped with nanoACQUITY HSS T3, analytical reverse-phase column (75umX150 mm, 1.8um particle
size, Waters) previously equilibrated with 7% of mobile phase B (100% ACN + 0.1% formic acid). The
peptides were separated by a linear gradient of 7-85% mobile phase B for 70 min at a flow rate of 0,35
uL/min, and the column temperature was maintained at 45°C. The MS was operated in positive ion mode,
with a data acquisition time of 75 min. The data obtained were processed using the software Protein Lynx
Global Server (PLGS) version 3.03 (Waters Co., Manchester, UK). Protein identification was obtained using
an ion count algorithm incorporated into the software. The data obtained were searched in the database of
the species Rattus norvegicus downloaded from the UniProt catalog (Universal Protein Resource) in

December 2017 (https://www.uniprot.org/). Differentially expressed proteins (DEP) between experimental

groups were obtained using PLGS software, considering p < 0.05 for downregulated proteins and p > 0.95

for upregulated proteins.

Functional annotation analysis

KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/) was used to determine the enrichment pathways related
to our DEP in the KEGG (https://www.genome.jp/kega/) and PANTHER (http://pantherdb.org) databases.

The cut-off criterion used was an adjusted p-value < 0.05. Also, we used the Ligand Perturbation database

from the Enrichr tool (http://amp.pharm.mssm.edu/Enrichr) to compare the set of DEP from those extracted

from GEO comparing human or mouse cells before and after treatment with endogenous ligands. We used
the top 10 most enriched terms with a p-value < 0.05 [88]. The STRING tool (http://string-db.org/) was

used to construct the protein-protein interaction (PPI) network associated with our DEP by searching
neighbor interactors with our imputed proteins. To avoid false positive interactions, we selected a high

confidence score (0.7), associated with experiments and a database as two stringent evidence channels [89].

Relevance of deregulated proteins in human and mouse model of PCa: in silico validation

To give further insights into the relationship between maternal malnutrition and PCa, we compared
our set of DEP with RNA-seq data from a transgenic mice model for PCa: PB-Cre/Pten'™®'® |n this study,
Jurmeister et al. [90] described data from the RNA-seq of four prostate lobes (ventral, anterior, dorsal, and
lateral) at different stages of tumorigenesis: low-grade prostate intraepithelial neoplasia (PIN), medium-
stage tumors (Medium) and advanced-stage tumors (Advanced). The dataset was downloaded from the

NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih. gov/geo/), accession number GSE94574. We

considered differentially expressed genes: <-1.3 Log2FC > 1.3, adjusted p-value < 0.05. We also identified

differentially expressed genes between normal from Genotype-Tissue Expression (GTEx) with 221
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patients/samples and PCa human samples extracted from RNA-seq data using Prostate Adenocarcinoma
(TCGA, PanCancer Atlas) with 488 patients/samples data analyzed using the GEPIA database (Gene
Expression Profiling Interactive Analysis) (http:// gepia.cancer-pku.cn/) [91]. We considered differently

expressed genes with < -1 Log2FC > 1 and g-value < 0.05. This set of genes was compared with our DEP
to identify possible molecular mechanisms shared by our samples and those from human PCa. Additionally,
the commonly upregulated proteins identified in our sample and RNA-seq of prostatic tumor samples
identified by GEPIA were submitted to The Human Protein Atlas (HPA) (https://www.proteinatlas.org/)

database to demonstrate the distribution and localization of these proteins in normal and tumor samples by
immunohistochemistry.
Data representation and analyses

Bar plots were constructed using GraphPad Prism (GraphPad Software). We used the webserver

http://bioinformatics.psb.ugent.be/webtools/Venn/ to plot the Venn diagrams. Heat maps were created

using the web tool Morpheus [92] (https://software. broadinstitute.org/morpheus), and circus plots were

generated in environment R with package ‘circlize' [93].
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Supplementary Figure 1. Protein-protein interaction network between upregulated proteins on
PND 21. Interactions of the identified proteins were mapped by searching the STRING database version

9.0 with a confidence cut-off of 0.7. In the resulting protein association network, proteins are presented as
nodes that are connected by lines, whose thickness represents the confidence level (0.7-0.9)
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Supplementary Figure 2. Protein-protein interaction network between downregulated proteins on
PND 21. Interactions of the identified proteins were mapped by searching the STRING database version
9.0 with a confidence cut-off of 0.7. In the resulting protein association network, proteins are presented as
nodes that are connected by lines whose thickness represents the confidence level (0.7-0.9).
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Supplementary Figure 3. Protein-protein interaction network between upregulated proteins on PND
540. Interactions of the identified proteins were mapped by searching the STRING database version 9.0 with
a confidence cut-off of 0.7. In the resulting protein association network, proteins are presented as nodes that
are connected by lines, whose thickness represents the confidence level (0.7-0.9).
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Supplementary Figure 4. Protein-protein interaction network between downregulated proteins on
PND 540. Interactions of the identified proteins were mapped by searching the STRING database version
9.0 with a confidence cut-off of 0.7. In the resulting protein association network, proteins are presented as
nodes that are connected by lines, whose thickness represents the confidence level (0.7-0.9).
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Supplementary Table

Supplementary Table 1. Composition of the control (CTR) (AIN-76A) and low protein diet (LPD) (AIN-93).

Ingredients Normal (CTR) diet (17% of Low protein diet (6% of
protein) g/Kg protein) g/Kg
Casein (84% protein) 202 715
Starch 397 480
Dextrin 130.5 159
Sucrose 100 121
L-cystine 3 1
Fiber of pH 101 or pH 102 (microcellulose) 50 50
Soyoil 70 70
Mixtureofvitamins AIN93G* 10 10**
Mixtureofsalts AIN93G* 35 35%**
Choline hydrochloride or Choline bitartrate 2.5 2.5

* To know the detailed composition of the salt and vitamin mix, see REEVES et al., 1993. The diet is elaborated by the
company PragSolucdes (PragSolugdes, Jad, SP, Brazil).
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Supplementary Files
Please browse Full Text version to see the data of Supplementary Files 1 and 2.

Supplementary File 1. Total protein identified by mass spectrometry analysis and the list of
DEP in the CTR and GLLP groups on PND 21 and 540.

Supplementary File 2. Identification of up and downregulated proteins in the CTR and GLLP
groups on PND 21, and 540 that enrichment each molecular term by KOBAs 3.0. Data were presented
as p-value, corrected p-value, -Log10 of the p-value, identification, and number of proteins that enriched

each molecular term.
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Campus de Botucaty

Certificado

Certificamos que o projeto intitulado “Andlises globais
integrativas da préstata ventral de ratos submetidos a restricio
proteica materna e suas repercussdes com o envelhecimento”,
Protocolo n°® 949-CEUA, sob a responsabilidade de Luis Antdnio
Justulin Junior, que envolve a producdo, manutencio e/ou
utilizacdo de animais pertencentes ao filo Chordata, subfilo
Vertebrata (exceto o homem), para fins de pesquisa cientifica (ou
ensino) - encontra-se de acordo com os preceitos da Lei n°
11.794, de 9 de outubro de 2008, do Decreto n° 6.899, de 15 de
julho de 2009, e com as normas editadas pelo Conselho Nacional
de Controle da Experimentacdo Animal (CONCEA), e foi aprovado
pela COMISSAO DE ETICA NO USO DE ANIMAIS (CEUA), nesta
data.

Finalidade: ' () Ensino ~ (x) Pesquisa Cientifica
Vigéncia do Projeto: | Incio: 02/5/2017  Término: 02/5/2019
Espécie/linhagem:  Rato Sprague Dawley '

N° de animais: 340

Peso: 40-450g Idade: 21 a 540 dias

Sexo: Macho '

Origem ' Centro de Bioterismo da Universidade Estadual de Campinas

UNICAMP - Campinas/SP

Botucatu, 10 de fevereiro de 2017.

Presidente da CEUA

insctatn de S.‘of-n:u/n rtosfa Téenicn Aadéauca
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