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Resumo 

Nas últimas décadas, foi observado aumento na incidência de câncer na população. 

Estudos mostram que o câncer pode se originar de insultos sofridos por indivíduos 

durante a vida intrauterina, visto que que este período é caracterizado pela capacidade 

do embrião/feto em se adaptar às mudanças ambientais, alterando a expressão gênica 

por mecanismos pós-transcricionais. Já foi demonstrado que a restrição proteica materna 

promove a carcinogênese da próstata em ratos idosos; No entanto, há falta de 

informações sobre o mecanismo molecular envolvido nesse processo. Assim, 

objetivamos identificar os possíveis microRNAs desregulados em ratos jovens 

programados e localizar seus possíveis alvos associados à carcinogênese da próstata. 

Para isso, ratos machos Sprague Dawley nascidos de mães alimentadas com dieta 

padrão (17% de proteína), grupo controle (CTR), ou dieta pobre em proteínas (6% de 

proteína), grupo gestational and lactational low protein diet (GLLP), durante a gestação 

e lactação foram sacrificados no dia pós-natal 21. O sangue foi coletado para analises 

hormonais e a próstata ventral foi processada para morfologia e por sequenciamento, 

HigSeq -2500 Illumina, para determinar o perfil do microRNoma. Dados de 

sequenciamento de miRNAs de pacientes com câncer de próstata, oriundos do the 

cancer genome atlas (TCGA), foram reanalisados para comparação com os resultados 

de ratos. Além disso, foi realizada a transfecção do miR-33 em células PNT-2 para avaliar 

a expressão de seus alvos e a viabilidade celular após tratamento através da técnica de 

MTT.  Assim, foi observado atraso no desenvolvimento da próstata ventral e aumento 

dos níveis de testosterona e expressão de estrogênio em ratos GLLP. Além disso, 20 

miRNAs foram identificados como diferencialmente expressos, 6 down regulados e 14 

up regulados. Os resultados de enriquecimento para miRNAs down regulados estão 

relacionados às vias do câncer e da angiogênese, enquanto os miRNAs up regulados 

estão enriquecendo vias de retículo endoplasmático e de carcinoma. A reanálise do 

sequenciamento de miRNA de TCGA revelou 7 em comum com o grupo GLLP. Um deles 

é o miR-33 que, além de ser down regulado na próstata, também é desregulado no 

testículo, na glândula adrenal e no fígado, dados gerados através do RTq-PCR. Sua 

supra expressão nas células transfectadas causou uma diminuição na viabilidade celular 

e seu alvo, CYP1B1, é uma enzima importante no metabolismo do estrogênio, que pode 

levar à carcinogênese mediada por mudanças nos níveis hormonais e transformação do 

estradiol. Concluímos que o miR-33 é um alvo importante para explicar as alterações 

causadas pela LPD materna podendo, ser considerado um considerável biomarcador por 

ser desregulado em vários órgãos analisados. 

Palavras-Chave: Programação Fetal, Câncer de Próstata e MicroRNAs  
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Capítulo 1: Revisão Bibliográfica 

1.1 Programação Fetal 

A boa nutrição é fundamental para a manutenção da saúde, sendo que nenhum 

país pode alcançar a cobertura universal de saúde sem investir em ações que garantam 

a nutrição essencial de sua população.  A má alimentação é uma das maiores causas de 

comorbidade e morte no mundo, mais que o Tabaco e a hipertensão (AFSHIN et al., 

2019). Além disso, está relacionada com o aumento do risco de doenças infecciosas, 

como pneumonia, diarreia, sarampo e tuberculose, assim como o aumento de doenças 

no coração, câncer, diabetes além de mortes neonatais (BLACK et al., 2013; CAULFIELD 

et al., 2004; HOFFMAN et al., 2020; PELLETIER et al., 1995; PORTELA et al., 2021). 

Em 2017, 56% das mortes de crianças com menos de 5 anos foram atribuídas à má 

nutrição materna (INSTITUTE FOR HEALTH METRICS AND EVALUATION (IHME), 

2018). Estudos vem mostrando que a má nutrição materna pode estar relacionada com 

o aparecimento de doenças crônicas na vida adulta dos filhos, mostrando que a origem 

dessas doenças pode se dar a partir de insultos sofridos durante o período 

embrionário/fetal. Esse processo ficou conhecido como Programação Fetal (PF) 

(BARKER, 2007; MERICQ et al., 2017; PINHO et al., 2014; SANTOS et al., 2019).  

Um dos primeiros pesquisadores a estudar a PF foi Ravelli e colaboradores em 

1976 (RAVELLI; STEIN; SUSSER, 1976). Eles fizeram um estudo coorte retrospectivo 

com 300.000 pessoas que foram expostas à fome holandesa durante o período pré-natal 

e logo após o nascimento. A Fome Holandesa Aconteceu em 1944-45 durante a 

Segunda Guerra mundial que por conta da invasão alemã e pelo congelamento do mar 

impedindo a chegada de navios, a população ficou sem abastecimento de comida e 

passou a ter uma alimentação de 400-800 calorias diariamente. Ravelli e colaboradores 

(1976) observaram que se o feto foi exposto à restrição alimentar durante o último 

trimestre de gestação, ele apresentava uma menor probabilidade de obesidade por esse 

período ser um período crítico para o desenvolvimento de tecido adiposo. Porém, se a 

restrição alimentar acomete o feto durante a primeira metade da gestação o quadro 

muda, tendo maior probabilidade de obesidade pois a restrição alimentar afeta o centro 

hipotalâmico responsável pela saciedade e crescimento fetal. Após este período, a 
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alimentação deixou de ser restrita e levou a um excesso de gordura no organismo o que 

ocasiona um maior crescimento e aumento de células adiposas (RAVELLI; STEIN; 

SUSSER, 1976).  

Além de Ravelli, o epidemiologista inglês David Barker também encontrou 

resultados pertinentes. Em 1989, BARKER e seus colaboradores relacionaram o baixo 

peso ao nascimento com mortes por doenças cardíacas na vida adulta (BARKER et al., 

1989). Em outro estudo demonstraram que pacientes com baixo peso ao nascimento, 

associado com maior tamanho de placenta apresentam maior pressão arterial na vida 

adulta (BARKER et al., 1990). Além disso, estudos vem mostrando que a restrição 

alimentar materna pode levar a modificação do metabolismo de colesterol,  afetar níveis 

de insulina podendo iniciar um estado de resistência à insulina e levar ao Diabetes 

mellitus do tipo 2 (DM2) na vida adulta (BARKER et al., 1993; BARKER, 1997). Por 

apresentar baixo peso ao nascimento elas passam por um período de crescimento 

acelerado (catch-up growth) (FITZHARDINGE; STEVEN, 1972), o que contribui para 

aumentar o risco de sobrepeso e obesidade já na infância. Ainda não se sabe quais 

fatores determinam o crescimento acelerado no período pós-natal. No entanto, alguns 

estudos sugerem que esse tipo de crescimento pode estar associado a fatores inerentes 

ao período intrauterino e, consequentemente, as características e hábitos maternos 

durante a gravidez. 

Através destes e outros estudos se originou a Hipótese de Barker, e com o passar 

do tempo, a ideia de programação fetal se estendeu para outros períodos, além do 

período fetal, e não ficou restrita ao processo de doença, mas à saúde também, 

originando a denominada Developmental Origins of Health and Disease (DOHaD) 

(GLUCKMAN; HANSON; BUKLIJAS, 2010; SCHULZ, 2010). 

1.2 Programação Fetal e baixa ingesta de Proteína 

A organização alimentar e agrícola das nações unidas mostra que em países da 

Europa, Oceania e América do Norte as pessoas se alimentam em média de 100 gramas 

(g) de proteínas por dia. Os países do sul da Ásia, África Subsaariana e América do Sul 

tem uma média de 50 a 90 g de proteína. No entanto, a maioria dos países de baixa 

renda está dentro da faixa entre 30-60 g dia (UNITED NATIONS FOOD AND 
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AGRICULTURAL ORGANIZATION (FAO), 2020). A porcentagem mínima de proteína 

recomendada pela organização mundial de saúde é de no mínimo 0,8 g/dia de proteína 

por quilograma de peso para um indivíduo adulto, sendo que para gestantes e lactantes 

essa recomendação aumenta. Assim, um dos grandes fatores que levam a má nutrição 

é a ausência de proteína na alimentação, seja este um fator cultural ou socioeconômico. 

Além de que, diversos modelos tem sido utilizados para melhor conhecimento dos efeitos 

da PF, sendo o mais utilizado a dieta hipoproteica oferecida durante a gestação e 

lactação,  principalmente utilizando-se de modelos com animais de laboratório 

(COLOMBELLI et al., 2017; DE BRITO ALVES et al., 2016; OZANNE; HALES, 2004; 

PINHO et al., 2014). Segundo o Instituto Americano de Nutrição para dietas de ratos o 

indicado é que a ração tenha pelo menos 12% de proteína. A maioria dos estudos com 

programação fetal por restrição proteica utiliza valores de 6-8% de proteína para os 

animais restritos contra 20-22% para os animais controle. 

Estudos vem mostrando que a prole de mãe que se alimenta com baixa 

quantidade de proteína tem menor peso ao nascimento, seguido pelo conhecido catch-

up growth (crescimento acelerado), resistência à insulina e DM2 na vida adulta, 

diminuindo a expectativa de vida destes individuos (EMBLETON et al., 2016; 

MCMILLEN; ADAM; MÜHLHÄUSLER, 2005; PETRY et al., 2001). Quando a dieta 

hipoproteica vem seguida de um estilo de vida desfavorável como o consumo de uma 

dieta hiperlipídica, sedentarismo e consumo de alimentos processado, os quadros 

clínicos são agravados (DEARDEN; OZANNE, 2014; KWON et al., 2012; OZANNE; 

HALES, 2004).  

O consumo de uma dieta hipoproteica também exibe resistência à insulina em 

tecido adiposo (TARRY-ADKINS et al., 2015), fibrose e esteatose hepática e um 

processo inflamatório aumentado (KWON et al., 2012; TARRY-ADKINS et al., 2016). Há 

redução de crescimento de diferentes órgãos, dislipidemia, elevação da pressão sistólica 

(hipertensão), disfunção renal e vascular (BLACK et al., 2015; DE BRITO ALVES et al., 

2016; FALCÃO-TEBAS et al., 2012; LEANDRO et al., 2012). Acarreta menor número de 

néfrons no rim (HABIB et al., 2012; SENE et al., 2013), menor quantidade de células 

beta-pancreática e de ilhotas de Langerhans no pâncreas (CALZADA et al., 2016; DAHRI 
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et al., 1991), proporção alterada entre os tipos celulares e aumento de estresse oxidativo 

(BURNS et al., 1997; TARRY-ADKINS et al., 2016; VEGA et al., 2016), menor número 

de neurônios que controlam o apetite no hipotálamo (PLAGEMANN et al., 2000) e menor 

número de alvéolos pulmonares (ZANA-TAIEB et al., 2013). Em conjunto, estes dados 

demonstram que o status nutricional durante o desenvolvimento pré e pós-natal alteram 

o metabolismo da prole e a morfofisiologia de diferentes órgãos e sistemas, sendo que 

as consequências podem ser observadas tanto ao nascimento, como a longo prazo. 

1.3 Próstata e a programação Fetal por baixa ingesta de proteína 

A próstata é uma glândula exócrina acessória do sistema genital cujo 

desenvolvimento e homeostasia encontram-se sob controle androgênico (BIANCARDI et 

al., 2017; CUNHA et al., 1985; ZAVIACIC; ABLIN, 2000). Ela secreta um complexo 

proteolítico composto por fosfatase ácida, ácido cítrico, fibrinolisina, enzimas específicas 

e outros componentes do fluido seminal que auxiliam no sucesso reprodutivo 

(AUMÜLLER; SEITZ, 1990; MARKER et al., 2003).  

A próstata está localizada no compartimento subperitoneal, anterior ao reto e 

inferior à bexiga urinaria (SCHAUER; ROWLEY, 2011). Estudos mostram que ela possui 

três zonas morfologicamente distintas: (1) zona periférica (região com maior 

acometimento de câncer), (2) zona de transição e (3) zona central, além de uma região 

não glandular, o estroma fibromuscular anterior (Figura1.A) (LOWSLEY, 1912).  

Já a próstata de roedores apresenta quatro lobos: lobo anterior (PA), lobo ventral 

(PV), lobo dorsal e lobo lateral, sendo os dois últimos também chamados de lobo 

dorsolateral (PDL) (Figura 1B). Cada lobo é localizado em posição específica em torno 

da uretra (LOWSLEY, 1912). Se fizermos uma homologia com a próstata humana, o lobo 

anterior corresponde á zona central da glândula e o lobo dorsolateral a zona periférica. 

O lobo ventral não apresenta nenhuma homologia com a próstata humana, porém, é o 

mais responsivo a andrógeno, de rápido e fácil acesso, além de geralmente não 

desenvolver prostatite, por essas e outras razões, este é o lobo mais estudado (ROY-

BURMAN et al., 2004). 
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Figura 1. Organização anatômica da próstata. A. Próstata humana. B. Próstata de camundongo. Imagem A 

retirada do site https://www.urologyhealth.org/urologic-conditions/prostatitis-(infection-of-the-prostate) 

Acesso:03/08/2020 e imagem B adaptada de (AHMAD; SANSOM; LEUNG, 2008). 

 

Nos camundongos e ratos, o desenvolvimento prostático tem início por volta do 

17º dia de gestação e, no humano entre 9-10 semanas de gestação (WELSH et al., 

2008). A próstata se desenvolve através de um processo conservador, denominado de 

morfogênese de ramificação, onde pequenos brotos se projetam a partir do epitélio do 

seio urogenital (USG). Particularmente no rato, a síntese de testosterona pelos testículos 

fetais tem início entre os dias 13-14 da gestação (DG) (WILSON et al., 1983). Em 

resposta aos andrógenos, o epitélio do UGS passa a expressar Sonic hedgehog (Shh), 

que por sua vez estimula expressão do gene homeobox Nkx3.1 no DG15.5, dois dias 

antes de surgirem os primeiros brotos prostáticos (WILHELM; KOOPMAN, 2006). Depois 

do nascimento, ocorre alongamento dos brotos e início da morfogênese com a formação 

dos ductos glandulares (PRINS et al., 1992), visto que em ratos a maior parte do 

desenvolvimento acontece durante os primeiros 15 dias pós-natal (DPN) enquanto que, 

em humanos o desenvolvimento é quase todo durante a vida intrauterina (TIMMS; 

MOHS; DIDIO, 1994). Em ambos, esse processo se estende até que a maturidade sexual 

seja atingida com a puberdade (MARKER et al., 2003) (Figura 2). 

 

https://www.urologyhealth.org/urologic-conditions/prostatitis-(infection-of-the-prostate)
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        Figura 2. Estágios do desenvolvimento da próstata de rato e humano. Imagem de (PRINS; PUTZ, 2008). 

A próstata apresenta uma complexa rede de ducto, que nada mais é do que uma 

região de lúmen revestido por células epiteliais secretoras, que possuem polaridade 

apical-basal e são responsáveis pela síntese e secreção de proteínas e fluidos para o 

lúmen prostático (MARKER et al., 2003).  As células epiteliais se organizam de forma 

a dar a característica histológica de glândula túbulo-alveolar composta, o seu epitélio 

usualmente é colunar alto, porém pode haver alteração dependendo do estado 

funcional da glândula (DERMER, 1978) (Figura 3). O componente estromal engloba 

todos os elementos celulares e extracelulares que estão fora da lâmina basal epitelial 

como a camada fibromuscular que cerca a glândula. Além da camada muscular, o 

estroma também apresenta fibroblastos, vasos sanguíneos e os pericitos associados, 

células imunitárias, terminações nervosas e vasos linfáticos, os quais são incorporados 

a uma matriz extracelular colagenosa (AUMÜLLER; SEITZ, 1990). 

 

                       

 

 

 



 

21 

 

Figura 3. Esquema da glândula prostática. Imagem de Mateus Betta de Oliveira. 

Portanto, além de sua importância para a fertilidade, nos últimos anos a próstata 

tem despertado grande interesse médico-científico pela alta incidência de distúrbios, 

principalmente a hiperplasia prostática benigna (HPB) e o câncer de próstata (CaP) 

(DASGUPTA; SRINIDHI; VISHWANATHA, 2012). O CaP é a terceira causa de óbitos 

por câncer entre homens no mundo e é o segundo mais incidente (Tabela 1)(“Global 

Cancer Observatory” acess:26/05/2021).  

Frente a isso e considerando que o período intrauterino é caracterizado pela 

capacidade do embrião/feto em se adaptar às mudanças ambientais, alterando a 

expressão gênica por mecanismos pós-transcricionais, vários autores demonstraram o 

impacto negativo de alterações do ambiente intrauterino sobre o desenvolvimento e 

fisiologia prostática. Ratos do DPN 21 submetidos a restrição proteica materna 

apresentaram menor peso prostático, com diminuição do tamanho nos ácinos da PDL 

(RAMOS et al., 2010). Pinho et al. (2014) também observaram atraso no 

desenvolvimento prostático associado com diminuição de proliferação celular na prole 

de animais submetidos ao mesmo protocolo e analisados no DPN 1.  



 

22 

 

Tabela 1. Distribuição proporcional dos dez tipos de câncer mais incidentes estimados para 2020 em homens, 

exceto pele não melanoma, (https://gco.iarc.fr/) acesso: 26/05/2021. 

Nosso grupo de pesquisa demonstrou recentemente que a restrição proteica 

perinatal reduziu o processo de angiogênese prostática, levando a menor troca de 

moléculas entre os vasos e os compartimentos epitelial e estromal, impactando 

negativamente o desenvolvimento glandular. Estes resultados foram relacionados à 

menor concentração de testosterona, insulina e fator de crescimento semelhante à 

insulina tipo 1 (IGF-1) circulante, com efeitos negativos sobre os índices de proliferação 

e diferenciação do epitélio glandular (COLOMBELLI et al., 2017). Mais recentemente, 

observamos que ratos com 540 dias de idade que sofreram restrição proteica na 

gestação e lactação apresentaram maior incidência de lesões prostáticas, com aumento 

na incidência de neoplasia intraepitelial (SANTOS et al., 2019). Estes dados demonstram 

que a restrição proteica materna é suficiente para desencadear um aumento de 

incidência de lesões prostáticas na prole durante o envelhecimento. Entretanto, os 

mecanismos moleculares envolvidos neste processo ainda não foram totalmente 

esclarecidos. 

1.4 Mecanismos Epigenéticos Envolvidos na Programação Fetal 

O período de desenvolvimento intrauterino é caracterizado pela grande 

plasticidade e habilidade do embrião/feto em responder a alterações ambientais (dieta, 

https://gco.iarc.fr/
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estresse e hormônios), modulando a expressão de genes envolvidos com o controle da 

proliferação e diferenciação celular em uma fase de morfogênese de órgãos e sistemas 

vitais (BURTON; FOWDEN; THORNBURG, 2016). Entretanto, pouco se sabe sobre os 

agentes envolvidos neste processo e as consequências para a prole. Nos últimos anos, 

mecanismos epigenéticos tem sido apontado como os principais moduladores da 

expressão gênica envolvidos em várias formas de programação fetal (JOUBERT et al., 

2016), uma vez que mudanças ambientais podem alterar de forma persistente 

marcadores epigenéticos e desencadear respostas fenotípicas que afetam a estrutura e 

o funcionamento de órgãos de maneira permanente (SINCLAIR et al., 2007; 

WATERLAND; JIRTLE, 2003). 

O termo "epigenética" foi utilizado pela primeira vez por Waddington 

(WADDINGTON, 2012) para definir as interações dos genes e o ambiente que levam ao 

desenvolvimento de um fenótipo. A partir de então, outros autores referem-se à 

epigenética como mudanças reversíveis e herdáveis no genoma capazes de afetar a 

expressão gênica e o fenótipo celular, sem, entretanto, alterar a sequência primária de 

nucleotídeos do DNA (DEANS; MAGGERT, 2015; FERNANDEZ-TWINN; 

CONSTÂNCIA; OZANNE, 2015). Estudos em modelo de programação fetal por restrição 

proteica tem demonstrado a participação de mecanismos epigenéticos e, apesar destes 

mecanismos terem sido bastante estudados no contexto do desenvolvimento 

embrionário e da biologia do câncer, o conhecimento sobre como a epigenética contribui 

para a programação fetal ainda é escasso. Isto se torna particularmente importante, uma 

vez que alterações em fatores ambientais, como a nutrição materna impacta fortemente 

os níveis de expressão gênica na prole (HEERWAGEN et al., 2010). Os principais 

mecanismos de regulação epigenética incluem metilação de DNA, por enzimas DNA 

metil transferases (DNMT), modificação pós-transcricional de histonas pelas enzimas 

histona acetilase (HAC) ou deacelilase (HDAC), além da participação de RNAs não 

codificantes, dentre estes, os microRNAs (miRNA) que também tem sido descritos no 

mecanismo epigenético de regulação da expressão gênica (ALLIS; JENUWEIN, 2016; 

HEERWAGEN et al., 2010).  
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miRNAs são uma classe de pequenos RNAs não codificantes com 

aproximadamente 22 nucleotídeos que têm como função a regulação pós-transcricional 

da expressão de genes. Os miRNAs se originam de uma longa molécula primária 

transcrita de um precursor pela RNA polimerase II em seu determinado gene loci com 

formato hairpin chamado de miRNA primário (pri-miRNA). A transcrição do pri-miRNAs 

pode ser controlado por fatores transcricionais da RNA Pol II (p53, Proteína de 

determinação de MYC, ZEB1 e ZEB2 e MYOD1) e por regulação epigenética (metilação 

de DNA e modificações de histonas)(CAI; HAGEDORN; CULLEN, 2004; DAVIS-

DUSENBERY; HATA, 2010; KIM; HAN; SIOMI, 2009; KROL; LOEDIGE; FILIPOWICZ, 

2010; LEE et al., 2004).  Os pri-miRNAs passam por passos de maturação, ainda no 

núcleo. A Drosha, que possui dois domínios o RNase III (RIIIDs) e o dsRNA-binding 

(dsRBD), juntamente com seu cofator essencial a proteína DiGeorge Syndrome Critical 

Region Gene 8 (DGCR8) formam um complexo chamado Microprocessador (DENLI et 

al., 2004; GREGORY et al., 2004; HAN et al., 2004; LANDTHALER; YALCIN; TUSCHL, 

2004) que inicia a maturação cortando a stem–loop para liberar um pequeno RNA em 

forma de hairpin com ~ 65 nucleotídeos de comprimento (pre-miRNA) (LEE et al., 2003). 

Após o processamento da Drosha, o pre-miRNA é exportado no citoplasma através de 

um complexo formado pela proteína Exportin 5 (EXP5), proteína nuclear de ligação GTP-

RAN e o pre-miRNAs (BOHNSACK; CZAPLINSKI; GORLICH, 2004; LUND et al., 2004; 

YI et al., 2003). Após a passagem pelo complexo de poros nucleares, o GTP é hidrolisado 

sendo o complexo desmontado e ocorrendo a liberação do pre-miRNA no citoplasma, 

onde a maturação pode ser completada. No citoplasma o pre-miRNA é processado pela 

Dicer, uma outra enzima RNase III, que juntamente com a TAR RNA-binding protein 

(TRBP) reduz o pre-miRNA para uma fita dupla de aproximadamente 20 nucleotídeos 

que agora é denominado de miRNA maduro. Uma das fitas do pequeno duplex de RNA 

gerado pelo Dicer se liga com uma proteína AGO para formar um complexo efetor 

chamado complexo de silenciamento induzido por RNA (RISC) (HAMMOND et al., 2001; 

MOURELATOS et al., 2002; TABARA et al., 1999). Assim, os miRNAs funcionam como 

um guia, unindo-se ao seu alvo, enquanto a proteína AGO funciona como um recrutador 

de fatores que induzem a repressão translacional dos mRNA (Figura 3). 
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Figura 4. Esquema da biogênese dos miRNAs. (WINTER et al., 2009) 

 As primeiras publicações referentes a miRNAs foram publicadas em 1993 por 

Victor Ambros e Gary Ruvkun. Foram dois artigos publicados na mesma edição da Cell, 

cada um descrevendo o seu trabalho. Victor descreveu o primeiro miRNA, mesmo essa 

terminologia vindo a ser usada oito anos depois (LEE; FEINBAUM; AMBROS, 1993) e 

Gary descreveu o mecanismo regulatório do mRNA (lin-4 regulando lin-14) (WIGHTMAN; 

HA; RUVKUN, 1993). Desde então houve uma crescente no número de publicações, 

sendo que nos últimos 10 anos foram publicados mais de 100 mil estudos relacionados 

com miRNAs. Esses estudos são variados, porém uma grande parcela é relacionando a 

atuação dos miRNAs nos diversos tipos de canceres (CHAKRABORTY et al., 2020; MIN 

et al., 2014; PARASRAMKA et al., 2012; PIAN et al., 2020). Um dos pontos estudados é 

a expressão dos pri-miRNAs. Os genes dos miRNAs, muitas vezes, são localizados em 

regiões que possuem uma maior probabilidade de serem deletadas, amplificadas ou 

translocados (CALIN et al., 2004). Essa característica pode causar a desregulação da 

expressão dos pri-miRNAs  e promover a iniciação ou progressão do câncer (ZHANG et 
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al., 2006). Esta desregulação pode ser causada pelo próprio câncer, que aumenta a 

expressão de fatores transcricionais e com isso desregular a expressão dos pri-miRNAs 

(BOMMER et al., 2007; LIN; GREGORY, 2015; RAVER-SHAPIRA et al., 2007). Outro 

ponto importante é o complexo Microprocessador que frequentemente está desregulado 

no câncer (MURALIDHAR et al., 2011; SUGITO et al., 2006). Mas as alterações podem  

ocorrer também no momento da exportação para o citoplasma (MELO et al., 2010) e na 

proteína Dicer (KUMAR et al., 2009). Assim, as alterações nos níveis de expressão dos 

miRNAs veem sendo muito estudas e correlacionadas com o surgimento ou progressão 

de diversos tipos de câncer.  

Fatores dietéticos também estão sendo relacionados com a desregulação dos 

miRNAs induzidas pela nutrição materna durante a gestação e ou lactação que afeta a 

prole. A alta ingestão materna de gordura durante a gestação e lactação modulou o 

metabolismo lipídico hepático e a expressão de microRNA-122 (miR-122) e microRNA-

370 (miR-370) na prole (BENATTI et al., 2014) além de alterar a expressão hepática da 

insulina como o fator de crescimento 2 e microRNAs importantes na prole adulta (miR-

503, miR-379, miR-770-3p, miR-369-3p, miR-197, miR-21, miR-328, miR-471, miR-207, 

miR-667 up regulados e miR-410, miR-804, miR-323-5p, let-7c, miR-302a, miR-711, 

miR-26a, miR-122, miR-216b, miR-294, miR-185, miR-192, miR-29a, miR-194, miR-145, 

miR-126-3p, miR-762, miR-16, miR-1224, miR-22, miR-30c-2, miR-494, miR-483 down 

regulados)(ZHANG et al., 2009). Já a baixa ingestão de proteína na última semana de 

gravidez é crítica e suficiente para induzir efeitos na homeostase da glicose, causando 

alterações permanente no conjunto específico de miRNAs que podem contribuir para a 

vulnerabilidade geral de descendência para a obesidade, resistência à insulina e 

diabetes tipo 2 (ALEJANDRO et al., 2020). Alguns estudos mostram que a LPD maternal 

causa desregulação de miRNAs que causam mudanças metabólicas, inflamação 

crônica, aumento da pressão sanguínea e alterações na morfologia do coração 

(ASSALIN; GONTIJO; BOER, 2019; ZHENG et al., 2017). Além disso, um estudo 

publicado no Journal of Hepatology mostra que a dieta rica em gordura fornecida 

multigeracional aumenta a incidência de carcinoma hepatocelular por indução via a 

regulação do eixo miR-27a-3p-Acsl1/Aldh2 (SUN et al., 2020). 
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Abstract 

In the last decades, there has been an increase in the incidence of cancer in the 

population. Studies show that cancer can originate through insults suffered by individuals 

during intrauterine life, a condition known as Fetal Programming. (PF). The perinatal 

period is characterized by the ability of the embryo / fetus to adapt to environmental 

changes, altering gene expression by post-transcriptional mechanisms. Recently, we 

demonstrated that maternal protein restriction promotes prostate carcinogenesis in 

elderly rats; However, information about the molecular mechanism involved in this 

process is lacking. Thus, we aimed at identifying possible deregulated microRNAs in 

young programmed rats and locate their possible targets associated with prostate 

carcinogenesis. For this, male Sprague Dawley rats born to mothers fed a standard diet 

(17% protein) - a control group (CTR) or a low protein diet (6% protein) - a gestational 

and lactational low protein diet (GLLP), during pregnancy and lactation were sacrificed 

on the postnatal day 21. We observed a delay in the development of the ventral prostate 

and increased levels of testosterone and estrogen expression in GLLP rats. In addition, 

20 miRNAs were identified as differentially expressed, 6 downregulated and 14 

upregulated. The enrichment results for downregulated miRNAs are related to cancer and 

angiogenesis pathways, while upregulated miRNAs are enriching endoplasmic reticulum 

and carcinoma pathways. The reanalysis of miRNA sequencing from TCGA revealed 7 

in common with the GLLP group. One of them is miR-33 which, in addition to being down-

regulated in the prostate, is also unregulated in the testis, adrenal gland and liver. Their 

overexpression in transfected cells caused a decrease in cell viability and your target, 

CYP1B1, which is an important enzyme in estrogen metabolism, leading to 

carcinogenesis mediated by changes in hormone levels. We concluded that miR-33 is an 

important target to explain the changes caused by maternal LPD and can also be 

considered the biomarker because it is unregulated in several organs. 
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1.0 Introduction 

Inadequate diet is one of the main causes of comorbidities in the world, being 

related to diseases such as cancer, diabetes and neonatal deaths (AFSHIN et al., 2019; 

BLACK et al., 2013; CAULFIELD et al., 2004; PELLETIER et al., 1995). Studies show 

that maternal malnutrition in early life may be related to an increased likelihood of chronic 

diseases emergence in adulthood, showing that the origin of these diseases may be due 

to aggressions suffered during the embryo/fetal period. This is one of the themes studied 

by the international society named Developmental Origins of Health and Disease 

(DOHaD) (BARKER, 2007; MERICQ et al., 2017; PINHO et al., 2014; SANTOS et al., 

2019; SCHULZ, 2010). Maternal exposure to low protein diet (LPD) during pregnancy 

and lactation has been widely performed in laboratory models, and it is an example of a 

metabolic programming that follows during the critical periods of development 

(COLOMBELLI et al., 2017; OZANNE; HALES, 2004; PINHO et al., 2014; SENE et al., 

2013; VEGA et al., 2016). Studies show that offspring whose dams received LPD  have 

lower birth weight, followed by accelerated growth (catch-up growth), insulin resistance 

and type 2 diabetes in adulthood and  decreasing life expectancy (ALEJANDRO et al., 

2020; EMBLETON et al., 2016; MCMILLEN; ADAM; MÜHLHÄUSLER, 2005; PETRY et 

al., 2001). 

In addition, studies have aroused interest in the maternal LPD on the prostate 

(PINHO et al., 2014; PORTELA et al., 2021; RAMOS et al., 2010; SANTOS et al., 2020). 

Prostate is an exocrine accessory gland to the genital system whose development and 

homeostasis are under androgenic control (BIANCARDI et al., 2017; CUNHA et al., 

1985). It is an important gland to the fertility (VERZE; CAI; LORENZETTI, 2016), and  has 
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aroused, in recent years, medical-scientific interest, as it has a high incidence of benign 

prostatic hyperplasia (BPH) and prostate cancer (PCa), which is the third cancer that most 

kills the men in the world (DASGUPTA; SRINIDHI; VISHWANATHA, 2012; “Global 

Cancer Observatory”). In a previous study, Santos et al. related maternal LPD to the onset 

of prostate cancer (SANTOS et al., 2019). However, little is known about the epigenetic 

mechanisms involved in these changes, and studies show that epigenetic factors are the 

main modulators of gene expression involved in fetal programming-related risks of 

diseases at adulthood (JOUBERT et al., 2016). 

Environmental changes can persistently alter epigenetic markers and trigger 

phenotypic responses that permanently affect the structure and functioning of the organs 

(SINCLAIR et al., 2007; WATERLAND; JIRTLE, 2003). The main mechanisms of 

epigenetic regulation include DNA methylation, by DNA methyltransferase enzymes 

(DNMT), post-transcriptional modification of histones by histone acetylase (HAC) or 

deacetylase (HDAC), in addition to the participation of non-coding RNAs. It is also 

included miRNA, which have been also been described as an epigenetic mechanism for 

the regulation of gene expression (ALLIS; JENUWEIN, 2016; HEERWAGEN et al., 2010). 

MiRNAs are small, single-stranded, evolutionarily conserved molecules (~ 17-25 

nucleotides) which suppress the expression of genes that encode proteins, aiming at 

translational repression, mRNA degradation or both (SHYU; WILKINSON; VAN HOOF, 

2008). Maternal LPD during gestation and lactation deregulated six miRNAs from 

offspring mice on postnatal day (PND) 21. Inflammatory pathways (including MAPK, TGF-

beta and Toll-like receptor) have been associated with the six differentially expressed 

miRNAs, as well as increased levels of IL-6 and TNF-α in the liver (ZHENG et al., 2017). 
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Another study showed that maternal LPD leads to the dysregulation of two important 

miRNAs for the control of PPAR-γ and C/EBP-β expression, transcription factors involved 

in the differentiation of adipocytes and fat deposition, affecting lipid metabolism in the 

offspring in weaning age (PAN et al., 2013). Thus, maternal LPD have been linked to 

miRNA dysregulation, so our objective was to assess the profile of unregulated miRNAs 

after maternal LPD and relate them to PCa. 

2.0 Material and Methods 

 2.1 Animals 

Male and female Sprague Dawley rats were purchased at the State University of 

Campinas (Campinas, SP, Brazil) and kept at the Department of Structural and Functional 

Biology at the São Paulo State University (UNESP), Brazil. The animals were maintained 

under controlled temperature (22-25°C), photoperiod (12h), and relative humidity (55%) 

and received water and feed ad libitum. The animal design was performed according to 

SANTOS et al. (2019). Briefly, when 3 months old, weighing about 250-300g, the animals 

were placed to mate in a harem model (3 female rats for 1 male rat per box). The 

pregnancy confirmation was detected through vaginal washing.The pregnant rats were 

distributed into two groups: 1: Control (CTR) group, which received a standard diet (17% 

protein) during gestation and lactation; 2: Gestational and lactational low protein diet 

(GLLP) group, which received hypoprotein diet (6% protein) during gestation and lactation 

(Supplementary Figure 1). At birth, litters were adjusted to eight pups (4 males and 4 

females). Male rat pups were weighed and euthanized in postnatal day (PND) 21 through 

anesthesia (ketamine and xilazin) followed by decapitation. The blood was collected for 

hormonal analysis and the ventral prostate lobe (VP) was collected, fixed for 
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morphological and stereological analysis, and frozen in liquid nitrogen for the extraction 

of total RNA to perform the techniques of miRNAs sequencing (microRNAome) and RT-

qPCR. Testicle, adrenal gland, skin, and liver were collected to RT-qPCR.    

The experimental procedures are according to the Ethical Principles on Animal 

Experimentation adopted by the Brazilian College of Animal Experimentation (COBEA) 

and were approved by the Ethics Committee on Animal Experimentation of the Institute 

of Biosciences of Botucatu (CEEA-949). 

2.2 Morphological Analyses  

The ventral prostates (VP) of six animals per litter/group from PND 21 were 

removed, and immediately fixed in the methacarn solution during approximately 4 hours 

(Puchtler et al 1970). Then, the samples were dehydrated by ethanol followed by 

diaphanization in xylene, and later the sample were embedded in Paraplast® Plus (Sigma-

Aldrich Chemicals, St Louis, MO, USA). Consecutive 5 μm serial sections were obtained 

and the slides were stained with hematoxylin-eosin for morphological and stereological 

analysis. Stereological analysis was performed to analyze the relative proportions of the 

VP components (epithelium, lumen, and stroma). Results were expressed as a 

percentage of each component and a proportion of the total area analyzed (WEIBEL; 

KISTLER; SCHERLE, 1966). 

2.3 Hormonal Analysis 

The blood sample of 12 animals per litter/group from the PND 21 were collected, 

centrifuged and serum was stored until use. Analysis of hormone levels was performed 

by the colorimetric Elisa method following the manufacturers’ protocol. The measured 

hormones were: Estrogen (17β-estradiol, Monobind®, 4925-300 CA, USA Sensitivity: 6.5 
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pg/mL) and Testosterone (17β-hydroxy-4-androsten-3-one, Monobind®, 3725-300A, 

USA. Sensitivity: 0.038 ng/mL). 

 2.4 Total RNA extraction and miRNA sequencing 

Total RNA was extracted from prostate by Invitrogen™ Trizol® Reagent according 

to manufacturer’s protocols (Thermo Fisher Scientific, MA, USA). The RNA samples were 

quantified by spectrophotometry using the Thermo Scientific™ NanoDrop (Thermo Fisher 

Scientific, MA, USA) and treated with Invitrogen™ DNase I (Thermo Fisher Scientific, MA, 

USA) to remove contamination with genomic DNA. The quality of the RNA was confirmed 

by Bioanalyzer 2100 Eukaryote Total RNA Pico (Agilent Tech, CA, USA) through the RNA 

integrity number (RIN), which must be greater than 8.  

The libraries were prepared by TruSeq® Small RNA Library Prep Kit (Illumina, CA, 

USA). Small non-coding RNA sequencing were performed on the Illumina HiSeq2500 at 

Macrogen inc. After sequencing, FASTQ files were pre-processed by adapter trimming 

and quality filtering, based on the Phred quality score (≥20). Sequence reads were 

aligned to the current version of the Rattus Novegicus genome (Rnor_6.0) using the 

Spliced Transcripts Alignment to a Reference (STAR) aligner and annotated miRNA 

species quantified based on genomic loci. All these steps were performed at OASIS 

Platform (RAHMAN et al., 2018). Differential expression and exploratory analysis were 

performed using the DESeq package (Log2FC |0.4|; FDR< 0.05) 

(https://yanli.shinyapps.io/DEApp/). 

2.5 Integrative analysis 

The integrative analysis was carried out using the results of the transcriptome and 

proteome from another study of our group (data not published). These results were 

https://yanli.shinyapps.io/DEApp/
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obtained from the same animal model mentioned in this study. For the results of the 

transcriptome, mRNAs were considered differently expressed with p-value<0.05 and log2 

Fold Change |0.66|. For proteome results, differential expressed proteins were 

considered with p-value<0.05 and log2 Fold Change |1|.  

To perform the integrative analysis, we first find the target prediction of unregulated 

miRNAs using miRWalk 3.0 (http://mirwalk.umm.uni-heidelberg.de/) (DWEEP; GRETZ, 

2015). Then, the correlation of miRNAs/mRNAs and miRNAs/proteins were observed 

considering values of inverted Fold Change (down/up or up/down). 

2.6 Enrichment analysis  

The enrichment analysis was done using the results of the Integrative analysis and 

was separately performed separately for targets upregulated and downregulated. For this 

we use the platform “KEGG Orthology Based Annotation System” (KOBAS) 

(http://kobas.cbi.pku.edu.cn/kobas3/?t=1) (XIE et al., 2011) was used. This platform 

generates an enrichment from several databases such as Gene Ontology, Panther, 

KEGG and Reactome. The pathways were considered enriched with p-adjusted <0.05.  

2.7 Quantitative polymerase chain reaction (RT-qPCR) 

RT-qPCR for miRNAs were performed according to the relevant literature 

(VARKONYI-GASIC et al., 2007). 

The cDNA was synthesized using the Applied Biosystems™ High-Capacity cDNA 

Reverse Transcription Kit according to the manufacturer. For miRNAs, the stem-loop RT 

primer, designed according to (CHEN, 2005), was hybridized with the selected miRNA 

molecule giving rise to the reverse primer (Table 2). This reverse primer was used to 

http://mirwalk.umm.uni-heidelberg.de/
http://kobas.cbi.pku.edu.cn/kobas3/?t=1
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perform the miRNA cDNA instead of the Rondon primer used for mRNA cDNA. The cDNA 

reaction product was amplified using specific primers (Table 2) and Applied Biosystems™ 

SYBR™ Green PCR Master Mix system (Thermo Fisher Scientific, MA, USA). For 

miRNAs reaction was used the primer Forward and the primer universal described in table 

2. The reactions were performed in duplicates for each target gene in the Applied 

Biosystems™ QuantStudio™ 12K Flex Real-Time PCR System (Thermo Fisher 

Scientific, MA, USA) in 96-well plates according to the manufacturer's instructions. The 

relative quantification of each gene was performed using the 2-∆∆CT method (LIVAK; 

SCHMITTGEN, 2001). The values obtained for all samples were normalized by the 

reference miRNA (U6) and mRNA (actin). The values were calculated using the 

expression ratio of the GLLP/CTR groups. Student's “t” test was applied and considered 

statistically significant when p <0.05. The sequences of the primers pair used are 

described in table 2. 

Table 2. Sequences of primers. 

2.8 TCGA data: a translational analysis 

Raw prostate miRNA sequencing data from “The Cancer Genome Atlas” (TCGA) 

repository (https://portal.gdc.cancer.gov/repository), which contains 498 samples from 

patients with prostate cancer and 52 samples from a solid tissue (as a control group) were 

downloaded.  Oasis platform (https://oasis.dzne.de/) was used to reanalyze this data with 

the same protocol used for rat data, but aligned with the most current construction of the 

Foward Reverse

miR-33-5p CGGCGGGTGCATTGTAGTTGCATTGCA GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGCAAT

U6 GCAAATTCGTGAAGCGTTCC GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAAATAT

Universal GTGCAGGGTCCGAGGT

CYP1B1 (rat) GGGCTGGATTTGGAGGATGT TCCTGGCTGGCTCCAAAG

SEMA6C (rat) TCTGCAGTCTGCGCCTTCT CCTTGAACTTGCCCTCAAAGC

CYP1B1 (Human) TCCTCCTCTTCACCAGGTATCC CTGGTCACCCATACAAGGCA

SEMA6C (Human) CTCCGAGAGCCACACTTTGT CGAGCATCCTCCACAGAGAC

https://portal.gdc.cancer.gov/repository
https://oasis.dzne.de/
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human genome (hg38) (RAHMAN et al., 2018). miRNAs were considered differentially 

expressed with FDR>0.05 and log2 fold change |0.4|. The differentially expressed 

miRNAs of patients with prostate cancer were compared with unregulated miRNAs of the 

GLLP group. 

Also, mRNAs results from GEPIA were also used to compare with target prediction 

of the miR-33a-5p. GEPIA is a Web Site that analyzed RNA sequencing expression data 

of 9,736 tumors (TCGA) and 8,587 normal samples (GTEx) using a standard processing 

pipeline (Cite GEPIA). mRNAs were considered differentially expressed with FDR>0.05 

and log2 fold change |0.4|. 

2.9 Cellular Culture 

Non-cancerous prostate cells, PNT2 cell line (Rio de Janeiro Cell Bank - BCRJ, 

Rio de Janeiro, Brazil), were maintained in Gibco™ RPMI 1640 Medium (Thermo Fisher 

Scientific, MA, USA). The cells were expanded in 25 cm2 and 75 cm2 polystyrene plates 

and kept in an oven with 5% CO2 in a humid atmosphere at 37ºC. When the cells reached 

80% confluence, they were subjected to 0.25% Gibco™ Trypsin-EDTA (0.5%), no phenol 

red (Thermo Fisher Scientific, MA, USA) and transferred to 12-well plates to compose the 

study groups. Each experimental group (explained in the next topic) was performed in 

triplicate and three biological repetitions. 

2.9.1 Cellular Transfection 

To form the different study groups, hsa-miR-33a-5p mimics were transfected into 

the cell. For this, two complexes were formed to be used in the final transfection solution. 

First, Invitrogen™ Lipofectamine™ RNAiMAX Transfection Reagent (Thermo Fisher 

Scientific, MA, USA) was diluted in Gibco™ Opti-MEM Reduced Serum Medium (Thermo 
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Fisher Scientific, MA, USA) to form the first complex. Then, the oligonucleotides were 

diluted in Opti-MEM® to form the second complex. The Lipofectamine+Opti-MEM 

complex was mixed with the oligos+Opti-MEM complex and incubated for 5 minutes at 

room temperature. After this period, 150 μl of the final transfection solution was added to 

each well containing PNT2 cells (80% confluence) and normal culture medium. The cells 

were incubated for a period of 15 hours and the medium with the treatment were 

exchanged by the specific medium. After 24 hours, the cells were collected and 

processed for extraction of total RNA using Invitrogen™ Trizol® Reagent according to 

manufacturer’s protocols (Thermo Fisher Scientific, MA, USA) or added Invitrogen™ MTT 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (Thermo Fisher Scientific, 

MA, USA) solution to analyze cell viability after treatment. 

2.9.2 Cell viability assay 

PNT2 cells were seed in a 12-weel plates and treated with mimic as previously 

described. After 24, 48 or 72 hours of the treatment, the cell medium was removed and 

200 µl of a 10% MTT solution (Invitrogen™ MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) (Thermo Fisher Scientific, MA, USA)) was added. 4 hours 

later, the medium containing MTT solution was removed and 300 μl DMSO was added 

directly to each well. We replaced the solution in a 96-well plate (each well in the 12-well 

plate becoming 3 in the 96-well plate). The optical density of each well was measured by 

spectrophotometer at the wavelength of 550 nm. The experiments were performed in 

triplicate. 

2.10. Statistical Analysis 
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For global analyzes, specific statistical packages were used, as previously 

described. For the other parameters, the Shapiro-Wilk normality test was performed. For 

the data that passed the test, the comparison between the experimental groups was 

perform using the Student's T test. For data that did not pass the normality test, the Mann-

Whitney test was performed. A statistically significant difference was considered when p 

<0.05. 

2.11. Making the images  

The PCA graph was generated using the Clustvis tool (https://biit.cs.ut.ee/clustvis/) 

(METSALU; VILO, 2015) and the volcano graph on the VolcaNoseR website 

(https://huygens.science.uva.nl/VolcaNoseR/). Heatmap graphic was generated on the 

Morpheus platform (https://software.broadinstitute.org/morpheus/) and Sankey diagram 

using SankeyMATIC Web site (http://sankeymatic.com/). 

 3.0 Results 

 3.1 Animals of the GLLP group have lower body and prostate weight in 

addition to high levels of estrogen and testosterone. 

The animals subjected to maternal low protein diet (LPD)during gestation and 

lactation had a lower birth weight that remained until PND 21 (Fig. 1A and Table 1). In 

addition, the prostate weights, normalized by the weight of the animal (relative) or not, 

were also lower in the GLLP group (Table 1). 

The prostatic tissue morphometry of the CTR experimental animals present dilated 

acini, with ample light and full of secretion and with a cylindrical secretory epithelium 

associated with fibromuscular stroma (Fig. 1B). The GLLP animals, the animals in the 

GLLP group had smaller acini, with reduced light and more evident stroma when 

https://huygens.science.uva.nl/VolcaNoseR/
https://software.broadinstitute.org/morpheus/
http://sankeymatic.com/
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compared with the CTR group (Fig. 1B). Stereological analyses were corroborated by 

histological data, where we observed a decrease in light and an increase in stroma in the 

GLLP group in relation to CTR (Table 1). The estrogen and testosterone levels were 

increased in the GLLP group (Fig. 1C). 
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Figure 1. The GLLP group has lower weight, late prostate development and a higher level of testosterone and 

estrogen. A. Representative images of male rat pups from experimental groups at different ages. We can observe the 

difference between the groups: GLLP group is lower in both ages. B. Histological sections of the ventral prostate lobes 

(VP) stained with hematoxylin-eosin (HE) showing the delayed prostate development marked by smaller acinus and 

more evident stroma in GLLP group. C. Bar graph of blood hormone measurement (Estrogen and Testosterone) 

showing the high levels in GLLP group of both hormones. CTR: Control group; GLLP: Gestation and lactation low 

protein diet; PND: Postnatal day VP: Ventral prostate. ep: epithelium; st: stroma; L: lumen. * means statistical difference. 

Scale bar: 200 μm.  

Table 1. Rat and prostate weight and stereological results.  

CTR: Control, GLLP: Gestation and lactation low protein diet, PND: Postnatal day, VP: Ventral prostate, 

g: grams. * means statistical difference 

3.2 Performance of miRNAs differentially expressed in the GLLP group: 

Target prediction, integration analysis (transcriptome and proteome) and pathways 

enrichment analysis. 

The 605 readings mapped for each sample were found after analysis on the 

Oasis platform and the raw data were sent to the database (unpublished data). We 

identified a differential expression profile between CTR and GLLP group by principal 

component analysis (PCA) (Figure 2A). Six miRNAs (rno-miR-33-5p, rno-miR-871-3p, 

rno-miR-3553, rno-miR-144-5p, rno-miR-99a-5p and rno-miR-7a-5p) have been identified 

that are at least 1.3 times less expressed in the GLLP group compared to CTR and 

fourteen miRNAs (rno-miR-708-5p, rno-miR-487b-3p, rno-miR-337-3p, rno-miR-411-3p, 

rno-miR-410-3p, rno-miR-496-3p, rno-miR-323-3p, rno-miR-299a-5p, rno-miR-412-3p, 

CTR GLLP

PND1 Rat weight (g) 6.62 ± 0.4 6.02 ± 0.5 *

PND21 Rat weight (g) 39.25 ± 6.2 20.02 ± 2.9 *

VP weight (g) 0.03 ± 0.006 0.01 ± 0.003 *

VP relative weight (g) 0.0009 ± 0.0001 0.0007 ± 0.0001 *

Epithelium(%) 35.71 ± 5.8 48.05 ± 6.1 *

Lumen (%) 45.47 ± 9.8 30.50 ± 4.9 *

Stroma (%) 19.79± 5.4 29.63 ± 4.9 *

Glandular fraction 82.04 ± 5.2 67.58 ± 14.3 *
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rno-miR-493-5p, rno-miR-483-5p, rno-miR-6331, rno-miR-184, rno-miR-483-3p) are 

expressed at least 1.3 times more in the GLLP group as compared to the CTR (Figure 

2B).  

Target prediction for the 20 miRNAs resulted in 8172 potential targets 

(Supplementary Table 2). These predicted targets were compared with transcriptome and 

proteomic data (unpublished), which identified 708 differentially expressed mRNAs (525 

regulated up and 183 down regulated) and 289 deregulated proteins (163 regulated up 

and 126 regulated down) in the GLLP group when compared with the CTR group 

(Supplementary Table 3). Thus, after integrative analysis of these data considering 

inverted fold changes levels, 80 targets with increased expression were identified (52 

mRNAs, 28 proteins and 0 common) (Figure 2C) and 119 targets with decreased 

expression (64 mRNA, 53 proteins and 2 in common) (Figure 2D), totaling 199 possible 

targets of miRNAs (Supplementary Table 4). 

 The enrichment analysis for 80 upregulated targets enriched terms related 

to: Proteoglycans in cancer, positive regulation of angiogenesis, cellular response to 

tumor necrosis factor, Hepatocellular carcinoma, regulation of vascular endothelial 

growth factor production, response to estradiol, Pathways in cancer, Wnt signaling 

pathway (Figure 2.E and Supplementary Table 5). For the 119 down regulated targets, 

the enriched pathways are related to: Endoplasmic reticulum, Hepatocellular carcinoma, 

positive regulation of ERAD pathway (Figure 2.A and Supplementary Table 6). 
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Figure 2. MiRNAs differentially expressed in the GLLP group have predicted targets related to interesting 

enriched pathways. A. Principal component analysis (PCA) show similarities between samples within each group. Red 

circle delimits the set of samples from the CTR group, and blue circle delimits the set of samples from the GLLP group. 

B. Heatmap showing the expression in log2 of Fold change (red up regulated, blue down regulated) and FDR (larger 
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circle size represents larger FDR value) of the differentially expressed miRNAs. C. Venn diagram showing the 

integration of predicted targets of downregulated miRNAs with upregulated mRNAs and proteins. D Venn diagram 

showing the integration of predicted targets of upregulated miRNAs with downregulated mRNAs and proteins. E. Bar 

graphs showing the ontological pathways and terms enriched of the miRNAs integrated predicted targets. Red bars 

refer to upregulated miRNAs integrated predicted targets; blue bars refer to downregulated miRNAs integrated 

predicted targets. The numbers below de bars represent the adjusted p-value shown in –log10. CTR: Control; GLLP: 

Gestational and lactational low protein intake. 

3.5 Translational Analysis: Results of prostate cancer (TCGA) and 

correlation with rat data. 

Using TCGA small-RNA sequencing, the expression of 1010 miRNAs was 

detected. The Differential expression profile was identified between the solid tissue group 

(CTR) and the Cancer group by principal component analysis (PCA) (Figure 3.A). The 

volcano graph (Fig. 3.B) identified 243 miRNAs that are downregulated in the Cancer 

group, and 248 miRNAs upregulated (Supplementary Table 7). Values of FDR> 0.05 and 

Log2 Fold Change of ± 0.4 were considered. 

The correlation between the Rat and Human differentially expressed miRNAs 

resulted in 7 miRNAs in common (Figure 3.C and Supplementary Table 8). From this, five 

are upregulated in GLLP group but downregulated in cancer samples. The miR-708-5, 

are upregulated in both groups and the miR-33-5p, are downregulated in both groups.  

Considering everything that has already been mentioned, from fold change values, 

enriched pathways and relationship with prostate cancer, mir-33-5p was evident in all 

criteria, proving to be a good miRNA to be studied. 
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Figure 3. GLLP group presents some deregulated miRNAs in common with prostate cancer patients. A. 

Principal component analysis (PCA) shows similarities between samples within each group. Blue circle delimits the set 

of samples from the CTR group (n=52), and red circle delimits the set of samples from the cancer group (n=498). B. 

Volcano graph with the differential expression between the two experimental conditions. The vertical axis corresponds 

to log2 Fold Change <0.4> and the horizontal axis represents values of FDR <0.05 expressed in -log10. C. Heatmap 

showing the expression in log2 of Fold change (red upregulated, blue downregulated) and FDR (larger circle size 

represents larger FDR value) of the differentially expressed miRNAs in common between prostate cancer patients and 

GLLP group. 

3.6 An exploratory analysis of miR-33a-5p 

The first analysis performed with miR-33 was to prove its downregulation in the 

prostate of animals in the GLLP group using the RT-qPCR method (Fig. 4). In addition, 

the expression of this miRNA is also downregulated in the testis and liver. Furthermore, 

the expression of miR-33 was increased in the adrenal gland, on the GLLP group, and 

the expression levels of miR-33 were not different in the skin (Fig. 4). 
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Figure 4. Expression of mir-33-5p using the RT-qPCR technique in different organs showing the lower 

expression in prostate, testicle and liver and a higher level in adrenal gland in GLLP group when compared to CTR. 

Prostate statistics was Student T test (bar graph) and the other organs Mann-Whitney test (box plot graph) CTR: Control 

group; GLLP: Gestation and lactation low protein diet. * means statistical difference. 

 The second analysis was to transfect the PNT2 cell line with miR-33, 

thereby increasing its expression. The technique was successfully performed, where the 

expression levels of cells treated with miR-33 MIMIC showed high expression levels while 

cells that were only treated with lipofectamine did not have their levels increased (Fig. 

5A). This overexpression of miR-33 persisted significantly until at least 72 hours after the 

end of treatment, although expression levels have decreased (Fig. 5B).  

  To see the effect of mir-33a-5p overexpression on the culture cell line, we 

performed the MTT test to analyze cell viability. The result for this assay shows that the 

overexpression of mir-33a-5p decrease the cell viability levels (Fig. 5C).  
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Figure 5. miR-33a-5p overexpression causes low levels of cell viability A. miR-33a-5p expression in PNT2 

cell after treatment with Mimic (higher levels) or Lipofectamine alone (normal levels) represented by a Box plot. B. Line 

graph showing miR-33-5p expression levels after 24, 48 and 72 hours of treatment with Mimic. Expression levels in 24 

hours are higher, but the difference remains significant until 72 hours, which was the last hour analyzed. C. Cell viability 

levels performed by MTT 24, 48 and 72 hours after the end of the treatment with mimic. The line graph shows the low 

levels of cell viability when miR-33a-5p is overexpressed. CTR: Control group; GLLP: Gestation and lactation low 

protein diet. * means statistical difference. 

When we look at the enriched pathways of the downregulated miRNAs, we see 

that the targets of miR-33 are present in all of them, showing the importance of miR-33 

for the regulation of the organism (Fig. 6A). In addition, we used RNA sequencing data 

results analyzed by Gepia from 9,736 tumors patientes (TCGA) and 8,587 normal 
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samples (GTEx) to compare with the miR-33 predicted targets and we observed 6 targets 

that is deregulated in both (Fig. 6B). From this results we choose two miR-33 targets 

predicted to validated, the SEMA6C and CYP1B.  

The expression of both targets presented upregulated in GLLP animals (Fig. 6C) 

but there was no difference in the transfected cell line (Fig 6D).  

 

Figure 6. The predicted mir-33-5p targets are involved in all selected pathways and with prostate cancer. A. 

Sankey diagram showing the pathways enriched by predicted integrated targets of the upregulated miRNAs and the 

targets that are enriching the pathways. Red circle highlights the miR-33-5p targets. B. Venn diagram showing shared 

between deregulated mRNAs in prostate cancer with the predicted and integrated miR-33 targets. C. Expression levels 

of two predicted mir-33 targets (SEMAC and CYp1B1) in the prostate of rats in the CTR and GLLP group. The results 
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show that the downregulation of miR-33 leads to increased expression of the targets. D. Expression levels of two 

predicted mir-33 targets (SEMAC and CYp1B1) in PNT2 cells transfected with mimic miR-33a-5p. 

 4.0 Discussion 

The term malnutrition is associated with the inadequate or insufficient intake of any 

food component, such as proteins. The minimum percentage of protein recommended by 

the American Institute of Nutrition for rat diets is 12% (NUTRITION, 1995). In our study, 

only 6% of the protein was made available to rats, that is, half of the recommended. 

Several authors have shown that feed intake with hypoproteins is associated with low 

birth weight and reduced growth of different organs in rodent models. (DE BRITO ALVES 

et al., 2016; FALCÃO-TEBAS et al., 2012; LEANDRO et al., 2012; LIMA et al., 2015; 

OZANNE; HALES, 2004). In our animals it was not different, the GLLP animals had a 

lower body weight at birth, in addition to a significant decrease weight in the prostate, 

which may be related to the delay in the development of this organ, which had smaller 

acini, with less light and increased stroma. These data corroborate the results of Santos 

et al. (2019) demonstrated a reduction in the prostate luminal fraction , as well as a 

decreased glandular secretion, produced by the quantification of the prostatein protein in 

LPD animals in PND 21. In addition, Ramos et al. (RAMOS et al., 2010) identified smaller 

amount and reduced size of acini in the dorsolateral prostate of rats exposed to 

intrauterine protein restriction and Pinho et al. (2014) also observed a delay in prostate 

development in the offspring of animals following the same protocol but with PND 1. 

In addition to the morphological alterations, we found important hormonal changes, 

such as an increase in serum testosterone and estrogen in this PND 21 animal model. 

Studies show that prostate exposure to high testosterone levels is a potential carcinogen 

in the prostate, where 30% of animals with low doses but with chronic testosterone have 
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prostate cancer. However, estrogen has a synergistic effect with testosterone, 100% of 

animals exposed to testosterone doses associated with estrogen developed prostate 

cancer. (BOSLAND, 2005). Zambrano el al. (ZAMBRANO et al., 2014) observed that 

mothers who have low protein intake have high levels of estrogen in the gestational 

period. Thus, this may be one of the mechanisms that assist in the appearance of prostate 

cancer in  aging animals, since studies show that the development of the prostate is 

sensitive to hormonal changes and exposure in the early stages of life can play a 

significant role in the appearance of precancerous lesions and carcinogenesis in 

adulthood through epigenetic changes (PRINS et al., 2008). 

Epigenetics are inherited changes in gene expression without undergoing changes 

in DNA sequences. Interestingly, miRNAs are also considered an important epigenetic 

component, as they are targets for methylation of their DNA and for regulating epigenetic 

modifiers such as DNMTs and deacetylated histones (SALIMINEJAD et al., 2019). Some 

studies have already shown that maternal LPD causes the dysregulation of miRNAs that 

can lead to metabolic changes, chronic inflammation, increased blood pressure and 

morphological changes in the heart (ASSALIN; GONTIJO; BOER, 2019; ZHENG et al., 

2017). In our study, maternal LPD caused alteration of 20 miRNAs and after integrating 

predicted targets with protein and mRNA data, we observed that miRNAs are enriching 

many cancer-related pathways. When we compared the 20 unregulated miRNAs with the 

491 unregulated miRNAs of prostate cancer patients (TCGA data) we find 7 miRNAs in 

common. Our data suggest that miRNAs deregulated by fetal programming due to LPD 

may be influencing the microenvironment in order to predispose to the onset of cancer.  
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Among miRNAs, miR-33 has been widely studied both for its tumor suppressive 

effect, considering that its positive regulation decreases proliferation inhibiting tumor 

growth, and  reducing the chance of metastasis by affecting cell migration, which can be 

a powerful strategy for the treatment of cancer (CIRERA-SALINAS et al., 2012; 

FRIEDMAN et al., 2012; KUO et al., 2013; RICE et al., 2013; THOMAS et al., 2012; ZHOU 

et al., 2015), and for its role in regulating cholesterol / lipid metabolism, being an important 

therapeutic target for atherosclerosis (HORIE et al., 2010; MARQUART et al., 2010; 

NAJAFI-SHOUSHTARI et al., 2010; RAYNER et al., 2010, 2011a, 2011b; ROTLLAN 

NOEMI et al., 2013; ROTTIERS et al., 2013). In addition, studies have shown that miR-

33 inhibition leads to the development of obesity, insulin resistance and increased food 

intake, in organs such as liver, white adipose tissue and skeletal muscle, suggesting that 

the metabolic regulation by miR-33 is more complex than was known (NÄÄR, 2018; 

PRICE et al., 2018). The low-protein maternal diet offered at the end of pregnancy affects 

the fraction of offspring pancreatic β cells at birth, increasing their susceptibility to 

metabolic disorders and type 2 diabetes in adulthood. In addition to increasing glucose 

intolerance and reducing insulin sensitivity in aging male offspring (ALEJANDRO et al., 

2020; BERENDS et al., 2018). Putting all information about miR-33 together, we can 

suggest that it is an important miRNA for fetal programming. In addition, miR-33 is 

deregulated not only in the prostate, but also in the testicle, adrenal and liver shown that 

it can be a biological marker for programming low protein intake. 

Among the targets of miR-33, we chose 2 to perform the validation, SEMA6C and 

CYP1B1. Semaphorins are a family of proteins that, in addition to being important for the 

immune response because they have receptors in most defense cells, also play an 
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important role in the tumor microenvironment (FRANZOLIN; TAMAGNONE, 2019). For 

example, SEMA6D has been described as being associated with tumor progression and 

angiogenesis in gastric cancer (LU et al., 2016; ZHAO, 2006). SEMA7A expression is 

positively regulated in breast cancers and is associated with shorter survival (BLACK et 

al., 2016). In certain tumors, SEMA3E has been associated with progression due to the 

promotion of cell invasion, metastatic spread and tumor angiogenesis. (CASAZZA et al., 

2010, 2012; LUCHINO et al., 2013; TAMAGNONE; MAZZONE, 2011).  

Cytochrome P450 1B1 (CYP1B1) is an important enzyme in estrogen metabolism 

(DAWLING et al., 2004; HAYES et al., 1996; LI; ZHU; GONZALEZ, 2017). Studies have 

shown that high levels of CYP1B1 can lead to carcinogenesis mediated by changes in 

hormone levels and the transformation of estradiol into semiquinones and quinones, 

which can form DNA adducts resulting in oncogenic mutations (GAJJAR; MARTIN-

HIRSCH; MARTIN, 2012; HAYES et al., 1996; SPINK et al., 1997). In addition, quinones 

/ semiquinones also undergo a redox cycle and generate reactive oxygen species, 

resulting in oxidative damage (PARL et al., 2009). Thus, high levels of estrogen, 

associated with low levels of miR-33 (suppressor CIP1B1) and high levels of CIP1B1 and 

SEMA6C may be combined, leading to a carcinogenic microenvironment that associated 

with other factors may be the origin of the cancer found in these animals at age adult. 

CYP1B1 is an important fatty acid modulator that suppresses the expression of the 

target genes PPARγ and PPARα, receptors for fatty acid metabolism, which play 

important roles in energy maintenance homeostasis. Cancer and obesity are closely 

related to disruption of fatty acid metabolism. Santos et al. showed that animals 

programmed by maternal LPD during pregnancy and lactation have low levels of 
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triglycerides, total protein, albumin, and glucose in the DPN21 (SANTOS et al., 2019). 

These results show that in addition to the action of CYP1B1 on hormone levels, it may 

also be regulating fatty acid metabolism. 

Thus, we conclude that the effect of maternal LPD during pregnancy and lactation 

cause changes in miRNAs important for the tumor microenvironment been one of them 

the miR-33. We also proved the regulation of this miRNA in two targets, SEMA6C and 

CYP1B1 in rat samples. We also observed that miR-33 can be an important biomarker 

for fetal programming due to maternal protein restriction, being deregulated in other 

organs such as the liver, testis, and adrenal gland.   
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Carta: O artigo presente no Anexo 1 desta tese, contempla um assunto totalmente 

diferente do trabalho até então explorado por esse grupo de pesquisa. No final de 2019 

um vírus teve o seu primeiro caso em humano e por conta do seu contágio rápido e 

mortal para uma parcela da humanidade, um Pandemia se estende até hoje, dia 24 de 

maio de 2021. Assim, este próximo artigo teve como objetivo utilizar os conhecimentos 

adquiridos durante o meu doutorado, conhecimento estes de técnicas in-silico e contribuir 

de alguma forma para a ciência. Cabe ressaltar, que no momento específico em que ele 

foi realizado estávamos passando por um período de isolamento social, onde os 

Laboratórios estavam fechados.  
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Abstract 

The data available about COVID-19 during pregnancy have demonstrated that 

SARS-CoV-2 infects placenta cells, despite these cells express low levels of the 

canonical virus entry genes (ACE2 and TMPRSS2). Here we analyzed the transcriptional 

profile (microarray and single-cell RNA-Seq) of proteins potentially interacting with 

coronaviruses to identify non-canonical mediators of SARS-CoV-2 infection and 

replication in the placenta. We show that, despite low levels of the canonical cell entry 

mediators ACE2 and TMPRSS2, cells of the syncytiotrophoblast, villous cytotrophoblast, 

and extravillous trophoblast co-express high levels of the potential non-canonical cell-

entry mediators DPP4 and CTSL. We also found changes in the expression of DAAM1 

and PAICS genes during pregnancy, which are translated into proteins also predicted to 

interact with coronaviruses proteins. These results provide new insight into the interaction 

between SARS-CoV-2 and host proteins that may act as non-canonical routes for SARS-

CoV-2 infection and replication in the placenta cells. 
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1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the 

causative agent of the coronavirus disease 2019 (COVID-19) (1, 2). It was first notified at 

the end of 2019, in Wuhan, China, and become a worldwide pandemic (3). At the 

beginning of June, five months later, COVID-19 infected over seven million people and is 

the cause of approximately 404,000 deaths worldwide (https://coronavirus.jhu.edu/). 

Older age, laboratory abnormalities, and several comorbidities are associated with 

the more severe cases of COVID-19 (4,5). For specific groups of COVID-19 patients, for 

example, pregnant women, the potential impacts of SARS-CoV-2 infection remains 

mostly unknown, and data are limited. However, considering previous works reporting 

coronaviruses infections (6), pregnant women are at higher risk of SARS-CoV-2 infection 

due to physiological changes in the immune, cardiorespiratory, and metabolic systems 

(7). 

Although only a small number of maternal viruses infections are transmitted to the 

fetus, some may cause life-threatening diseases (8). These viruses use cellular host entry 

mediators expressed by placenta cells, as described for the cytomegalovirus and the Zika 

virus (9, 10), to infect these cells. The Zika virus (ZIKV) outbreak, associated with causes 

fetal brain damage, emphasizes the necessity of further characterization and 

understanding placental infection or intrauterine (vertical) transmission of SARS-CoV-2, 

as well as the possible adverse fetal outcomes. The few studies on the subject have 

provided contradictory findings, with some reports suggesting no evidence of placental 

infection or vertical transmission of SARS-CoV-2 (11–13). Conversely, multiple lines of 

evidence have shown placental SARS-CoV-2 infection in pregnant women diagnosed 

with moderate to severe COVID-19. Neonates born from mothers with COVID-19 

presented a positive serological test for SARS-CoV-2 immunoglobulin (Ig)M and IgG (14, 

15). While the IgG can be transferred from mother to fetus across the placenta, the 

detection of IgM in newborns suggests a vertical transmission of the virus, since IgM can 

not cross the placental barrier due to its high molecular mass (16). Accordingly, SARS-

CoV-2 RNA was detected through RT-qPCR in mother, neonate, and placental tissues 

(17). These authors further demonstrated the SARS-CoV-2 in syncytiotrophoblast by in 

https://coronavirus.jhu.edu/
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situ hybridization assay and transmission electron microscopy. Also, it was recently 

shown SARS-CoV-2 particles in syncytiotrophoblasts with generalized inflammation, 

diffuse perivillous fibrin depositions, and tissue damage in an asymptomatic woman (18). 

Remarkably, these placental alterations due to the SARS-CoV-2 infection lead to fetal 

distress and neonatal multi-organ failure. These results highlight the importance of 

exploring the expression profile of potential host mediators of the SARS-CoV-2 that may 

create a permissive microenvironment to placental infection and possible vertical 

transmission of the virus. 

In fact, like other viruses, SARS-CoV-2 requires diverse host cellular factors for 

infection and replication. The angiotensin-converting enzyme 2 (ACE2) is the canonical 

receptor for the SARS-CoV-2 spike protein receptor-binding domain (RBD) for viral 

attachment (19, 20). This process is followed by S protein priming by cellular 

transmembrane serine protease 2 (TMPRSS2) that allows the fusion of the virus with host 

cellular membranes (19, 20). Single-cell RNA sequencing (scRNA-Seq) has 

demonstrated that both ACE2 and TMPRSS2 are co-expressed in multiple tissues 

affected by COVID-19, including airway epithelial cells, cornea, digestive and urogenital 

systems (21). Few cells express ACE2 and TMPRSS2 in the placenta (21, 22), 

suggesting that SARS-CoV-2 is unlikely to infect the placenta through the canonical cell 

entry mediators. Therefore, other host interacting proteins may play a role in the biological 

cycle of the virus and contribute to the pathogenesis of SARS-CoV-2 in the placenta. In 

this paper, we demonstrate, through transcriptomic (microarray and scRNA-Seq) analysis 

and in silico predictions of virus-host protein-protein interactions, that cells of the 

syncytiotrophoblast, villous cytotrophoblast, and extravillous trophoblast express high 

levels of potential non-canonical cell-entry mediators dipeptidyl peptidase 4 (DPP4) and 

cathepsin L (CTSL), despite low-levels of ACE2 and TMPRSS2. These results open new 

avenues of investigation of the human placenta infection by the SARS-CoV-2. 
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2. Results 

2.2 Prediction of non-canonical routes for SARS-CoV-2 infection in human 

placenta cells 

We first investigated the gene expression in placental tissues of classical host-

virus interacting proteins described in the literature. The canonical entry receptors ACE2 

and TMPRSS2 were low expressed throughout gestation. CTSL, which is translated into 

a lysosomal cysteine proteinase that plays a role in intracellular protein catabolism - 

presented the highest level of expression in the placenta during the first, second, and 

third trimester. Similarly, DPP4, which is translated into an intrinsic membrane 

glycoprotein, was highly expressed throughout gestation (Figure 1A). 

Next, we analyzed the gene expression profile during gestation in placental 

tissues. We found 25 differentially expressed genes (DEGs) in the second trimester, and 

687 DEGs in the third, when they were independently compared to the first trimester 

(Supplementary Table 1). All DEGs were divided into three clusters by the K-means 

clustering analysis (Supplementary Figure 1A). Cluster 1 includes genes that increase 

expression during pregnancy, and these genes enriched terms related to blood vessels 

morphogenesis, complement cascade, extracellular matrix organization, and cellular 

response to nitrogen compounds. Cluster 2 encompasses genes that increase expression 

specifically in the third trimesters, which are related to female pregnancy, growth hormone 

signaling pathway, homeostasis, and steroid biosynthetic process. Cluster 3 includes 

genes that decrease expression during pregnancy. and these genes enriched terms 

related to cell division, sulfur compounds biosynthetic process, chromosomal 

segregation, PID MYC active pathway (Supplementary Figure 1B and Supplementary 

Table 2). The gene expression changes in the course of pregnancy revealed that the 

second and third trimesters enriched genes that are associated with the placental growth, 

mainly in the third trimester (Supplementary Figure 1C and Supplementary Table 3). Even 

with a high discrepancy between the number of DEGs in second and third trimesters (25 

and 687, respectively), we identified similarities in the enriched terms between gene 
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clusters (Supplementary Figure 1D) and between the second and third trimesters of 

gestation (Supplementary Figure 1E). 

We further asked whether the DEGs in the placenta during gestation are translated 

into proteins that potentially interact with SARS-CoV proteins. Considering that the 

current cases of SARS-CoV-2 placental infection are mainly related to the third trimester 

of pregnancy (17, 23), we selected the 687 DEGs in the placenta in the third trimester 

compared to the first trimester and, among them, 474 and 213 were up- and down-

regulated, respectively (Supplementary Table 1). Next, we selected the human proteins 

potentially interacting with SARS-CoV using the P-HIPSter database. We found 32 virus-

host interacting proteins of SARS-CoV (Supplementary Table 4), and nine virus-host 

interacting proteins of the ZIKV (Supplementary Table 5). We also found that, from these 

list of virus-host interacting proteins, 10 DEGs (DAAM1, FRMD3, STX3, HBD, PRKCZ, 

CTK3, PAICS, EVL, TREM2, and HBE1) are translated into proteins that interact with 

SARS-CoV proteins, and one with the ZIKV (Supplementary Figures 1F and 1G). Among 

these 10 DEGs, six were up-regulated (DAAM1, FRMD3, STX3, HBD, PRKCZ, and 

CTK3) and four (PAICS, EVL, TREM2, and HBE1) were down-regulated in the third 

trimester (Figure 1B). The gene DAAM1, which is translated into an intrinsic membrane 

glycoprotein implicated in cell motility, adhesion, cytokinesis, and cell polarity - showed 

the highest level of fold change in the third trimester of gestation compared to the first 

(logFC= 1.43; Figure 1B). The host-virus protein-protein interactions (PPI) predicted for 

these 10 DEGs presented a Likelihood Ratio (LR) > 100 (Supplementary Table 6), 

according to P-HIPSTer (24). Noteworthy, PAICS transcript, which is translated into an 

enzyme that catalyzes the sixth and seventh steps of the novo purine biosynthesis, were 

predicted to interact with both SARS-CoV and ZIKV (Figure 1B and Supplementary Table 

7). We observed a significant interaction of placental proteins predicted to interact with 

SARS-CoV-2 (based on the DEGs or not), and PAICS was also predicted to interact with 

other proteins in the PPI network with the highest degree (Figure 1C and Supplementary 

Table 8). 

We next used single-cell RNA sequencing to analyze the expression of the 10 

DEGs translated into proteins that potentially interact with SARS-CoV in human placental 
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cells (Supplementary Figures 1H and 1I). We selected the genes ACE2, TMPRSS2, 

CTSL, DPP4, PAICS, and DAAM1 for further investigations using scRNA-seq 

transcriptome data from cells of the syncytiotrophoblast (n=1144), villous cytotrophoblast 

(n=8244), and extravillous trophoblast (n=2170) of non-disease human placental tissues, 

considering the potential relevance of these genes for SARS-CoV infection and 

replication in the organ (Figure 1D). We noticed that the expression of the classical SARS-

CoV-2 entry receptor genes (ACE2 and TMPRSS2) was minimally expressed in these 

cells. In contrast,  potential non-canonical cell entry mediator genes DPP4 and CTSL, as 

well as, the genes for the predicted virus-host interaction proteins DAAM1, and PAICS 

were expressed at higher levels (Figure 1E and Supplementary Figure 2A). We also 

looked for the co-expression of ACE2 and TMPRSS2 with DPP4, CTSL, DAAM1, and 

PAICS by using scRNA-Seq in these same cells (Figure 2). This analysis revealed that 

DPP4, CTSL, DAAM1, and PAICS are co-expressed at high-levels, while these genes 

are co-express at low levels with ACE2 and TMPRSS2 (Figure 2). Remarkably, we found 

only three cells co-expressing ACE2 and TMPRSS2. For this reason, we consider that 

DPP4, CTSL, DAAM1, and PAICS may represent candidates of an alternative route for 

SARS-CoV-2 infection in human placentas. We used The Human Protein Atlas to predict 

the subcellular location of proteins encoded by our candidates. DPP4 is predicted as 

intracellular, membrane, and secreted protein; CTSL is a protein located in the Golgi 

apparatus and additionally in vesicles; PAICS is a protein found in the cytosol while 

DAAM1 is located in the plasma membrane and cytosol (Figure 1E). Finally, we analyzed 

the gene expression profile of ACE2, TMPRSS2, CTSL, DPP4, DAAM1, and PAICS 

genes on publicly available scRNA-Seq datasets of lung, liver, and thymus fetal tissues. 

CTSL, DPP4, and DAAM1 were found as highly expressed in fetal cells compared to 

ACE2 and TMPRSS2 in all tissues analyzed (Supplementary Figure 2). Additional 

investigations may determine the generality and impact of these findings, including the 

confirmation of vertical transmission. 

3. Discussion 

Recent literature has shown placenta cells infected with SARS-CoV-2 in pregnant 

women diagnosed with moderate to severe COVID-19 (17, 25) with findings supporting 
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the possibility of vertical transmission of SARS-CoV-2 (17, 26). However, few placenta 

cells express ACE2 and TMPRSS2 (21, 22) required for virus entry, raising the question 

about whether potential non-canonical molecular mechanisms may be involved in the 

biological cycle of the virus in these cells. Here, we demonstrated by transcriptomic 

analyses (microarray and scRNA-Seq) and in silico predictions of virus-host protein-

protein interactions that, despite low-levels of ACE2 and TMPRSS2, villous trophoblast 

cells express high levels of the potential non-canonical cell-entry mediators DPP4 and 

CTSL. We also found changes in the expression of DAAM1 and PAICS genes that code 

for proteins predicted to interact with SARS-CoV proteins during pregnancy. These 

results provide evidence of potential host-virus PPI that may lead to SARS-CoV-2 

infection and replication in the human placenta. 

Firstly, we characterized the expression of SARS-CoV-2/SARS-CoV entry-

associated receptors and proteases genes, which revealed that DPP4 and CTSL are 

highly expressed in villous trophoblast cells during pregnancy. DPP4 has a high affinity 

to the SARS-CoV-2 spike receptor-binding domain, (27) and critical DPP4 residues share 

the SARS-CoV-2-S/DPP4 binding as found for MERS-CoV-S/DPP4 (27). In a pioneer 

study based on SARS-CoV cell entry mechanisms, Simmons et al. (28) described a three-

step method for host-virus membrane fusion, involving receptor-binding and induced 

conformational changes in S glycoprotein with subsequent CTSL proteolysis and 

activation of membrane fusion within endosomes. During the COVID-19 pandemic, it has 

been further demonstrated that SARS-CoV-2 can use CTSB and CTSL as well as 

TMPRSS2 for priming host cells (29, 30). These data provide evidence that CTSL is a 

potentially promising treatment for COVID-19 by blocking coronavirus host cell entry and 

intracellular replication (31). Secondly, we analyzed whether placental development and 

growth are associated with transcriptional changes in proteins that potentially interact with 

SARS-CoV. Among the transcripts translated into proteins predicted as interacting with 

SARS-CoV, DAAM1 increased with placental development and growth. DAAM1 was 

previously identified as a regulator of bacteria phagocytosis by regulating filopodia 

formation and phagocytic uptake in primary human macrophages (32). We predicted that 

DAAM1 potentially interact with the viral protein encoded from open reading frame 8 

(ORF8) and the hypothetical protein sars7a of SARS-CoV. The SARS-CoV ORF8 shares 



 

76 

 

the lowest homology with all SARS-CoV-2 proteins; however, it was previously 

demonstrated that SARS-CoV-2 ORF8 expression was able to selectively target MHC-I 

for lysosomal degradation by an autophagy-dependent mechanism in different cell types 

(33). We found that PAICS transcript, which is also translated into a protein predicted as 

interacting with the Nsp3 of SARS-CoV, decreased its levels with placental development 

and growth. PAICS is an enzyme of de novo purine biosynthesis pathway, which was 

previously predicted as having a putative interaction with the human influenza A virus 

(IAV) nucleoprotein and was up-regulated during IAV infection (34). The putative 

interaction of Nsp3 with PAICS is relevant. Nsp3 is one of the 16 non-structural proteins 

in the replicase ORF1ab gene of SARS-CoV and SARS-CoV-2 (2, 35), and binds to virus 

RNA and proteins, including the nucleocapsid protein (36). Considering the low-levels of 

ACE2 and TMPRSS2 that we found in villous trophoblast cells, our results provide 

evidence of alternatives cell-entry mediators in the placenta. Moreover, the description of 

the potential interaction between host and SARS-CoV-2 may provide insights into the 

mechanisms of placental infection in women with COVID-19. 

Cellular and molecular composition play a role in placenta infection and 

intrauterine transmission of viruses (37, 38). Thus, we finally used single-cell analysis of 

the syncytiotrophoblast, villous cytotrophoblast, and extravillous trophoblasts - the fetal 

component of the placenta - that confirmed the low-levels of expression of the canonical 

entry receptor ACE2 and TMPRSS2 genes (21, 22). Conversely, we found that these 

cells express high-levels of DPP4 and CTSL, two potential mediators of SARS-Cov-2 host 

cell entry (27, 30) that may contribute to the SARS-CoV-2 infection (17, 25, 26). It is 

essential to highlight that our scRNA-Seq analysis showed that the non-canonical DPP4 

and CTSL entry genes (27, 30) are highly co-expressed in syncytiotrophoblast, villous 

cytotrophoblast, and extravillous trophoblasts cells. The transcripts DAAM1 and PAICS, 

which are translated into proteins predicted as potentially interacting with SARS-CoV-2, 

were also highly co-expressed with DPP4 and CTSL. These results demonstrate that, 

although ACE2 and TMPRSS2 are poorly expressed in the placenta, other mediators that 

potentially interact with the virus are highly co-expressed in villous trophoblast cells and, 

therefore, may represent a valuable alternative route for infection and viral replication. 
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Although our in silico analyses are a starting point, they have limitations. We 

reanalyzed published placenta datasets with a limited number of samples (microarray = 

12 individuals, and scRNA-seq = 5 individuals) and, consequently, validations in a large 

cohort of samples must be performed. The predicted interactions presented here should 

also be experimentally validated in infected cells or placenta to circumvent these 

limitations. Moreover, the analyses of single-cell data should be conducted for the entire 

period of gestation, considering that we only evaluated single-cell data from the first 

trimester of pregnancy. The detection of SARS-CoV-2 in the placenta needs to be 

performed in a large cohort of pregnant women with COVID-19, including asymptomatics. 

Considering that vertical transmission of SARS-CoV-2 is still debated, the follow-up of 

newborns from mothers with COVID-19 during pregnancy should be necessary since, if 

it occurs even in the non-asymptomatic, the long-term consequences are mostly 

unknown.  

In conclusion, despite low-levels of ACE2 and TMPRSS2, our analyses 

demonstrate that villous trophoblast cells express high levels of potential non-canonical 

cell-entry mediators DDP4 and CTSL. We also found changes in the expression of the 

DAAM1 and PAICS genes coding for proteins predicted to interact with SARS-CoV 

proteins during pregnancy. These results provide new insight into the interaction between 

SARS-CoV-2 and the host proteins, and indicate that coronaviruses may use multiple 

mediators for virus infection and replication.  

4. Materials and Methods 

4.1 Differential expression analysis of the placenta during pregnancy 

trimesters  

We reanalyzed microarray data from villous trophoblast tissues of first (45-59 days, 

n = 4), second trimester (109-115 days, n = 4), and third trimesters (n = 4) available in 

Gene Expression Omnibus (GEO), under the accession number GSE9984 (39). Next, we 

identified the DEGs during the pregnancy, by comparing the second trimester and third 

trimester with the first trimester using the GEO2R tool 

(https://www.ncbi.nlm.nih.gov/geo/geo2r). Genes with Log2 of Fold Change ≥ |0.5| and 

False Discovery Rate (FDR) < 0.05 were considered as DEGs. We further grouped the 

https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE9984
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gene expression profiles during pregnancy by using the K-means clustering analysis 

based on One Minus Pearson Correlation (Robust Multi-array Average, RMA, 

normalization log2, K-means = 3). 

4.2 Enrichment analysis 

We used the Metascape tool (https://metascape.org) (40) to perform functional 

enrichment analysis of the genes lists generated in the clustering and differential 

expression analyses.  

4.3 Placenta proteins that potentially interact with coronaviruses and Zika 

virus 

SARS-CoV-2 cell entry mediators were selected for first screening using the 

human proteins already described in the COVID-19 Cell Atlas 

(https://www.covid19cellatlas.org/) and the literature (1, 21, 27, 30). Next, we used gene 

expression data to generated a list of PPIs that potentially interact with human 

coronaviruses and the ZIKV from the Pathogen–Host Interactome Prediction using 

Structure Similarity (P-HIPSTer, http://phipster.org/) database (23) (Supplementary Table 

4 and 5, respectively). SARS-CoV was included in the analysis considering the 

evolutionary relationship between the novel SARS-CoV-2 (1), and ZIKV considering its 

impact on placental infection and fetal microcephaly (9, 37). 

4.4 Tissue-specific gene networks of potential virus-host placenta 

interactome 

The HumanBase webtool (https://hb.flatironinstitute.org) (41) was used to 

generate the tissue-specific gene network of placental genes coding for proteins that 

potentially interact with SARS-CoV-2 based on P-HIPSTER or that we identified as either 

associated with COVID-19 or that we hypothesized may be associated with the disease, 

based on the literature (Supplementary Table 8). We considered co-expression, 

interaction, transcriptional factor binding, Gene Set Enrichment Analysis (GSEA) 

perturbations as active interaction sources, applying minimum interaction confidence of 

0.07, and a maximum number of 15 genes. 

4.5 Single-cell transcriptome analysis of human placentas and fetal tissues 

https://metascape.org/
https://www.covid19cellatlas.org/
http://phipster.org/
https://hb.flatironinstitute.org/
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We used the functionalities of the COVID-19 Cell Atlas 

(https://www.covid19cellatlas.org) to explore single-cell RNA sequencing (scRNA-Seq) 

data from five samples from first-trimester placentas, previously described by Vento-

Tormo et al., (42). The expression of placental candidates genes potentially interacting 

with SARS-CoVs was visualized in placental cell types using the “interactive viewer” 

developed by cellxgene v0.15.0 (https://cellxgene.cziscience.com). We also 

characterized the gene expression profile of canonical and non-canonical placental 

mediators of viruses interaction per cell using cellxgene v0.15.0 bar plots. The placental 

single-cell transcriptome is available for re-analysis at Human Cell Atlas Data Portal 

(https://data.humancellatlas.org) or E- MTAB-6701 (https://www.ebi.ac.uk/arrayexpress). 

We applied this same strategy to investigate the gene expression of our candidates using 

scRNA-seq in human fetal tissues: lung (43), liver (44), and thymus (45). Last accessed 

June 2020. 

4.6 Data representation and analysis 

Morpheus (https://software.broadinstitute.org/morpheus/) was used to generate 

the heatmaps and to perform the clustering analyses. The Venn diagram was constructed 

using the Van de Peer Lab software (http://bioinformatics.psb.ugent.be/webtools/Venn/). 

Biorender was used to design cell images (https://app.biorender.com/). 

Data Availability Statement 

All data is available in the manuscript. 
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Figure 1. The expression landscape of human placenta proteins potentially 

interacting with SARS-CoV-2. A. Heatmap illustrating gene expression (counts RMA 

normalized) of SARS-CoV-2 interacting proteins from placental samples in the first, 

second and third trimester of gestation (GSE9984)(39). B. Heat-scatter plot presenting 

ten differentially expressed genes in the placenta that encode proteins potentially 

interacting with SARS-CoV as predicted by the P-HIPSter (http://phipster.org/) database. 

The color and size of the circles correspond to the log2FC and -log10 transformed FDR 

adjusted P-value, respectively. Fold change represents the gene expression of placenta 

samples from the third trimester of gestation compared with the first trimester. Bolded 

genes represent the six candidates selected for the further scRNA-seq evaluations. C. 

Tissue-specific gene network of placenta proteins predicted to interact with 

coronaviruses. The network was generated using the HumanBase 

(https://hb.flatironinstitute.org/) online tool. D. Dimensionality reduction demonstrates 

different cell populations identified in five first-trimester human placental samples in a 

Uniform Manifold Approximation and Projection (UMAP) plot, by using scRNA-Seq data 

from Vento-Tormo et al., (42). The images were generated using the COVID-19 Cell Atlas 

(https://www.covid19cellatlas.org) functionalities. E. UMAP plots representing the gene 

expression (log-transformed normalized counts) of ACE2, TMPRSS2, CTSL, DPP4, 

DAAM1, and PAICS in human placental cells from the syncytiotrophoblast, villous 

cytotrophoblast, and extravillous trophoblast. The images were generated using COVID-

19 Cell Atlas (https://www.covid19cellatlas.org) functionalities. F. Cell illustrations 

depicting the protein localization of ACE2, TMPRSS2, CTSL, DPP4, DAAM1, and PAICS 

in cell compartments, as described in the Human Protein Atlas database 

(http://www.proteinatlas.org). Illustrations were created using BioRender App 

(https://biorender.com/). RMA: Robust Multichip Average; FC: Fold Change; FDR: false 

discovery rate; Padj: adjusted P-value; SCT, syncytiotrophoblast; VCT, villous 

cytotrophoblast; EVT, extravillous trophoblast; HB, Hofbauer cells; FB: fibroblasts; dM, 

decidual macrophages; Endo, endothelial cells; l, lymphatic; m, maternal; f, fetal. 

 

http://phipster.org/
https://hb.flatironinstitute.org/
https://www.covid19cellatlas.org/
https://www.covid19cellatlas.org/
https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://biorender.com/
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Figure 2. Single-cell analysis of the human placenta indicates potential non-canonical 

routes of SARS-CoV-2. A. Co-expression analysis of DAAM1, CTSL, DPP4, and PAICS 

with the canonical virus entry-associated genes ACE2 and TMPRSS2. B. Co-expression 

analysis of DAAM1 and PAICS with the non-canonical virus entry genes DPP4 and CTLS. 

The images were generated using COVID-19 Cell Atlas 

(https://www.covid19cellatlas.org) functionalities. 

 

https://www.covid19cellatlas.org/
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Supplementary Figure 1. Gene expression profile of gestational trimesters and its 

potential to interact with SARS-CoV-2 proteins. A. Heatmap illustrates the expression 

(counts RMA normalized) of placenta differentially expressed genes (DEGs) from the 

three trimesters (GSE9984). Clustering analysis was performed based on One Minus 

Pearson Correlation and k-means analysis generated three clusters related to the 

increase or decrease of the gene expression during the gestation. Cluster 1 is 

represented by the red bar, cluster 2 by the pink bar, and cluster 3 by the blue bar. B. 

Functional enrichment analysis generated in the Metascape tool (https://metascape.org) 

[DOI: 10.1038/s41467-019-09234-6] from each cluster found in the placenta DEGs.  C. 

Functional enrichment analysis generated in the Metascape tool from DEGs belonging to 

the comparison of first versus second trimester and first versus term placentas. D. Circus 

plot showing overlapped functional enriched terms from the gene lists of the clusters (1, 

2 and 3).  E. Circus plot showing the overlapping between the functional enriched terms 

generated from DEGs of first versus second trimester and DEGs from first trimester 

versus term placentas.  F. Venn Diagram showing the DEGs shared by the placenta (up 

and down), human protein of expected interaction with SARS-CoV, and human protein of 

expected interaction with ZIKA virus. G. Box plot showing the expression of the 10 DEGs 

encoding for proteins with expected interaction with SARS-CoV.  H-I. Single-cell gene 

expression analyses in placental cells types using scRNA-Seq data from Vento-Tormo et 

al, 20181. Dimensionality reduction demonstrates different cell populations identified in 

five human placental samples in a Uniform Manifold Approximation and 

Projection (UMAP) plot. SCT, syncytiotrophoblast; VCT, villous cytotrophoblast; EVT, 

extravillous trophoblast. The images were generated using COVID-19 Cell Atlas 

(https://www.covid19cellatlas.org) functionalities. RMA: Robust Multichip Average. 

 

https://www.covid19cellatlas.org/


 

92 

 

 



 

93 

 

Supplementary Figure 2. Gene expression of ACE2, TMPRSS2, CTSL, DPP4, 

DAAM1, and PAICS in scRNA-seq of fetal tissues. A. Bar plots representing the gene 

expression (log-transformed normalized counts) of ACE2, TMPRSS2, CTSL, DPP4, 

DAAM1, and PAICS in human placental tissues (Vento-Tormo et al., 2018). X-axis 

indicates log-transformed normalized counts while Y-axis indicates the amount of cell 

expressing the gene. B. Bar plots representing the gene expression (log-transformed 

normalized counts) of ACE2, TMPRSS2, CTSL, DPP4, DAAM1, and PAICS in human 

fetal lung (Miller et al., 2020), liver (Popescu et al., 2019), and thymus (Park et al., 2020). 

X-axis indicates log-transformed normalized counts while Y-axis indicates the amount of 

cell expressing the gene. The images were generated using COVID-19 Cell Atlas 

(https://www.covid19cellatlas.org) functionalities and the cells not expressing counts 

were omitted from the plot.  

 

 

Supplementary Table 1.  Differentially expressed genes in placenta tissue during 

the gestation (1º trimester x 2º trimester and 1º trimester x 2º trimester; Log2FC >= |0.5|; 

FDR< 0.05). 

Supplementary Table 2.  Functional enrichment analysis generated in the 

Metascape tool (https://metascape.org) [DOI: 10.1038/s41467-019-09234-6] for each 

cluster generate for placenta gene expression during gestation. 

Supplementary Table 3.  Functional enrichment analysis list generated in the 

Metascape tool (https://metascape.org) [DOI: 10.1038/s41467-019-09234-6] for DEGs in 

the placenta tissues (1º trimester x 2º trimester and 1º trimester x 2º trimester. 

Supplementary Table 4. Human-SARS-CoV Interactome based on the in silico 

computational framework P-HIPSTer (http://phipster.org/). 

Supplementary Table 5. Human-ZIKA Interactome based on the in silico 

computational framework P-HIPSTer (http://phipster.org/). 

Supplementary Table 6. The Human-SARS-CoV interactome obtained in the P-

HIPSTer (http://phipster.org/) for placenta.  
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Supplementary Table 7. The Human-ZIKA interactome obtained in the P-

HIPSTer (http://phipster.org/) for placenta.  

Supplementary table 8. Human-SARs Interactome based on literature. 

 


