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RESUMO

SCOLARLI, S. C. Remodelamento dinimico da matriz extracelular endometrial modula a
receptividade em bovinos. [Dynamic remodeling of endometrial extracellular matrix
modulates embryo receptivity in cattle]. 2015. 88 f. Tese (Doutorado em Ciéncias) -
Faculdade de Medicina Veterinaria e Zootecnia, Universidade de Sdo Paulo,
Pirassununga, 2015.

A matriz extracelular do endométrio (ECM) € constituida por moléculas secretadas que
compdem o microambiente celular e sdo ativadas ou suprimidas principalmente pelos
hormonios esterdides ovarianos, estradiol (E,) e progesterona (P,) durante o ciclo estral. A
identificacdo de genes envolvidos no remodelamento e receptividade pode levar a descoberta
de importantes processos bioldgicos ligados ao sucesso gestacional. Os objetivos foram: 1.
identificar a relagdo de diferentes tamanhos de foliculos pré-ovulatérios (FPO) e corpo liteo
(CL) e de seus respectivos hormoénios E, e P, com a expressiao endometrial de genes
associados com o remodelamento da ECM durante o periodo de pré-implantacdo; e 2. analisar
a relacdo entre a expressdo génica de determinados componentes da ECM avaliada no dia 6
apods inseminagdo artificial (IA) com sucesso gestacional. Para tal, dois experimentos foram
realizados. No experimento 1, estudo 1 e estudo 2, 42 e 74 vacas Nelore (Bos indicus) adultas,
respectivamente foram sincronizadas obtendo-se ao final dois grupos com distintos tamanhos
FPO e CL consequentemente, distintas concentragdes de E, no proestro e P, no diestro Os
grupos foram: Foliculo Grande-CL Grande (FG-CLG; estudo 1, n=20; estudo 2, n=35) e
Foliculo Pequeno-CL Pequeno (FP-CLP; estudo 1, n=22; estudo 2, n=39). Amostras de tecido
endometrial foram coletadas por bidpsia no DO (estro) e pés-mortem no D4 (estudo 1) e D7
(estudo 2). Concentragdes de E, e P, foram mensuradas por radioimunoensaio (RIA) obtendo-
se menores concentracdes no grupo FP-CLP. No experimento 2, vacas adultas, Nelore (Bos
indicus; n=33) foram sincronizadas utilizando um protocolo a base de prostaglandina F 2a.
(PGF2a) e observagdo de estro. As vacas foram inseminadas artificialmente (IA) e seis dias
apds, uma bidpsia endometrial coletada. O diagndstico de gestacao foi realizado apds 30 dias
por meio de ultrasonografia (US) e entdo as vacas foram divididas em grupo Prenhe e Nao-
Prenhe (P e NP) para andlise retrospectiva. Abundancia de transcritos foi avaliada por
sequenciamento (RNAseq) assim como qPCR em amostras de ambos experimentos.
Realizaram-se também exames histologicos em amostras do D4 e D7 (estudo 2) para
avaliacdo de coldgeno total assim como espessura de fibras coldgenas. Resultados
determinaram uma maior abundancia de transcritos relacionados ao remodelamento de MEC,

em destaque TGFf3, MMPs, TIMPs e coldgenos em vacas pertencentes aos grupos NP e FP-



CLP. O mesmo foi observado para abundancia de colageno. No entanto, ndo observou-se
diferenca na relacdo entre fibras grossas e finas entre os tratamentos. Andlises de correlagdo e
regressao indicaram que foliculos pré-ovulatorios de maior tamanho geram CL maiores e
assim maiores concentracdes de P, a qual estd negativamente associada a abundancia de
coldgenos. Assim, de acordo com resultados aqui descritos, assume-se que a alteragdo da
homeostase da MEC devido ao incremento na abundéncia de colageno pode ser prejudicial a

gestacao em bovinos.

Palavras Chave: Matriz extracelular. Endométrio. Remodelamento.



ABSTRACT

SCOLARI, S. C. Dynamic remodeling of endometrial extracellular matrix
modulates embryo receptivity in cattle. [Remodelamento dindmico da matriz
extracelular endometrial modula a receptividade em bovinos]. 2015. 88 f. Tese (Doutorado
em Ciéncias) - Faculdade de Medicina Veterinaria e Zootecnia, Universidade de Sao
Paulo, Pirassununga, 2015.

The endometrial extracellular matrix (ECM) ¢ build up of secretory molecules that make up
the cellular microenvironment and suffer activation or suppression mainly by the ovarian
steroid hormones, estradiol (E,) and progesterone (P4) during the estrous cycle. The
identification of genes involved in endometrial remodeling and receptivity may reveal
important biological processes linked to gestational success. The objectives were: 1. identify
the relationship among preovulatory follicle (POF) size and corpus luteum (CL) and its
respective hormones, E; and P4 on the endometrial expression of genes related to extracellular
matrix remodeling during the pre-implantation period; and 2. analyze the relationship between
endometrial ECM gene expression evaluated on day 6 post artificial insemination (AI) with
pregnancy outcome. For such, two experiments were carried on. On experiment 1, study 1
and study 2, 42 and 74, respectively, adult Nelore (Bos indicus) cows were synchronized
aiming to manipulate the peri-ovulatory endocrine environment, obtaining at the end of the
protocol, two groups with distinct pre-ovulatory follicle (POF) and corpus luteum (CL) sizes,
leading to groups with distinct E; and P4 concentrations. The groups were: Large Follicle/CL
(LF/CL; study 1, n=20, study 2, n=35) and Small Follicle/Cl (SF/CL; study 1, n=22; study 2,
n=39). Endometrial samples were collected by biopsy on DO (Estrus) and post-mortem on D4
and on study 2 post-mortem on D7. P4 and E, concentrations were measured by RIA with a
significative difference between the groups, being lower hormonal concentrations in the SF-
SCL group and higher concentrations in the LF-LCL group . In experiment 2, adult Nelore
(Bos indicus) cows (n=33) were synchronized using a prostaglandin 2o (PGF2a) and heat
detection based protocol. The cows were Al and six days after an endometrial biopsy was
collected. Pregnancy diagnosis was performed on day 30 by ultrasound (US) examination and
cows were divided into pregnant and non-pregnant (P vs. NP) groups for a retrospective
analysis. Histology was performed on D4 and D7 samples for total collagen abundance as
well as fiber thickness. Correlation and regression analysis indicate that larger preovulatory
follicles as well as higher P4 concentrations have a negative effect on collagen content. RNA-

Seq analysis and confirmation by qPRC was performed on selected samples from experiment



1, study 2 and experiment 2. Comparison of mRNA levels of ECM components samples
revealed higher levels of transcripts envolved in ECM remodeling, highlighting TGFf3,
MMPs, TIMPs and collagens in NP cows when compared with P cows as well as in the SF-
SCL compared to the LF-LCL group. The same was observed for collagen abundance.
However, there was no difference between thin and thick collagen fibers between treatments.
Correlation and regression analysis indicate that larger POF lead to larger CL and hence,
higher P, concentrations, which has a negative effects on collagen abundance. Therefore,
according to the results presented here, we can imply that an alteration in ECM homeostasis

due to increased collagen abundance may be harmful to pregnancy in cows.

Key words: Extracellular matrix. Endometrium. Remodelling.
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1 INTRODUCAO GERAL

O insucesso gestacional ¢ o fator que, isoladamente, mais influencia a produtividade e
a lucratividade de um rebanho bovino. Dessa forma, o insucesso gestacional ainda ¢ alvo de
intensas pesquisas devido a baixa eficiéncia reprodutiva na maioria das explora¢des pecuarias
a qual se da devido as altas taxas de perdas embrionarias (DISKIN; MORRIS, 2008).

Apesar do vasto conhecimento alcangado nos diferentes ramos da fisiologia da reproducdo
bovina, os mecanismos moleculares da biologia uterina durante a fase inicial de gestagao
permanecem pouco estudados. Sabe-se, por exemplo, que a partir de taxas médias de
fertilizacdo de 90% e de natalidade de 55%, os indices de mortalidade embrionaria atingem
40% em vacas, ocorrendo em sua maior parte entre os dias 8 e 16 ap6s a inseminagao
artificial (SREENAN; DISKIN, 1983; HUMBLOT, 2001; DISKIN; MORRIS, 2008).
Durante tal periodo, o embrido ¢ inteiramente dependente do ambiente intra-uterino em que se
encontra.

Deve-se lembrar que o estabelecimento e manutengdo da gestagdo sdo eventos complexos
que requerem sintonia entre a receptividade uterina da fémea e a capacidade do embrido em se
desenvolver nas tubas uterinas ¢ no utero (CARSON et al., 2000; LIM et al., 2002; WOLF et
al., 2003). Assim, o insucesso da gestacao pode ser atribuido a uma incompeténcia intrinseca
ao embrido, a inadequada receptividade endometrial ou a ambos. A presente tese focard em
aspectos relacionados ao endométrio.

O entendimento dos mecanismos moleculares responsaveis pela sobrevivéncia
embriondria e consequente implantagdo € essencial para o desenvolvimento de técnicas que
resultem na diminui¢do das perdas embriondrias e melhore as taxas de gestagdo em bovinos,
levando, consequentemente um melhor aproveitamento do desempenho reprodutivo da fémea
bovina. Contudo, ha limitada informagao relacionada a identidade das moléculas sintetizadas
e secretadas pelo endométrio na primeira semana de gestacdo e que podem potencialmente
estar associadas com a taxa de concep¢do. Apesar de variados estudos demonstrarem a
expressdo génica diferencial do endométrio em diferentes fases do ciclo estral ou mesmo na
gestagdo inicial, tais estudos em sua maioria abordam a fase luteal tardia durante o ciclo ou
em torno do reconhecimento materno da gestagao.

Evidencia-se entdo, a importancia da investigagdo da expressdo génica endometrial

durante o periodo de receptividade uterina, mais especificamente na primeira semana de
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gestacdo na busca de informagdes sobre o controle molecular e sua relacdo ao sucesso
gestacional.

Visando aumentar o entendimento de tais processos, em nosso laboratorio, utilizou-se a
abordagem de sequenciamento de transcritos (RNAseq) e analise por bioinformatica em
amostras endometriais de vacas Nelore (Bos indicus) coletadas na primeira semana pos-estro.
O primeiro experimento baseou-se na determinagdo da diferenca da ativacdo génica
endometrial entre vacas com foliculo pré-ovulatorio (POF) e corpo luteo (CL) maiores (grupo
Foliculo grande-corpo luteo grande, FG-CLG) ou menores (grupo Foliculo pequeno-corpo
luteo pequeno, FP-CLP) e, consequentemente, ambientes endodcrinos periovulatérios
diferenciados devidos as distintas concentra¢des de hormonios esterdides, estradiol (E,) e
progesterona (P4) (MESQUITA et al., 2015 no prelo)’. O segundo experimento teve como
objetivo a diferenciacdo da composi¢do génica endometrial entre vacas prenhes e ndo prenhes
(P vs. NP) (BINELLI et al., 2015). Ap6s as analises, determinou-se que um dos processos
bioldgicos endometriais mais proeminentes em vacas com FP-CLP e o de maior relevancia
em vacas NP foi o de remodelamento de matriz extracelular (MEC) endometrial.

Desde o periodo inicial da gestagdo, os tecidos embriondrios e endometrial passam por um
extensivo processo de remodelamento coordenado por enzimas proteoliticas como MMPs,
ADAM, ADAMTS e seus inibidores, TIMPS (SPENCER et al., 2004). Estudos em mulheres
e camundongos evidenciaram a importancia do equilibrio entre tais enzimas no endométrio
durante o processo de decidualizacdo e sucesso gestacional (LALA; CHAKRABORTY, 2003;
KNOFLER, 2010; WHITE; SALAMONSEN, 2004), comprovando que, uma expressiao ou
distribuicdo aberrante de componentes de MEC no endométrio estd associado a uma
inapropriada receptividade uterina, preeclampsia e invasdo de tumores endometriais
(GRAESSLIN et al, 2006; COCKLE et al, 2007; LOCKWOOD et al., 2008;
BOURBOULIA; STETLER-STEVENSON, 2010).

O remodelamento de MEC endometrial ¢ essencial para a fusdo do embrido ao epitélio
luminal assim como para a ativagdo e liberagdo de citocinas e fatores de crescimento
armazenados no estroma endometrial (HASHIZUME, 2007). De fato, a relevancia do
remodelamento da MEC endometrial tem sido bem documentada em outras espécies, porém
vagamente descrita em bovinos. Além disso, a maioria das publicagdes nesse topico possuem

como principal foco o periodo em que ocorre implantagdo embriondria (YAMADA et al.,

I MESQUITA, F. et al. he receptive endometrial transcriptomic signature indicates an earlier shift from
proliferation to metabolism at early diestrus in the cow
. BOR, 2015. (No prelo)
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2002; HIRATA et al., 2003; KIZAKI et al., 2008; MISHRA et al., 2010; ULBRICH et al.,
201 1MISHRA et al., 2012a, b; MISHRA et al., 2013). Assim, o estudo apresentado nesta tese
possui ampla relevancia no entendimento do comportamento biolégico da MEC endometrial
de bovinos durante o periodo inicial da gestagdo. Conforme nosso conhecimento, ndo existem
outros trabalhos que retratem tais alteragdes de transcritos entre animais com maior ou menor
receptividade.

Formulou-se portanto a hipdtese geral de que alteragdes no remodelamento de MEC
endometrial, ou seja, um aumento no grau de remodelamento no periodo de receptividade
uterina possui um efeito negativo sobre o sucesso gestacional.

O objetivo geral deste trabalho foi caracterizar o processo de remodelamento de MEC
endometrial durante a primeira semana pods-estro em vacas de corte. Para tal, a presente tese
contém dois capitulos sendo o primeiro capitulo composto por uma revisdo de literatura. O
segundo capitulo apresenta um estudo sobre a influéncia de um ambiente enddcrino
periovulatorio contendo maiores ou menores concentragdes de P4 e E, durante a primeira
semana pos-estro sobre a abundancia de transcritos ligados ao remodelamento de matriz
extracelular endometrial assim como abundancia de coldgeno no tecido endometrial. Também
foi estudada a influéncia de genes ligados ao remodelamento de matriz extracelular
endometrial sobre a receptividade uterina em vacas prenhe ou ndo prenhe.

O segundo capitulo sera submetido com o titulo “Dynamic Remodeling of Endometrial
Extracellular Matrix Modulates Embryo Receptivity in Cattle” e encontra-se na integra

no apéndice A da tese.
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2 CAPITULO 1 - REVISAO DE LITERATURA

A gestagdo ¢ um evento extremamente complexo como um todo, no entanto, o
estabelecimento da gestacdo, durante sua primeira semana ¢ algo que requer uma perfeita
modulagdo génica uterina. Sendo este periodo tdo critico para o sucesso da gestagcdo, ¢
essencial o conhecimento de alguns aspectos estruturais e moleculares ligados ao
remodelamento da matriz extracelular, fator importante para o acolhimento do embrido.

Ap6s a fertilizacdo e transito pelo oviduto, o embrido bovino adentra o utero entre os
dias 4 e 5 apods estro no estagio de moérula, porém o processo de implantagdo somente ocorre
entre os dias 20 e 21 do ciclo (EL-BANNA et al.,, 1970). Durante o periodo de pré-
implantacdo o embrido requer um 6timo ambiente intra-uterino para seu desenvolvimento,
uma vez que ainda ndo hé nutri¢do hematotrofica estabelecida entre o embrido e o endométrio
(BURTON et al., 2002).

O processo de implantacio em bovinos ¢ do tipo ndo-invasiva (placenta
sinepitéliocorial) e ocorre apds um longo periodo de pré-implantacdo durante o qual ocorre a
maioria das mortes embrionarias (BURGHARDT et al., 2002; ROSENFELD, 2008). Assim,
durante tal periodo, o epitélio glandular uterino seletivamente sintetiza e secreta no limen
uterino substancias tais como proteinas de transporte de nutrientes, ions, citocinas, enzimas,
vitaminas, hormdnios dentre outras, essenciais para a sobrevivéncia embrionaria (ROBERTS
e BAZER, 1988; BAZER et al.,, 2013). O conjunto de tais moléculas ¢ denominado
“histotrofo”. O remodelamento da MEC endometrial é essencial para alteragdes estruturais
que levam a liberagdo e/ou ativagdo de citocinas, fatores de crescimento e outros fatores
presentes no histotrofo (POLETTE et al., 1994; SALAMONSEN et al., 1995; DAS et al.,
1997). Tais alteracdes na complexa arquitetura do endométrio ocorrem em resposta as
oscilagdes dos hormdnios esterdides ovarianos (SALAMONSEN, 1994). Na presente revisao,
serdo discutidos topicos relacionados a matriz extracelular endometrial e sua relevancia na

receptividade uterina em vacas de corte.
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2.1 RECEPTIVIDADE UTERINA

Receptividade uterina se refere ao estado adequado do endométrio para receber, nutrir
e abrigar o embrido até sua implantagdo (SWIERZ; GIUDENCE, 1997), englobando uma
segéncia Unica de eventos propicios a adaptacdo do embrido ao micro-ambiente uterino
(BERGH; NAVOT, 1992). Assim, torna-se essencial a compreensdo dos eventos relacionados
a receptividade endometrial e que estdo diretamente ligados a fertilidade.

O utero bovino ¢ composto pelo miométrio ou tinica muscularis e pelo perimétrio ou
tanica serosa. O revestimento interior de fino tecido é denominado endométrio, um tecido de
alta complexidade que reveste o interior da cavidade uterina. O endométrio ¢
morfologicamente dividido nas camadas funcional e basal. A camada funcional possui
diferentes compartimentos celulares: o epitélio luminal, epitélio glandular, estroma e
compartimento vascular. O epitélio ¢ composto por células localizadas na superficie ou ao
redor das glandulas e o estroma consiste basicamente de MEC e fibroblastos (BAUERSACHS
et al., 2005).

Em relagdo a sua funcdo, a camada funcional € responsavel pela proliferacio, secrecao
e degeneracdo tecidual, enquanto a camada basal possui a capacidade regenerativa
(DIEDRICH et al., 2007).

O endométrio também ¢ subdividido em regides caruncular e inter-caruncular. Uma de
suas fungdes ¢ previnir a adesdo das paredes opostas do miométrio, mantendo assim a
cavidade uterina. O endométrio ¢ o mais importante componente na comunica¢ao materno-
embriondria e no sucesso da gestacio (BAUERSACHS et al., 2005).

Durante o ciclo estral, o utero passa por uma meticulosa re-organizacdo para atender
as necessidades do concepto em desenvolvimento. A sintese e secre¢do glandular de
histotrofo, composto por citocinas, fatores de crescimento e proteinas, dentre outros fatores,
essenciais para a sobrevivéncia embriondria proporcionam nutricdo assim como um
mecanismo de comunicagdo entre o ambiente materno € o concepto através de trocas de
moléculas de sinalizacdo e fatores de crescimento (SPENCER et al., 2004; HUGENTOBLER
et al., 2008).

A expressdo génica das diferentes células endometriais ¢ regulada primariamente de
maneira endocrina pelos hormoénios esterdides ovarianos, P, e E,, responsdveis pelas

alteragdes ciclicas pelas quais o utero ¢ submetido durante o ciclo estral e que sdo de extrema
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importancia para o sucesso gestacional (FORDE et al., 2011). Assim, a expressao de genes
ligados a receptividade uterina ¢ induzida ou reduzida de acordo com niveis hormonais, sendo
a P4 o principal hormdnio responsavel pela preparagdo do endométrio para implantagao
embriondria e manuten¢do da gestacdo (BAZER et al., 2008).

Estudos em mulheres determinaram a expressdo ou supressdo de genes especificos
presentes no endométrio durante o periodo de janela de implantagdo, o que esta diretamente
relacionado as chances de estabelecimento da gestacdo (NEJAT et al., 2014; VON
GROTHUSEN et al., 2014). Assim, uma expressdao génica aberrante durante o critico periodo
de receptividade uterina pode levar a infertilidade (TABIBZADEH; BABAKNIA, 1995;
TAPIA et al., 2008).

2.2  REGULACAO HORMONAL DA RECEPTIVIDADE UTERINA

E indispensavel lembrar que genes envolvidos nos processos reprodutivos estio sob a
constante influéncia de oscilagdes hormonais, ressaltando em sua maior importancia a
progesterona (P4) e estradiol (E;). A P4 em vacas ¢ o principal horménio regulador das
fungdes endometriais na fase inicial da gestagdo, ou seja, antes do periodo de reconhecimento
materno (BAZER et al.,, 1979; SPENCER et al., 2004; SPENCER et al., 2007). A P4
exerce um papel fundamental na regulacdo do ciclo estral agindo através de receptores de P4
permitindo assim uma direta regulacdo de uma série de genes. Desta forma, ¢ também
essencial no estabelecimento e manuten¢do da gestagdo por intermediar as interacdes entre
embrido ¢ endométrio (HUMBLOT, 2001).

Tal fato foi evidenciado por Demetrio et al. (2007), que observaram uma associacao
positiva entre a concentracdo plasmatica de progesterona medida sete dias apos a
inseminacdo e a probabilidade de concepgdo em vacas de leite de alta producdo. Maiores
concentragdes de P4 entre dias 2 e 5 do ciclo intensificam o desenvolvimento e tamanho do
concepto em novilhas (GARRETT et al., 1988), enquanto animais com menores
concentragdes de P4 na fase luteinica inicial apresentam um desenvolvimento embriondrio
comprometido (NEPHEW et al., 1991; MANN; LAMMING 2001).

O uso de P4 exdgena exerce efeitos de relaxamento da musculatura uterina e ha a hipdtese

de que a suplementacdo de P, antes da tranferéncia de embrides leva a uma melhora na
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receptividade e maior sucesso gestacional (DE ZIEGLER et al., 1998). Relatos confirmam
esta positiva relagdo entre niveis de P4 e sucesso gestacional em vacas (HENRICKS et al.,
1971; LAMMING; DARWASH, 1998; CARTER et al., 2009).

A P4 age no tecido uterino tanto para a estimulacdo do crescimento do blastocisto no
periodo de pré-implantacdo e alongamento quanto para a regulagdo de genes envolvidos em
tais eventos (MANN; LAMMING, 2001). Além disso, outro estudo também revelou um
aumento do crescimento de blastocisto nos dias 9 e 12 acompanhado por alteracdes na
expressao de genes envolvidos no sistema de WNT endometrial devido ao tratamento precoce
com P4 (SATTERFIELD et al., 2008). Em um estudo subsequente, Satterfield et al. (2009)
utilizaram a técnica de microarranjo para identificar os mecanismos pelos quais a P4 age no
endométrio e desenvolvimento do concepto. Os resultados mostraram vias metabolicas
diferencialmente reguladas no dia 9 e 12 de gestagdo em vacas suplementadas ou ndo com Py,
sendo vias de maior importancia relacionadas a atividade de transporte de solutos e fatores
estimuladores de proliferacao, migracao e adesdo celular (SATTERFIELD et al., 2009).

Genes induzidos pela P4 tem sido amplamente investigados em camundongos e humanos e
englobam fatores de transcricdo e crescimento, genes de morfogénese, homonios peptideos,
moleculas de matriz extracellular e de adesdo celular e inibidores de enzimas e proteases
(BAGCHI et al., 2003). Assim, ¢ possivel identificar uma modulagao ciclica da expressao de
genes ligados ao processo de remodelamento de MEC endometrial como as MMPs, TIMPs e
SLRPs (Small leucine-rich protoeglycans) regulada pelos hormdnios esterdides ovarianos
(VASSILEV et al., 2005; SALGADO et al., 2011). Um estudo realizado com camundongos
apontou que, disturbios no niveis destes hormonios e expressao de receptors de P4 no utero de
animais diabéticos leva a alteracdes na composicdo da MEC (FAVARO et al., 2013).

Assim, evidenciando a importancia dos hormonios esteroides ovarianos na fertilidade em

bovinos, ¢ essencial investigar sua influéncia na manuten¢ao e remodelamento da MEC.

23 REGULACAO MOLECULAR DA RECEPTIVIDADE UTERINA

O endométrio receptivo pode ser caracterizado pela expressdo de genes responsaveis
pela resposta do endométrio ao embrido e que permita que ocorra sua implantagdo

(SHARKEY; SMITH, 2003). O entendimento das alteragdes moleculares que ocorrem
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durante o periodo de receptividade endometrial pode ajudar a desenvolver marcadores
moleculares associados com a receptividade endometrial e sucesso da gestagdo. Tais estudos
ainda sdo escassos em bovinos e outros ruminantes.

Técnicas de andlise de expressdo génica global tais como microarranjos e
sequenciamento de transcritos tem proporcionado relevantes informagdes a respeito da
receptividade endometrial a nivel molecular em bovinos (SALILEW-WONDIM et al., 2010;
FORDE et al., 2011; FORDE et al., 2012).

Estudos tém demonstrado diferencas na expressdo de transcritos em diferentes fases
do ciclo estral nas diversas espécies, principalmente em humanos e camundongos (HAOUZI
et al., 2009; TAPIA et al., 2011). Em camundongos, marcadores bioquimicos da receptividade
endometrial incluem moléculas de adesdo e anti-adesdo endometrial, citocinas e fatores de
crescimento endometriais (WANG; DEY, 20006).

Em humanos, na busca de critérios diagnosticos precisos, desenvolveu-se uma
classificagdo para receptividade endometrial utilizando um perfil de transcriptoma
endometrial (PONNAMPALAM et al., 2004; TALBI et al., 2005). Baseando-se na grande
quantidade de informagdes geradas em referéncia a regulagdo e desregulacdo de genes
envolvidos com a receptividade endometrial, foi desenvolvida uma ferramenta direcionada a
identificacdo de um endométrio receptivo tendo como base a assinatura transcriptdmica. Esta
ferramenta chamada de “endometrial receptivity array” (ERA) e consiste em 238 genes
expressos em diferentes estagios do ciclo endometrial definindo assim uma assinatura
transcriptomica da receptividade endometrial em humanos (DIAZ-GIMENO et al., 2011).
Uma grande parte destes genes estdo ligados ao processo de remodelamento da MEC, como
por exemplo TIMP3, ADAM12, ADAMTS 1, 2 e 4, THBS2, VCAM, SPPI1 dentre outros.
Assim, resultados indicam que alteragdes estruturais como o remodelamento de matriz
extracelular e moleculares sdo essenciais para que o ambiente uterino se torne receptivo ao
embrido em estdgio de blastocisto (ACHACHE e REVEL, 2006). Sabe-se que inumeros
comprometimentos ginecologicos em mulheres como infertilidade e perda recorrente da
gestagdo estdo associados a uma inapropriada expressdo ou distribuicdo de componentes da
MEC no estroma endometrial (JOKIMAA et al., 2002).

O avango nas pesquisas em biologia molecular tem tornado possivel catalogar genes
envolvidos nos eventos reprodutivos, € agora a caracteristica receptiva, também em animais
de producdo. Foram revelados importantes processos biologicos e genes que podem

influenciar as interagdes concepto-maternas durante o periodo de peri-implantagdo e assim, o
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sucesso da gestacdo. Estudos com enfoque em transcriptoma endometrial em bovinos foram
realizados para se obter aprimoramento no conhecimento molecular do sistema reprodutivo
durante o ciclo estral nesta espécie (BAUERSACHS et al., 2005; MITKO et al., 2008;
FORDE et al., 2011). Estes estudos revelaram centenas de genes diferentemente expressos
(DEG) entre as fases do ciclo estral. No estudo realizado por Mitko et al. (2008), dois grandes
grupos de genes apresentaram perfis distintos, entre as fases folicular e luteinica. De acordo
com as analises de Ontologia Génica, durante a fase folicular vias relacionadas ao
remodelamento de matriz extracelular, transporte, morfogénese e crescimento celular estavam
enriquecidas, enquanto durante a fase luteinica as vias enriquecidas estavam relacionadas a
resposta imune e metabolismo.

Da mesma forma, em trabalhos realizados por nosso grupo, diferenciando vacas com
maior ¢ menor fertilidade (BINELLI et al., 2015) e com um ambiente periovulatorio e
caracterizado por diferentes niveis homonais (MESQUITA et al, 2015; submetido),
observou-se também perfis distintos entre os grupos, sendo o mais proeminente quanto a vias

relacionadas ao remodelamento da MEC, que foi alvo desta tese.

24 REMODELAMENTO DE MATRIZ EXTRACELULAR ENDOMETRIAL (MEC)

A MEC ¢ o componente ndo celular presente em todos os tecidos e 6rgdos que
proporciona suporte fisico para os constituintes celulares essenciais para o inicio da
morfogénese, diferenciagdo. A MEC estd em constante processo de remodelamento para
manter a homeostase tecidual (JARVELAINEN et al., 2009).

A MEC ¢ composta por moléculas secretadas que constituem o microambiente celular,
composto por trés principais classes de biomoléculas: proteinas estruturais (coldgenos e
elastina), proteinas especializadas (fibrilinas, fibronectinas e lamininas) e proteoglicanas
(ALBERTS et al., 2004; KIM et al., 2011). A MEC exerce basicamente duas fungdes:
estrutural, preenchendo os espagos extracelulares dos tecidos e de interagdo entre as células,
mediando adesdo, crescimento, migracdo e diferencia¢do celular. Adicionalmente a MEC
abriga fatores de crescimento, citocinas e enzimas de degradagdo, além de peptideos presentes
nas criptas endometriais, que sdo expostos pela a¢do das peptidases, podendo, portanto,

modular a fisiologia e morfologia celular (SCHENK; QUARANTA, 2003; MOTT; WERB,
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2004; JARVELAINEN et al.,, 2009). Isto é possivel através da ligacdo de fatores de
crescimento, colageno e proteoglicanas a receptores de superficie celular, estimulando a
transducdo de sinal e regulando a transcri¢do génica (XIAN et al., 2010).

Embora fundamentalmente composta em sua maior parte por agua, proteinas e
polissacarideos, cada tecido possui uma MEC com uma composi¢do exclusiva e topologia
gerada através da interagdo entre os varios componentes celulares. Composta por uma
complexa rede de matriz proteica fibrosa, a MEC mantém um arranjo celular que mantém
determinada forma e polaridade, além de proporcionar o desenvolvimento e a estabilizacao de
vasos sanguineos (XIAN et al., 2010). Ademais, a MEC ¢ uma estrutura altamente dinamica
que estd em constante remodelamento por via enzimatica ou ndo enzimatica e seus
componentes moleculares estdo sempre sujeitos a uma série de modificagdes pos-
translacionais (SCHMIDT; FRIEDL, 2010).

Existem dois tipos principais de MEC: a de matriz de tecido conjuntivo intersticial e a
de membrana basal, uma forma especializada de MEC, a qual separa o epitélio do estroma
circundante e controla a organizac¢do das células e a diferenciacdo através de interagdes com
receptores da superficie de células e proteinas de MEC. A matriz intersticial circunda as
células e ¢ composta principalmente de colageno tipo I e fibronectina, que fornecem a base
estrutural para os tecidos. Em contraste, a membrana basal ¢ mais compacta do que a matriz
intersticial e consiste principalmente de colageno tipo IV, lamininas, proteoglicanos de sulfato
de heparano (HSPGs) e proteinas que sdo sintetizadas e segregadas por células epiteliais,
células endoteliais e subjacentes miofibroblastos que expressam integrinas (LU et al., 2012).

O colageno ¢ a proteina fibrosa mais abundante na MEC constituindo até 30% de toda
massa proteica, proporcionando forca ténsil, migracdo e quimiotaxia, regulando adesdo
celular e regulando desenvolvimento tecidual (ROZARIO; DESIMONE, 2010).

Proteoglicanas (PGs), como aggrecan, versicam e decorin, sdo proteinas ligadas as
cadeias de glicosaminoglicanos (GAG) e sdo intercaladas entre as fibras de colageno. PGs
preenchem o espaco intersticial extracelular e possuem funcdes de hidratagdo sequestrando
agua dentro do tecido. A expressdo de versican tem sido relacionada a progresso de tumores
em cancer cervical, de mama, de pulmdo e melanoma (SUWIWAT et al., 2004,
GAMBICHLER et al., 2008; KISCHEL et al., 2010). O aumento na expressao de versican
leva a uma diminui¢do na adesdo célula-MEC promovendo assim a invasdo tumoral e

metastase (SAKKO et al., 2001).
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Glicoproteinas, como lamininas, elastina, fibronectinas e thrombospontinas possuem
diversas funcdes na estrutura da MEC assim como na interac¢do célula-MEC, atuando como
ligantes para receptores da superficie celular tais como as integrinas. As glicoproteinas
também atuam como um reservatério de fatores de crescimento ligados 8 MEC e que podem
ser secretados apos a protedlise (PIRINEN et al., 2005).

A MEC permite uma série de eventos de sinalizacdo através de receptores de
superficie celular de fatores de crescimento e moléculas de adesdo. As proteinas e estrutura da
MEC podem determinar o comportamento, polaridade, migragdo, diferenciagdo, proliferacao
e sobrevivéncia celular através da comunicag¢do com o citoesqueleto intracelular e transmissao
de sinais dos fatores de crescimento (KIELTY et al., 2002). Desta forma, a MEC possui
fungdo essencial na arquitetura e homeostase uterina.

Por sua natureza, a MEC esta constantemente passando por mudangas em resposta a
diferentes estimulos celulares. E um processo essencial para as fungdes endometriais
fisiologicas estabelecendo a receptividade endometrial, implantacio e manutengdo da
gestagdo. Estudos de microarranjo demonstraram que aproximadamente 560 genes
diferencialmente expressos no utero de camundongos estdo envolvidos na manutencdo e
regulacdo da integridade da MEC (HELVERING et al., 2005; COX; HELVERING, 2006).
No entanto, qualquer alteragdo no equilibrio entre os diferentes componentes da MEC leva a
mudangas na arquitetura do tecido. Alteragdes no remodelamento da MEC estdo associadas a
caracteristicas histologicas anormais (STENBACK, 1989) e anormalidades na implantagao
(SKINNER et al., 1999).

O processo de remodelamento se resume a dois eventos: sintese e deposi¢do de
componentes da MEC e sua quebra proteolitica. Véarias proteases estdo envolvidas na
degradagdo proteolitica da MEC, porém as mais proeminentes sdo as membro da familia das
matrix metalloproteinases (MMP), a disintegrin and metalloproteinases (ADAM) e seus
inibidores, tissue inhibitor of metalloproteases (TIMPs) (REISS; SAFTIG, 2009; EGEBLAD
et al., 2010).

Considerando-se que a maior parte das perdas embriondrias ocorre no periodo de pré-
implantacdo uterina, vale a pena enfatizar a importdncia do remodelamento da matriz
extracelular endometrial para a receptividade uterina, como ja descrito em humanos e
roedores (FARRAR; CARSON, 1992; CLARK et al., 1993; DAS et al., 1997, HURST;
PALMAY, 1999). Como ja descrito, a expressdo de transcritos relacionados ao

remodelamento de matriz endometrial pode ser influenciada por uma série de estimulos,
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incluindo o efeito dos hormdnios esteroides. A oscilagdo dos mesmos possui provavelmente
um significativo impacto sob a receptividade endometrial e consequente manutengdo da
gestacao.

Uma analise do transcriptoma endometrial pode proporcionar uma visualizacdo das
alteracdes de expressdo, complementando o entendimento das alteragcdes temporais
endometriais facilitando assim o entendimento do didlogo entre o endométrio e concepto no
periodo pré-implantagdo. Similarmente, a identificacdo de genes que estdo envolvidos no
remodelamento e receptividade endometrial pode revelar importantes processos biologicos
envolvidos no sucesso gestacional. Esta identificagdo e entendimento sdo essenciais para que
se possam desenvolver métodos de identificagdo de receptividade e fertilidade em animais,
visando um melhor aproveitamento da carga genética e valor economico dos mesmos.

No endométrio de humanos as MMPs sdo vitais para o remodelamento e reparacdo
durante todo o ciclo menstrual (SALAMONSEN; WOOLLEY, 1999). Ja em bovinos, o
processo de remodelamento da MEC ainda ¢ vagamente definida, especialmente no periodo
inicial da gestacdo. No entanto, sabe-se que bovinos possuem uma placentagdo ndo invasiva e
assim, apesar de um grau moderado de remodelamento da matriz extracellular endometrial
comparado a humanos e camundongos, ¢ ainda essencial para o sucesso gestacional
(WOESSNER, 1991). O remodelamento da matriz ¢ fundamental tanto para promover
alteracdes estruturais quanto para a liberacdo e/ou ativacdo de citocinas relacionadas ao
correto funcionamento do utero gestante (GOLDBERG et al., 1992; DAS et al., 1997).

Assim, a finalidade deste estudo foi identificar o comportamento de transcritos
envolvidos no remodelamento de MEC endometrial de vacas nelore perante diferentes
concentragdes de estradiol no proestro e estro e progesterona no diestro assim como a
expressdo de tais transcritos no periodo inicial da gestagdo, 6 dias ap6s a inseminagdo
artificial.

Preconiza-se nesta tese evidenciar que, vacas com um maior potencial reprodutivo
possuem uma expressdo diferenciada de genes codificantes para um ambiente intrauterino
mais receptivo ao embrido que vacas com um perfil sub-fértil. Os principais componentes da

MEC serao descritos a seguir.

2.5 COLAGENOS
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Colagenos sdo os principais elementos estruturais da MEC e contribuem para manter a
estabilidade e a integridade estrutural dos tecidos. A familia dos coldgenos € constituida de 28
membros envolvidos na formacao de fibras coldgenas (colagenos tipos I, I, III, V e XI), redes
de colagenos (colageno tipo IV) ou filamentos ( coladgeno tipo VI) (GELSE et al., 2003;
RICARD-BLUM, 2011).

O coléageno tipo IV (col-IV) ¢ abundante na lamina densa de todas as membranas
basais. Identificado como o primeiro coldgeno ndo envolvido na formacdo de fibras,
proporciona suporte estrutural, regulacdo de adesdo, migragcdo e sobrevivéncia das células
(SCHWARZBAUER, 1999). Ao contrario de outros tipos de coldgeno, as cadeias de
polipeptideos de COL tipo IV sdo codificadas por seis genes diferentes (COL4A1, COL4A2,
COL4A3, COL4A4, COL4AS e COL4A6) (CUTTING et al., 1988; MOMOTA, 1998).

Este tipo de colageno exerce um importante papel na angiogénese, formacdo e
estruturacdo glandular, integracdo e estabilizacdo estrutural da arquitetura dos tecidos. Em
humanos o coladgeno tipo IV apresenta maior abundancia durante a fase proliferativa porém
com minima expressdo durante a fase secretoria no endométrio (APLIN et al., 1988;
TANAKA et al., 2009). Colageno tipo IV regula o remodelamento do epitélio endometrial
proporcionando viabilidade e diferenciacdo celular durante o ciclo menstrual (TANAKA et
al., 2009).

Dependendo do tecido, coldgenos podem diferir em comprimento, didmetro e
espessura. Isto ¢ provavelmente determinado pelo microambiente no qual este serd segregado.
Especificamente, proteoglicanas, glicosaminoglicanas e proteinas matricelulares interagem
com fibrilas em formacdo e recém-formadas podendo afetar o tamanho, forma e organizagao
da matriz de coldgeno (RASPANTI et al., 2008; BORNSTEIN, 2009).

Em cabras, o colageno tipo I encontra-se amplamente distribuido por todo estroma
uterino durante o periodo de pré-implantagdo, diminuindo significativamente durante o
processo de implantagdo (GUILLOMOT, 1999).

Estudos em vacas apontaram uma diminui¢ao no colageno tipo IV da membrana basal
epitelial durante a fase inicial da gestacdo (YAMADA et al., 2002), assim como colageno tipo
I, onde observou-se uma mudanca na composi¢ao das fibras de colageno de grossas e densas
para finas, indicando sua participacdo no processo de remodelamento endometrial durante o

periodo de pré-implantagdo. Tais evidéncias sugerem a regeneracdo de colageno tipo I para
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que ocorra a formagao das criptas maternas, essenciais para a interacdo materno-fetal durante
o processo de placentacdo (YAMADA et al., 2002).

O aumento anormal da deposi¢do de colageno pode prejudicar a fungdo uterina,
possivelmente interferindo com a vascularizagdo ou retardando eventos de remodelamento

(BLANKENSHIP; GIVEN, 1995).

2.6 METALOPROTEINASES DE MATRIZ (MMPS) E INIBIDORES TECIDUAIS DE
METALOPROTEINASES DE MATRIZ (TIMPS)

O sistema MMP/TIMP ¢ essencial no controle da quebra dos componentes da MEC e
assim no seu remodelamento. Estas enzimas estdo envolvidas em uma série de processos
reprodutivos tais como desenvolvimento embrionario, morfogénese de 6rgaos, crescimento,
diferenciagdo e migragdo celular (CURRY; OSTEEN, 2003).

MMPs s3o importantes enzimas capazes de clivar a MEC levando a liberagdo de
citocinas, moléculas de adesdo celular como caderinas, integrinas, outras MMPs e alguns
inibidores de protease (EGEBALD; WERB, 2002), fatores de crescimento tais como IGF
(fatores de crescimento da insulina), FGF (fatores de crescimento de fibroblastos), receptores
de tirosina kinase, moléculas de adesdo celular e citocinas (FOWLKES et al., 1995;
WHITELOCK et al., 1996). Os processos de alteragdes estruturais mediados pelas MMPs sao
diretamente influenciados por hormonios, citocinas e fatores de crescimento e sdo essenciais
em todos os processos de remodelamento em tecidos em desenvolvimento e regeneragao
(ITOH, 2006; NAGASE et al., 2006; D'ALESSIO et al., 2008; BREW; NAGASE, 2010).

Além de degradar os componentes estruturais da MEC, as MMPs sdo responsaveis por
proporcionar espacos para migracao celular, regular a arquitetura tecidual e ativar, desativar
ou modificar a atividade de moléculas de sinaliza¢do direta ou indiretamente (STERNLICHT;
WERB, 2001).

A familia das MMPs ¢ composta por colagenases intersticiais (MMP-1 que degrada
colagenos tipos I, II e III), gelatinases (MMP-2 e MMP-9 que degradam colagenos tipos 1V,
V e X), stromelisinas (MMP3, 7 e 10 que degradam colagenos tipos IV e IX, lamininas,
fibronectinas, elastinas e proteoglicanas) ¢ MMPs de membrana (MMP14, 15 e 16)
(CHEVRONNAY et al., 2012). Todas as MMPs possuem essencialmente a mesma estrutura

contendo quatro-dominios como ilustrado na figura 1. S3o estes: : i) um peptideo de
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sinalizacdo N-terminal necessario para secrec¢do; ii) um pro-dominio clivavel para manter a
laténcia enzimadtica; iii) um dominio catalitico e de ligagdo de zinco e iv) um dominio de

hemopexina C-terminal.

Figura 1 - Nomenclatura e estrutura de dominios das MMPs

Structural Domain Enzyme MMP Nomenclatul
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Fonte: Adaptado de Polimeni and Prato Fluids and Barriers of the CNS 2014 11:1

Ilustragdo das MMPs subdivididas em grupos com base na composi¢do de seus dominios. Cada MMP possui um
dominio estrutural: i) um peptideo de sinalizagdo N-terminal necessario para secre¢do; ii) um pro-dominio
clivavel para manter a laténcia enzimatica; iii) um dominio catalitico e de liga¢do de zinco e iv) um dominio de
hemopexina C-terminal. MMPs ainda podem apresentar motifs como dominio tipo fibronectina, um motif de
fobronectina, um local de clivagem de furina, trés “head-to-tail cysteine-rich repeats” e para MMP de membrane,
um dominio transmembrana C-terminal.

As MMPs sdo sintetizadas como pré-enzimas e processadas a pro-enzimas latentes
(pro-MMPs) as quais assumem uma forma cataliticamente ativa e sdo eventualmente
secretadas no espago extracelular. A ativacdo da pro-enzima na ECM ¢é de importancia
regulatoria especifica, j& que € um pré-requisito para que ocorra atividade proteolitica
(NAGASE et al., 2006).

Como mencionado, as MMPs sofrem acdo de inibidores teciduais de
metaloproteinases (TIMPs) (SALAMONSEN, 1996). TIMPs sdo proteinas ricas em cisteina
que inibem reversivelmente as MMPs de forma estequiométrica (STERNLICHT; WERB,
2001). TIMPs 1, 2, 3 e 4 variam na sua habilidade e especificidade tecidual em inibir as

varias MMPs. TIMP1 inibe MMP1, 2, 3, porém MMP9 com alta afinidade, enquanto TIMP2
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em altas concentracoes inibe MMP2 (GOLDBERG et al., 1989; OLSON et al., 1997). Todos
os quatro tipos de TIMP sdo encontradas com abundancia nos tecidos do trato reprodutivo de
mulheres (FATA et al., 2000).

MMPs e seus inibidores naturais, TIMPs possuem um papel vital no endométrio sendo
responsaveis pelo equilibrio do remodelamento da MEC. Isto ocorre devido a um meticuloso
balango entre MMPs e TIMPS que controlam a formagao e dissolu¢do da MEC e assim sua
composi¢ao (PILCHER et al., 1997; STETLER-STEVENSON; YU, 2001).

As atividades das MMPs sdo reguladas principalmente através de trés mecanismos:
transcri¢do, processos pos-traducionais (ativacdo) e inibi¢do via seus inibidores especificos
(TIMPs) (EDWARDS et al., 1996).

As TIMPs se ligam com diferentes afinidades aos dominios cataliticamente ativos das
MMPs exercendo assim atividade especifica de inibi¢do de protease. Esta regulagdo ¢
essencial para o ciclo reprodutivo e no remodelamento endometrial, essencial para seu
crescimento e diferenciagdo (NOTHNICK et al., 2000). Porém esta atividade deve ser
cuidadosamente regulada de maneira espacial e temporal para prevenir um desequilibrio na
quebra de tecido superficial do endométrio, mas ainda permitir um remodelamento durante
todas as fases do ciclo, particularmente durante o periodo de receptividade uterina
(CHEVRONNAY et al., 2012).

Estudos sugerem que esteroides ovarianos regulam a expressdo das MMPs, ja que, a
P4 reprime a expressdo de MMP1, 3, 7, 8 e 10 em culturas de células ou explantes de tecido
(CORNET et al., 2005; VASSILEV et al., 2005). A expressao temporal de TIMP2 parece ser
inversamente relacionada a expressdo de MMP2 e 14 com maiores niveis de mRNA
detectados no dia 12 de gestagdo, provavelmente devido ao efeito da P, como evidenciado em
trabalhos em bovinos (BAUERSACHS et al., 2005; MITKO et al., 2008; LEDGARD et al.,
2009), ovinos (HAMPTON et al., 1995) e humano (GOFFIN et al., 2003) sugerindo também
um controle hormonal da expressdo de TIMP2. Tais evidéncias aqui descritas destacam a
relevancia dos hormodnios esterdides sobre a fung¢do das proteases da MEC na preparaciao do
endométrio para a implantagdo.

Em resumo, o sistema MMP/TIMP ¢ responsavel pelo controle e funcionamento de
processos fisiologicos tais como desenvolvimento embrionario, reproducdo e remodelamento
tecidual, assim como processos patoloégicos como artrite, doencas inflamatoérias,
desenvolvimento de cancer e metéastases quando ocorre a perda de controle do funcionamento

do sistema MMP/TIMP levando a agressiva degrada¢do da MEC (STETLER-STEVENSON;
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YU, 2001; BURRAGE et al., 2006; PAGE-MCCAW, 2007; KESSENBROCK et al., 2010).
Isto ocorre devido ao fato de estarem envolvidas em processos que regulam a invasdo celular
incluindo adesdo célula-célula (RIBEIRO et al., 2010), adesdo célula-MEC (DERYUGINA et
al., 2002) e disponibilidade de fatores de crescimento e citocinas (KOSHIKAWA et al.,
2010). As diferentes MMPs estdo presentes com maior abundancia em determinados tecidos,
sendo em nosso estudo, as de maior relevancia no tecido endometrial as gelatinases e

MMP14, que serdo abordadas a seguir.

2.7 GELATINASES — MMP2 E MMP9

MMP-2 ¢ MMP-9 pertencem ao subgrupo das gelatinases. Possuem atividade
proteolitica similares e degradam coldgenos, gelatinas e diversas moléculas da ECM,
incluindo coldgenos tipo IV, V e XI e laminina.

As gelatinases tem sido extensivamente estudadas no trato reprodutivo feminino e sdo
de grande importancia para o desenvolvimento do concepto e placenta, parto e involugdo
uterina assim como no remodelamento endometrial (HULBOY et al., 1997; SALAMONSEN;
WOOLLEY, 1999; CURRY; OSTEEN, 2003).

A MMP?2 esté envolvido no processo de remodelamento vascular, predominantemente
presente nas células do estroma, vasos sanguineos e ladmina basal do tecido endometrial
humano (ZHANG et al., 2000). Por sua vez, a TIMP-2 ¢ considerada responsavel por proteger
os vasos sanguineos mantendo sua integridade através da inibi¢do das MMPs (NISSI et al.,
2013). A regulagdo da angiogénese depende em grande parte de um equilibrio entre fatores
estimulantes e inibitérios das varias etapas da formacdo da rede vascular. Sabe-se que em
humanos, MMP9 ¢ expressa no endométrio durante o periodo de implantagdo e promove o
crescimento de vasos sanguineos, resultando no espessamento da camada funcional do
endométrio em preparacdo para a possivel chegada do embrido (CURRY; OSTEEN, 2003)
assim como a intensa atividade de MMP2 no remodelamento vascular (ZHANG et al., 2000).
Em camundongos knockout observou-se que MMP2 ¢ essencial para angiogénese em tumores
(MCCAWLEY; MATRISIAN, 2000) e que o estimulo do fator de crescimento vascular
endotelial (VEGF) leva a um incremento na produ¢do de MMP2 em células endoteliais

(LAMOREAUX et al., 1998; ZUCKER et al., 1998).
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Em bovinos, segundo Nagase et al. (2006), a fungdo das MMPs pode estar ligada a um
equilibrio entre proliferacdo e diferenciacdo durante o estro, visto que MMP14, esta
diretamente envolvida na atividade proteolitica de maneira paracrina no processo de migragao
e invasdo celular (ITOH; SEIKI, 2006).

Um estudo realizado por Ulbrich et al. (2011) confirmou resultados anteriormente
observados em humanos afirmando que as MMPs contribuem para um remodelamento
temporal e espacial do endométrio bovino. Foram observadas distintas alteragdes na
expressao de MMP2, MMP14 e TIMP2 durante as diferentes fases do ciclo, indicando uma
regulacdo enddcrina. O padrio de expressdo e localizagdo celular também esta correlacionado
com os supostos efeitos das MMPs perante a liberacdo e ativagdo de citocinas e fatores de
crescimento que direcionam migracdo celular, diferenciagdo e vascularizacdo durante este
periodo critico do desenvolvimento. Tais resultados sugerem que as MMPs provavelmente
estejam envolvidas no processo de remodelamento em preparacdo de um endométrio
receptivo para um desenvolvimento adequado do embrido.

As MMPs endometriais sdo reguladas pelos hormdnios esterdides, E; e P4 sendo a P4
inibitéria a expressdo e ativagdo de MMP2 e MMP9 em células endometriais humanas
(HENRIET et al., 2002). Por outro lado, a secrecdo de TIMP1, 2 e 3 ¢ induzida pelo aumento
da concentragdo de P4 Aparentemente o E, ndo possui nenhum efeito sobre a secre¢do de
TIMP e seu efeito de indugdo em algumas das MMPs ¢ sutil e depende das concentracdes de
P4. O controle da expressio de MMP, em resposta a P4 e E, é controlado por citocinas,
especialmente IL-1a e TGF (HENRIET et al., 2002).

Embora fungdes das MMPs tenham sido descritas nos periodos peri-parto, término da
gestacdo e pds-parto em vacas (WALTER; BOOS, 2001; TAKAGI et al., 2007), o detalhado
perfil de expressdo das gelatinases ainda ndo foi elucidado, j4 que os mecanismos de
proteolise da MEC endometrial permanecem obscuros em bovinos. Um estudo realizado por
Kizaki et al. (2008) detectou a expressdo génica e proteica das gelatinases no endométrio
bovino ao longo de toda gestagdo, constatando serem os principais fatores de remodelamento

endometrial durante o periodo de implantagdo e pré-parto em vacas.
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2.8 METALOPROTEINASES ADAMTS

ADAMs (a disintegrin and metalloproteases) e ADAM-TSs (ADAMs com repeats de
trombospondina) sdo proteinas transmembrana da familia das MMPs com fung¢des de adesao
celular e processamento proteolitico de ectodominios de diversos receptores de superficie
celular e moléculas de sinalizagio (EDWARDS et al., 2008). Tais proteases exercem um
importante papel na liberacdo de proteinas de ligacdo & membrane plasmatica. Participam
também na liberagdo de fatores de crescimento sintetizados na forma de precursores, como o
heparin-binding epidermal growth factor (HB-EGF) e transforming growth factor-a (TGFa)
(PESCHON, 1998; STERNLICHT, 2005).

ADAMSs possuem alguns ou todos os seguintes dominios: um peptideo de sinalizacao,
um pro-peptideo, uma metaloprotease, uma desintegrina, um dominio de fator de crescimento
epidérmico (EGF) rico em cisteina, uma sequéncia transmembrana e uma cauda
citoplasmatica (DUFFY et al., 2003).

Duas fungdes conhecidas das proteases ADAM sdo a fungao proteolitica de degradar a
MEC para facilitar a migragdo/invasao de células e a funcao de “shedase” para ativar as vias
de sinalizagdo através da lise de citocinas e fatores de crescimento da superficie celular.
(DUFFY et al., 2003; EDWARDS et al., 2008; MURPHY ., 2008; REISS; SAFTIG, 2009).

Ha evidéncias que indicam que estas proteases desempenham papéis importantes na
renovagdo da matriz extracelular em varios tecidos inclusive na remodelagdo ciclica dos
tecidos reprodutivos (YOUNG et al., 2004). Alteragdes na sua regulagdo tem sido implicadas
em doengas tais como cancer, artrite e aterosclerose (TORTORELLA et al., 2009).

ADAMTS sao reguladas por fatores de crescimento, citocinas e hormdnios. TGFB1
induz a expressaio de mRNA de ADAMTS-2, -4 e -12 em células de osteosarcoma e
fibroblastos fetais humanos (YAMANISHI et al., 2002; CRUZ et al., 2005). Em células da
granulosa, a expressio de ADAMTS-1 ¢ regulada pelo hormodnio luteinizante (LH) e
gonadotrofina coridonica humana (hCG) através da regulacdo de fatores de transcricdo por
interagdes proteina-proteina (DOYLE et al., 2004; SHIMADA et al., 2004). Estradiol-17 e
dihidrotestosterona possuem efeito regulatério sobre a expressao de ADAMTS-1,-5, -8 and -
9 nas células do estroma endometrial humano (WEN et al., 2006). No entanto, P4 ¢ o mais

potente regulador da expressao génica das ADAMTS. Assim, tais observacdes sugerem sua
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importancia no remodelamento da MEC mediado por hormoénios esteroides (WEN et al.,
2013).

A semelhanca entre o dominio catalitico dependente de zinco de ADAMTS e o
dominio catalitico de MMPs estabelece a possibilidade de que ADAMTS pode ser inibida
pelos mesmos inibidores das MMPs, as TIMPs. De fato, estudos tém demonstrado que o
TIMP3 ¢ o inibidor natural mais potente de ADAMTS, podendo inibir potentemente
ADAMTS-4 e -5 e parcialmente ADAMTS-1 (GENDRON et al., 2003; POCKERT et al.,
2009). Estudos indicam a relevancia de ADAMTS-5 no controle de processos de remodelagao
da MEC endometrial e desenvolvimento da placenta. (LLAMAZARES et al., 2003;.
SOMERVILLE et al., 2004). Sua expressdo ¢ também aumentada durante o processo de
decidualizagdo em camundongos, proporcionando evidéncia de que este subtipo de ADAMTS
possui fun¢do importante durante o processo de implantacdo (HURSKAINEN et al., 1999).
Ap6s a ovulagdo, quando os niveis de P4 no plasma aumentam, e, especialmente, durante o
periodo em que ocorre decidualizagdo apdés a implantacdo embriondria, os niveis de
ADAMTSs, tais como ADAMTS-1, -8, -9 e, aumentam, levando a degradacdo da ECM

endometrial e, assim, facilitando a implantacao (WEN et al., 2013).
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3 REMODELAMENTO DINAMICO DA  MATRIZ EXTRACELULAR
ENDOMETRIAL MODULA A RECEPTIVIDADE EM BOVINOS

O presente capitulo foi redigido na forma de uma publicacdo cientifica a ser submetida
para publicacdo. Seu conteudo, na integra, encontra-se no apéndice A da presente tese. Uma

versdo resumida do conteudo da publicacdo encontra-se a seguir.

Em bovinos, o periodo de receptividade endometrial ¢ fundamental para que ocorra a
implantacdo embriondria. A comunicagdo entre embrido e endométrio depende de diferentes
fatores estruturais, bioquimicos, moleculares e genéticos envolvidos na receptividade
endometrial. Assim, o endométrio é definitivamente um tecido determinante da fertilidade e o
melhor entendimento da receptividade pode auxiliar no emprego de medidas terapéuticas
levando assim a um incremento das taxas de prenhéz. A matriz extracelular (MEC) ¢
constituida por moléculas que exercem fungdes ligadas a sustentagdo tecidual, interagdo
célula-célula e célula-matriz. Os componentes da MEC endometrial se organizam de maneira
fisiologica havendo um equilibrio entre a sintese e degradacdo dos mesmos. Um desarranjo
neste equilibrio pode levar a marcantes consequéncias tais como compromentimento da
implantacdo e infertilidade. A relevancia do remodelamento da MEC endometrial tem sido
bem documentada em outras espécies, porém vagamente descrita em bovinos € em sua
maioria, possuem como principal foco o periodo de implantagdo embrionaria. A escassez de
estudos durante a primeira semana de gestacdo para caracterizacgdo da MEC quanto a
receptividade uterina levou ao desenvolvimento deste trabalho. As hipdteses foram: 1. a
desorganizacdo da MEC endometrial durate a primeira semana pods-estro pode levar ao
comprometimento reprodutivo; 2. o aumento nas concentracdes de estradiol (E,) e
progesterona (P4) no periodo periovulatério modulam positivamente o remodelamento da
MEC endometrial, mantendo um equilibrio entre os componentes da mesma. Foram
conduzidos dois experimentos. O objetivo do experimento 1 foi identificar a relagdo de
differentes tamanhos de foliculos pré-ovulatérios (FPO) e corpo liteo (CL) e respectivos
hormonios E, e P, com a expressdo endometrial de genes responsdveis pelo remodelamento
da MEC durante o periodo de pré-implantacdo. No experimento 1, estudo 1 e estudo 2,42 e
74 vacas Nelore (Bos indicus) adultas, respectivamente foram sincronizadas utilizando um

protocolo hormonal com intuito de manipular o ambiente enddcrino periovulatdrio, obtendo-
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se ao final, dois grupos com FPO e CL de tamanhos distintos e, consequentemente, distintas
concentragdes de E, e P, Os grupos foram: Foliculo Grande-CL Grande (FG-CLG; estudo 1,
n=20; estudo 2, n=35) e Foliculo Pequeno-CL Pequeno (FP-CLP; estudo 1, n=22; estudo 2,
n=39). Amostras de tecido endometrial foram coletadas através de bidpsia no DO (estro) e
pos-mortem no D4 (estudo 1) e D7 (estudo 2), mantidas a -80°C até extracdo de mRNA e
proteina. Concentragdes de E, e P, foram mensuradas por radioimunoensaio (RIA) obtendo-se
menores concentragdes no grupo FP-CLP. O objetivo do experimento 2 foi analisar a relagdo
entre a expressdo génica de determinados componentes da MEC, avaliada no dia 6 apds
inseminacao artificial (IA), com sucesso gestacional. No experimento 2, vacas adultas, Nelore
(Bos indicus) (n=33) foram sincronizadas utilizando um protocolo a base de prostaglandina
200 (PGF2a) e observagdo de estro. As vacas foram inseminadas artificialmente (IA) e seis
dias apds, uma bidpsia endometrial coletada. O diagnodstico de gestacao foi realizado apds 30
dias por meio de ultrasonografia (US) e entdo as vacas foram divididas nos grupos Prenhe e
Nao-Prenhe (P e NP) para andlise retrospectiva. Sequenciamento de transcritos (RNAseq) foi
realizado utilizando a plataforma Illumina HiSeq 2000 em amostras selecionadas de vacas do
D7 (experimento 1, estudo 2; FP-CLP n=3; FG-CLG n=3) e seis dias ap6s [A (experimento 2;
P n=6; NP n=6). Os dados foram filtrados e a analise integrada das diferentes bases de dados
funcionais foi realizada utilizando-se o software "Database for Annotation, Visualization, and
Integrated Discovery” (DAVID Bioinformatics Resources 6.7, NIAID/NIH). Os resultados
relevantes ao estudo de remodelamento de MEC foram confirmados por meio de qPCR.
Realizaram-se também exames histologicos em amostras do D4 (experimento 1, estudo 1; FP-
CLP, n=5 e FG-CLG, n=4) e D7 (experimentol, estudo2; FP-CLP, n=5 e FG-CLG, n=4) para
avaliacdo de colageno total através da coloragdo de tricromo de Masson assim como
espessura de fibras coldgenas através da coloracdo de picrosirius utilizando microscépio com
luz polarizada. Andlises das imagens de tricromo de Masson foram realizadas pelo software
Image-J® e picrosirius o software Image-Pro Plus®. Para as variaveis discretas (diametro do
foliculo, o volume de CL e diferengas na abundancia de transcritos) foi utilizado o teste t de
Student. Dados histologicos foram analisados por meio de analise de variancia, correlagdo e
regressdao de Pearson. No experimento 1, estudos 1 e 2, constatou-se uma diferenga
significativa entre grupos FP-CLP e FG-CLG quanto a tamanho de foliculo no DO (p<0.01),
concentragdes plamaticas de E; (p<0.01), volume de CL e concentracdes plamaticas de P4 no
D7 (p<0.01), sendo todas estas variaveis maiores no grupo FG-CLG. No experimento 2 houve

uma taxa de gestacao de 36% (16 P/36 IA). Resultados do RNAseq determinaram uma maior
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abundancia de transcritos relacionados ao remodelamento de MEC, destacando-se TGFp1,
TGFB2, TGFBR3, MMP2, MMP14, ADAMTS1, ADAMTS2, ADAMTS4, ADAMTSS,
TIMP1, TIMP2, TIMP3, COL1Al, COL1A2, COL3A1, COL4A1, COL4AS em vacas
pertencentes aos grupos FP-CLP (experimento 1, estudo2) e NP (experimento2). Tais
resultados foram validados por qPCR. Resultados de histologia por coloragdo de tricromo de
Masson indicaram uma maior abundancia de fibras de coldgeno no grupo FP-CLP nos dias 4
(p=0,01) e 7 (p=0,002) contatado através de uma maior quantidade de coloragdo azul,
indicativo de fibras de coldgeno. No dia 4 observou-se uma correlagdo negativa entre o
tamanho do foliculo pré-ovulatorio (FPO) com a abundancia de fibras colagenas nos epitélios
glandulares superficial e profundo (-0,737/p=0,015; -0,621/p=0,055). Também houve uma
correlacdo negativa entre a concentragao de P4 e a coloragdo no epitélio glandular profundo (-
0,700/p = 0,024). No dia 7 houve uma maior abundancia de fibras coldgenas no epitélio
glandular profundo (p=0,0008) e correlacdes negativas entre FPO e concentragcdo de P4, com
abundancia de fibras coldgenas neste epitélio (FPO, -0,557/p = 0,004; P4, -0,315/p=0,006). Ja
a coloragdo por picrosirius ndo indicou diferenga entre a quantidade de fibras finas e grossas
entre os grupos experimentais (p>0.05) assim como nenhuma diferenga entre compartimentos
superficial e profundo (p>0.05). No entanto a quantidade total de fibras foi numericamente
maior no dia 7 que no dia 4. Andlises de correlacdo e regressdo indicam que foliculos pré-
ovulatorios de maior tamanho geram CL maiores e assim, maiores concentragdes de P, a qual
exerce efeito negativo na abundancia de coldgenos. Os resultados sugerem que uma alteragao
na homeostase da MEC endometrial leva a uma desregulacdo na sintese e degradacdo das
fibras de colagenos, comprometendo assim a fertilidade e levando a complicagdes no periodo

pré-implantacao.
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4 CONCLUSAO

A extensa literatura sobre MEC e seu remodelamento evidenciam sua relevancia nos
diversos tecidos e espécies. A MEC exerce a fundamental fun¢do de suporte estrutural nos
tecidos assim como importantes implicagdes na migragdo, proliferacdo e diferenciacao
celular. Desta forma, o estudo da sua estrutura e composicdo ¢ essencial para a compreender
sua dindmica e remodelamento tendo como componentes fundamentais as MMPs, seus
inibidores (TIMPs), TGFB e colagenos. E essencial uma constante harmonia entre tais
componentes, levando ao equilibrio entre a sintese e quebra de colageno. O contrario pode
levar a processos patologicos tais como cancer e fibrose. No endométrio, os componentes de
MEC sdao submetidos a regulagdo endocrina principalmente pelos hormonios esterdides
ovarianos P, e E,. Alteragdes nas concentragdes fisioloégicas de tais hormonios e
consequentemente na MEC podem interferir negativamente na receptividade embrionaria e

gestacao.
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Abstract

We aimed to evaluate in the bovine endometrium whether (1) key genes involved in ndometrial
extracellular matrix (ECM) remodeling are regulated by the endocrine peri-ovulatory milieu; and (2)
specific endometrial ECM-related transcriptome can be linked to pregnancy outcome. In Experiment
1, pre-ovulatory follicle growth of cows was manipulated to obtain two groups with specific endocrine
peri-ovulatory profiles: the Large Follicle-Large CL group (LF-LCL) served as a paradigm for greater
receptivity and fertility and showed greater plasma pre-ovulatory estradiol and post-ovulatory
progesterone concentrations when compared to the Small Follicle-Small CL group (SF-SCL).
Endometrium was collected on days 4 and 7 of the estrous cycle. Histology revealed a greater
abundance of total collagen fibers in SF-SCL on days 4 and 7 endometrium. In Experiment 2, cows
were artificially inseminated and, six days later, endometrial biopsies were collected. Cows were
retrospectively divided into pregnant and non-pregnant (P vs. NP) groups after diagnosis on day 30. In
both experiments, expression of genes related to ECM remodeling in the endometrium was studied by
RNAseq and qPCR. Gene ontology analysis showed an inhibition in the expression of ECM-related
genes in the high receptivity groups (LF-LCL and P). Specifically, there was down-regulation of
TGFB2, ADAMTS2, 5 and 14, TIMP3 and COL1A2, COL3A1, COL7A1 and COL3A3 in the LF-
LCL and P groups. In summary, the overlapping set of genes differently expressed in both fertility
models: (1) suggests that disregulation of ECM remodeling can impair receptivity and (2) can be used
as markers to predict pregnancy outcome in cattle.

Key words: follicle; collagen; corpus luteum; pregnancy; transcriptome; uterus
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Introduction

The establishment and maintenance of pregnancy are complex events that require a
fine-tuned synchrony between a receptive maternal uterus and the embryo's ability to develop
in such environment. The development of histologically and functionally normal
endometrium is critical for endometrial receptivity and normal first embryo-maternal
interactions. In this context, endometrial tissue remodeling might be a prerequisite to obtain
the optimal uterine environment for the young and developing embryo, as previously
documented in mice and human studies. When focusing on endometrial morphology, the
endometrial extracellular matrix (ECM) is of crucial importance; being the non-cellular
component found in all tissues and organs providing physical support for the uterine cells.
The ECM is a highly dynamic structure, under constant remodeling by enzymatic or non-
enzymatic means in order to maintain tissue homeostasis (Jarvelainen et al., 2009; Schmidt
and Friedl, 2010).

Three major classes of biomolecules belong to the ECM: structural proteins (such as
collagen and elastin), specialized proteins (such as fibrilins, fibronectines, laminin) and
proteoglycans (Alberts et al, 2004; Kim et al, 2011). The ECM’s main three functions are:
structural, by filling the extracellular spaces of tissues, functional, by mediating cell adhesion,
growth, migration and differentiation and regulatory, by controlling the release of growth
factors and cytokines by the action of peptidases that can modulate cell physiology (Schenk
and Quaranta, 2003; Mott and Werb, 2004; Jarvelainen et al., 2009).

The abundance of endometrial ECM proteins is finely controlled by synthesis and proteolytic
degradation. Disturbance of such a critical balance may result in implantation abnormalities
and consequently infertility (Skinner et al., 1999). Several proteases are involved in the
proteolytic degradation of ECM proteins, but the most prominent are the members of the

family of matrix metalloproteinases (MMP), a disintegrins and metalloproteinases (ADAM),
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ADAMTS (a disintegrin and metalloprotease with a thrombospondin motif) and their
inhibitors (TIMPs) (Reiss and Saftig, 2009; Egeblad et al., 2010).

In cattle, the role of ECM remodeling in reproductive processes is poorly comprehended.
Most reports on the essence of ECM remodeling for endometrial receptivity and fertility
originate from human and rodent studies (Farrar and Carson, 1992; Clark et al., 1993; Das et
al., 1997; Hurst and Palmay, 1999). Mishra et al. (2010) studied the expression pattern of
MMPs and described the bovine mechanism of ECM regulation pointing to MMPs and ECM
metalloproteinase inducer (EMMPRIN) in the endometrium of cyclic and pregnant cows.
They showed an attenuated expression of these molecules in day 19 pregnant in comparison
to cyclic endometrium. Ulbrich et al. (2011) stressed the importance of high endometrial
MMP2 enzymatic activity during the elongation phase of the blastocyst, which may increase
the availability of growth factors supporting conceptus development. The latter researchers
suggested that an increased TIMP2 abundance in the uterine fluid during trophoblast
elongation points to a well-balanced ECM integrity, needed for maintenance of pregnancy
(Ulbrich et al., 2011). However, clear information on how the ECM remodeling events can be
linked to maternal receptivity in cattle is lacking. This highlights the need to gain more
insights in the factors regulating the ECM remodeling in the endometrial tissue during early
diestrus. In this regard, sexual steroid hormones are key regulatory factors of the endometrial
tissue. Indeed, greater pre-ovulatory estradiol and post-ovulatory progesterone concentrations
are associated with increased bovine embryo survival (Perry et al., 2005; Peres et al., 2009;
Menegethi et al., 2009; Dardawal et al., 2013). The endometrium expresses both progesterone
and estradiol receptors and endometrial functions are modulated by changes in sex steroid
concentrations to support conceptus growth and pregnancy maintenance (Robinson et al.,
2001; Bazer and Slayden, 2008). Despite their critical importance, specific biological

processes and molecular pathways affected by peri-ovulatory variations in sex steroids are
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only now starting to be elucidated and have not been sufficiently studied and explored in the
endometrium. Most importantly, at least in non-bovine species, ECM remodeling is regulated
by steroid hormones (Schroen & Brinckerhoff, 1996; Crawford & Matrisian, 1996; Zhang &
Salamonsen, 2002).

In the present study we hypothesize that the level of ECM remodeling events can be
regulated by specific endocrine profiles associated with receptivity. Furthermore, we propose
that the ECM transcript signature during early pregnancy has a direct relationship with the
probability of pregnancy success in cows. Therefore, two bovine fertility models were used to
study: (i) the effect of endocrine profiles during peri-ovulatory period on ECM remodeling
events on endometrial tissue collected on days 4 and 7 of the estrous cycle and (ii) whether

ECM characteristics on day 6 uterine biopsies can be associated to pregnancy outcome.

Materials and methods

Animals

Animal procedures were approved by the Ethics and Animal Handling Committee of
the School of Veterinary Medicine and Animal Science of the University of Sdo Paulo. The
experiments were conducted at the University of Sdo Paulo campus Pirassununga, SP, using
adult Nelore (Bos indicus) cows, pluriparous, cyclic, non-lactating, without reproductive
disorders detectable by gynecological examination and body condition score between 3 and 4
(0 emaciated; 5 obese). All animals were kept in grazing conditions and supplemented with
sugar cane and/ or corn silage, concentrate, and minerals to fulfill their maintenance

requirements, and water ad libitum.
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Experiment 1. Reproductive management and experimental design

Study I. Ovulations were synchronized as described previously by Mesquita et al. (2014). The
goal was to manipulate the peri-ovulatory endocrine milieu in order to obtain two groups of
animals with distinct pre-ovulatory follicle (POF) and CL sizes and, consequently, contrasting
peri-ovulatory endocrine milieus with distinct proestrus/estrus concentrations of E2 and
diestrus concentrations of P4. This experimental model was used as a paradigm for lower
(Small Follicle-Small CL group; SF-SCL) or greater (Large Follicle-Large CL group; LF-
LCL) receptivity and fertility by our group (Perry et al., 2005; Peres et al., 2009; Menegethi et
al., 2009; Dardawal et al., 2013; Pugliesi et al., 2015). Briefly, animals were pre-synchronized
by two intramuscular (i.m.) injections of prostaglandin F2a analogue (PGF2a; 0.5 mg of
sodium cloprostenol; Sincrocio®, Ourofino Saude Animal, Cravinhos, Brazil), 14 days apart.
At the second PGF2a injection of Presynch (D-20) animals received an Estrotect Heat
detector patch (Rockway, Inc. Spring Valley, WI, USA) device, and estrus detection was
performed twice daily from D—19 to D—16 and once daily from D—15 to D—10. Only animals
that presented estrus after the second PGF2a treatment and with a new PGF-responsive CL (at
least 5 days old) on D—10 stayed in the experiment. Therefore, the remaining cows (n=41)
received a new intravaginal P4- releasing device (1g; Sincrogest®, Ourofino) on D—10 along
with an i.m. injection of 2 mg estradiol benzoate (Sincrodiol®, Ourofino Saide Animal; Fig
1). Simultaneously on D—10, cows from the LF-LCL group received a single i.m. treatment of
PGF2a. The P4 devices were removed eight days later and 42-60h or 30-36h before the
gonadotropin-releasing hormone (GnRH) treatment in the LF-LCL (n=20) and SF- SCL
(n=21) groups, respectively. All animals received a PGF2a injection at P4 device removal.
Ovulations were induced in all cows on DO using GnRH agonist (Buserelin acetate, 10pg,

i.m.; Sincroforte®, Ourofino Saude Animal) on D0. Expectation was that POF growth would
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be reduced in the presence of greater circulating P4 concentrations in cows from the SF-SCL
group because of P4 from both exogenous (device) and endogenous (CL) sources.

In order to assess follicle growth and ovulation of the POF and CL area and blood
flow, transrectal ultrasound examinations were carried out on D—10 and D-6, daily from D-2
to DO and from D3 to D7, and every 12h on D1 to D2. Ultrasound exams were performed
with the aid of a duplex B-mode (gray-scale) and Color- Doppler instrument (MyLab30 Vet
Gold; Esaote Healthcare, Sdo Paulo, SP, Brazil) equipped with a multifrequency linear
transducer. Blood samples were collected via jugular venipuncture in tubes containing heparin
(BD, Sao Paulo, SP, Brazil) on D—1 and D4. Blood samples were immediately stored on ice
after collection. In order to obtain plasma, blood was centrifuged at 1500 x g for 30 minutes at
4 °C. The plasma was then aliquoted and stored at —20 °C.

On day 4 of the estrous cycle (day 0 = injection of GnRH to induce ovulation), cows from
LF-LCL (n=16) and SF-SCL (n=8) groups were stunned by a captive bolt and slaughtered by
jugular exsanguination. The reproductive tract was transported on ice to the laboratory,
ovarian structures were measured and weighed and the uterine horn ipsilateral to the ovary
bearing the CL was incised longitudinally. Endometrial intercaruncular strips measuring
approximately 2.5 cm long and 5 mm wide were dissected from the mid third of the horn.
Samples were snap-frozen in liquid nitrogen and then transferred to —80°C until processing
for RNA extraction. Another portion of samples was fixed by immersion in 4% buffered
formalin for 24 h at 4°C, followed by several washings in PBS. Subsequently, samples were
embedded in paraplast, sectioned and processed for histological analysis.

Concentrations of P4 were measured by radioimmunoassay (Coat-A-Count kit
progesterone, Siemens Medical Solutions Diagnostics) validated previously for bovine plasma
samples (Garbarino et al., 2004). Estradiol concentrations were measured using a commercial

RIA kit (Double Antibody Estradiol, DPC, Los Angeles, USA) validated previously for
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bovine plasma samples (Siddiqui et al. 2009). The intra-assay CV and sensitivity were 1.7%
and 0.13pg/mL for E2; and 0.8% and 0.05ng/mL for P4, respectively.

Study II. Non-lactating, multiparous Nelore (Bos indicus) cows (n=83) were submitted to
the same hormone protocol described in Study 1 (Fig. 1) to result in the SF-SCL (n=39) and
LF-LCL (n=35) groups. Blood collections and collection of endometrial samples were
performed as previously described for Study I; exception was that endometrium harvesting
was seven days post-induction of ovulation (i.e., D7). The intra-assay CV and sensitivity were
1.7% and 0.13pg/mL for E2; and 0.3% and 0.076ng/mL for P4, respectively. Animals within
each group were ranked according to responses to the following endocrine and ovarian
variables: concentration of E2 on D—1, concentration of P4 at D7, CL size at D7, CL weight
at D7, follicle size at D—2, D—1 and DO and pre-ovulatory follicle size. The eight top ranked
animals of the LF-LCL group and the nine lowest ranked animals of the SF- SCL group were
chosen for transcript analysis. Likewise, the top (LF-LCL) and lowest (SF-SCL) three animals
were used for RNA-seq analyses. Histological analysis for collagen was performed on
samples from Experiment 1 (LF-LCL, D4 n=5, D7 n=4; SF-SCL, D4 n=5, D7 n=4).

Figure 1. Synchronization protocol of the experimental reproductive management of
animals to obtain samples from groups with large follicles and CL (LF-LCL) and another

group of small follicles and CL (SF-SCL).
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Gonadotropin Releasing Hormone (GnRH) at the beginning of the synchronization period, 0.5
mg of prostaglandin F2a (PGF2a) seven days after. D-10 2 mg of estradiol benzoate (EB) +
intravaginal progesterone-releasing device (1g) Sincrogest® + PGF2a (0.5 mg) in the group
destined to develop large follicle/CL (LF-LCL) by the end of the protocol. Intravaginal
progesterone-releasing device withdrawal and administration of PGF2a (0.5 mg) in the LF-
LCL group 42 hrs prior to ovulation induction with GnRH. Group SF-SCL PGF2a (0.5 mg)
administration at the end of the protocol and intravaginal progesterone-releasing device
withdrawal after 12 hrs. Slaughter of the animals 4 days after ovulation induction. * Doppler

ultrasound and blood collection every 12 hrs.

Experiment 2. Reproductive management and experimental design

As described previously by Binelli et al. (2015), cows were synchronized (n=51) to estrus by
injecting two im doses of prostaglandin F2o (PGF2a) analogue (0.5 mg sodium cloprostenol;
Sincrocio®™) 14 days apart. At the time of the second PGF2a injection, animals were equipped
with an Estrotect Heat detector patch (Rockway, Inc.) device, and were observed twice daily
for six days for estrous behavior. Ultrasound exams were performed 12 hours after estrus in
order to confirm the presence and location of a POF. Artificial insemination (AI) was
performed in all cows that showed estrous signs (n=33) with cryopreserved semen from a
single ejaculate. Six days post-Al, an endometrial biopsy was collected from the uterine horn
contralateral to the ovary containing a CL and stored at —80 °C. After the biopsy procedure,
cows received two 1 g doses of the anti-inflammatory medication flunixin meglumine
(Desflan®, Ourofino) in a 24 hour interval and one dose of Penicillin/Streptomycin base
antibiotic (Penfort® Refor¢cado, Ourofino). A blood sample was collected and plasma P4
concentrations were measured as described for Experiment 1. Pregnancy diagnosis was
performed on day 30 post-Al via transrectal ultrasonography exam. RNA-Seq was performed
on samples selected retrospectively based on the day 30 pregnancy diagnosis using six
samples from each pregnant (P) and non pregnant (NP) animals. Animals were selected based

on plasma progesterone concentrations on day 6, that must had been within a 1.5 ng/mL
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interval among all animals. Abundance of specific transcripts was quantified by qPCR in ten

P and sixteen NP randomly selected animals.

RNA isolation and cDNA synthesis

Endometrial tissue samples (approximately 30 mg) were snap frozen in liquid
nitrogen, macerated in a stainless steel apparatus and immediately mixed with buffer RLT
from the RNeasy Mini columns kit (Qiagen, Sao Paulo, S3o Paulo, Brazil), to be processed
according to the manufacturer’s instructions. To maximize cell lysis, tissue suspension was
passed at least ten times through a 21 G needle, and centrifuged at 13,000 x g for 3 minutes
for removal of debris, prior to supernatant loading and processing in RNeasy columns.
Columns were eluted with 40 pl of RNase free water, and elution was repeated using the same
40 pl initially used to increase RNA concentration. Concentration and purity of total RNA
were estimated using a spectrophotometer (NanoDrop, Thermo Fisher Scientific, Suwanee,
GA, USA). RNA integrity and quantity was assessed by Bioanalyzer (Agilent Technologies
Brazil Ltda, Sdo Paulo, SP, Brazil) and only samples with RNA integrity number (RIN)
greater than 7 were processed further. Total RNA extracts were stored at —80 °C until
subsequent analysis. Immediately prior to cDNA synthesis, samples were treated with DNAse
I (Life Technologies, Sdo Paulo, Sdo Paulo, Brazil) at room temperature for 15 minutes.
DNase I activity was blocked using EDTA solution (25mM) and heating at 65 °C for 10
minutes. Reverse transcription was performed immediately following DNAse I treatment
using High-Capacity cDNA Reverse Transcription Kit" (Life Technologies), according to
manufacturer's instructions. Briefly, 9 pL of master mix containing reverse transcription
buffer, deoxyribonucleo- tide triphosphate mix, random primers, RNase inhibitor, and reverse

transcriptase were added to the 11 pL DNase I treatment reaction. Immediately, samples were
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incubated at 25 °C for 10 minutes, followed by incubation at 37 °C for 2 hours and reverse

transcriptase inactivation at 85 °C for 5 minutes and storage at 20 °C.

mRNA libraries, sequencing and bioinformatics

For transcriptomic analyses, cDNA was generated using a routine RNA library preparation
TruSeq protocol developed by Illumina Technologies (San Diego, CA, USA) using 4 pg of
total RNA as input. Preparation involved mRNA isolation from total RNA by a polyA
selection step, followed by construction of paired-end sequencing libraries with an insert size
of 300 bp. Briefly, mRNA was selected by oligo-dT magnetic beads and fragmented into
small pieces using divalent cations. Cleaved mRNA fragments were copied into first-strand
cDNA using reverse transcriptase and random primers, which was followed by second-strand
cDNA synthesis using DNA polymerase I. The cDNA fragments then underwent an end
repair process, the addition of a single A base, and then ligation of the adapters. Resulting
products were amplified via PCR and cDNA libraries were then purified and validated using
the Bioanalyzer 2100 (Agilent Technologies). Paired-end sequencing was performed using the
[llumina HiScanSq 2000 platform. The paired end (PE) reads were filtered using the package
Seqyclean v1.4.13, (https://bitbucket.org/izhbannikov/seqyclean). The reads were mapped
using the local alignment with Bowtie2 against the masked Bos taurus genome assembly (Bos
Taurus UMD3.1). The mapping file was sorted using SAMTools v 0.1.18 (Handsaker et al.,
2010) and read counts were obtained using HTSeq-count v0.5.4p2 (http://www-
huber.embl.de/users/anders/HTSeq/doc/count.html). The differential expression analysis was
performed with package DESEq v1.12.1 (Andres & Huber, 2010), from R (Gentleman et al.,
2004) for samples of Experiment 1. For samples of Experiment 2, the differential expression
analysis was performed with package DESEq2 v1.12.1 (Love et al., 2014) from R (Gentleman

et al., 2004). The standard deviation along the baseMean values was also calculated for each
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transcript. In order to avoid artifacts caused by low expression profiles and high expression
variance, only transcripts that had an average of baseMean > 5 and the mean greater than the
standard variation were analyzed. The threshold for evaluating significance was obtained by
applying a p-value of 0.05 FDR-Benjamini-Hochberg (Benjamini and Hochber, 1995).
Integrated analysis of different functional databases was done using the functional annotation

tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID
Bioinformatics Resources 6.7, NIAID/NIH) using as background the transcribed genes found

(Dennis et al., 2003).

Design and validation of primers, and quantitative real-time PCR

Quantitative PCR reactions were performed using the StepOnePlus® apparatus (Life
Technologies). Primer sequences were either obtained from the literature or designed by
Primer Express software V.3.0. 1 (Life Technologies, Frederick, Maryland, USA) (Table 1).
Each newly designed primer pair was selected based on the Gibbs free energy (AG) values for
hairpin, homodimers, and heterodimers formation indicated by the Oligo Analyzer 3.1
software (IDT;http://www.idtdna.com/analyzer/Applications/ OligoAnalyzer/). Primers were
subsequently checked for specificity using the Basic Local Alignment Search Tool (Blast;
http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Selected primer pairs were evaluated to determine the optimal primer concentration by
using a pool of endometrial cDNA, at a 1:80 dilution. Each primer pair was tested in reactions
prepared with the following primer concentrations: 150, 300 or 600 nM. Optimal primer
concentrations was determined based on the lowest primer concentration that obtained
amplification efficiency between 85 and 100%, presented a single amplification peak and had
no peaks detected on the negative control reactions, in the dissociation curve, and generated

the lowest cycle quantification (Cq) value. Additionally, the standard curve amplification



63

efficiency was determined based on a standard curve, generated by a serially diluted cDNA
pool with at least 5 dilutions. Acceptable standard curve efficiencies were between 83 — 100%
and 12 close to 1.

Relative abundance of specific transcripts between LF-LCL and SF-SCL samples
(Experiment 1) and pregnant and non-pregnant samples (Experiment 2) was assessed by 20 pl
reactions in a 96-well plate, sealed with MicroAmp optical adhesive cover (Life
Technologies), in triplicates. Raw fluorescence data was extracted from the Step One Plus
apparatus with no baseline correction and submitted to LinRegPCR software for baseline
correction, determination of PCR efficiency and cycle quantification (Cq) values per sample.
Cq values were obtained from the LinReg PCR software. The log-linear portion of the
amplification curve used for analysis on LinReg PCR software contained from four to six
points with the highest R2 value. Relative quantification for all tested genes was processed
according to the AACt method, using cyclophilin as a reference gene. Identity of the PCR

amplification product was confirmed by sequencing.

Table 1. Characteristics of the primers used in the measurements of transcripts related to

endometrial extracellular matrix remodeling.

Gene Gene Representative Sense primer Anti -sense primer
Symbol 1D

ADAM ADAMTS NM 001101080.1 CAGGAACTGGA GAGAACAAGGT

metallopeptidase 1 AGCCTAAAAA CAGAAGGAGTG

with thrombospondin

type 1 motif, 1

ADAM ADAMTS NM 174631.2 CTCCATCCCAGG GCATTGGTGCTG
metallopeptidase 2 CTACAATAAG GAAGTATG

with thrombospondin

type 1 motif, 2

ADAM ADAMTS NM 007038.3 GTGGTCGGAAC  GGCTAAGTAGG
metallopeptidase 5 CTTCAATAA CAGTGAATC



with thrombospondin
type 1 motif, 5
ADAM
metallopeptidase
with thrombospondin
type 1 motif, 14
Matrix
Metallopeptidase 2
Matrix
Metallopeptidase 14
Transforming
Growth Factor, beta 1
Transforming
Growth Factor, beta 2
Transforming
Growth Factor, beta 3
Metallopeptidase
Inhibitor 1
Metallopeptidase
Inhibitor 2

Metallopeptidase

Inhibitor 3

Collagen 1A2

Collagen 3A1

Collagen 4A1

Collagen 4A2

Collagen 4A5

Versican

Lumican

ADAMTS

14

MMP2

MMP14

TGFBI

TGFB2

TGFB3

TIMP1

TIMP2

TIMP3

COL1A2

COL3A1

COL4A1

COL4A2

COLA4AS

VCAN

LUM

NM_080722.3

NM_174745.2

NM_174390.2

NM_001166068.1

NM 001113252.1

NM 001101183.1

NM_174471.3

NM_174472.4

NM 174473 .4

NM_174520.2

NM_001076831.1

NM 001166511.1

XM_010810991.1

XM_002699860.3

NM_181035.2

NM_173934.1

GGGACAGGTCC
ATCTTCT

CCCAGACAGTG
GATGATGC
TGCCGAGCCTTG
GACTGT
CCTGCTGAGGCT
CAAGTTAAAG
AATTTGGTGAA
GGCCGAGTTC
TTACTGCTTCCG
CAATTTCA
GAGTTTCTCATA
GCTGGACAAT
TGCAGACATAG
TGATCAGGGCC
A
GCCCTTTGGCAC
GATGGTCT
GGATACGCGGA
CTTTGTTC
ACTGGTGCTCCT
GGATTAAAG
GGGTTCCGTAG
GATTGAAAG
CAACGGTTACG
TCGAGAAG
GCAGGAGAGAA
AGGTAGTAAAG
CATGGCAGGAT
AACTGAAGG
GGAGCTGGATC
TCTCCTATAA

TCTAGGCTCAA
GGTCTTCTT

TTGTCCTTCCTC
CCAGGGTC
GCCACCAGAAA
GATGTCATTCC
GCCACTGCCGC
ACAACTCC
GGTTTTCACGAC
TTTGCTCCA
TCTGAGCTGCG
GAGGTATG
GCATAGGTCTTG
GTGAATCC
AATCCGCTTGAT
GGGGTTGCCG

TAGACTCGGCCT
GTCACCAGGT
CTCCACTTGGGC
CCTTTCT
CTTCCTCGAGCT
CCATCATTAC
GAAGCCTATCT
GTCCTTTGTC
CTTCAAGGAGA
CGCCTATTC

CGTGGAGTGGG
AGAAATAAC
TGATCTTGGAGT
AGGATAGGG

64
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Masson’s trichrome staining

Histological sections were deparaffinized in xylene, rehydrated through a graded
series of ethanol (100%, 95% and 70%), rinsed in running tap water for 10 minutes and a final
rinse in distilled water. Tissues were stained in Weigert's iron hematoxylin working solution
for 10 minutes, rinsed in running tap water for 10 minutes and in distilled water. Then tissues
were stained in Biebrich scarlet-acid fuchsin solution for 15 minutes and washed in distilled
water placed in phosphomolybdic-phosphotungstic acid solution for 10 minutes and
transfered directly (without rinse) to aniline blue solution and stained for 15 minutes. Next,
tissues were washed in running tap water and rinsed briefly in distilled water then mersed in
1% acetic acid solution for 3 minutes. The tissues were washed in distilled water, dehydrated
very quickly through 95% ethyl alcohol, absolute ethyl alcohol and cleared in xylene. Finally
tissues were mounted under a cover-slip. Quantitative analysis was performed using images
from 5 different fields randomly selected from each slide (magnification 40x), taken with a
digital camera attached to the microscope. The images were stored and analyzed by Image-J®
software. The area and corresponding pixels represented by a range of the color blue,
representing collagen fibers was calculated and represented as percentage. The final value was

calculated as the average of the 5 different evaluated fields.

Picrosirius Red staining

Histological sections were deparaffinized in xylene, rehydrated through a graded
series of ethanol (100%, 95% and 70%), rinsed in running tap water for 10 minutes and a final
rinse in distilled water. Then the tissues were stained in picrosirius red (commercially
available Sigma-Aldrich) for one hour and after it they were rinsed in running tap water for 10
minutes and a final rinse in distilled water. The tissues were dehydrated very quickly through

95% ethyl alcohol, absolute ethyl alcohol and cleared in xylene. The tissues were finally
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mounted under a cover-slip. The histological samples were classified with respect to the
quality of collagen by using a polarized light microscope with a digital camera
(Axiolmager. A2 e Axiocam MRc, Zeiss) and software for image capturing imagens
(AxioVision, versdo 4.9.1, Zeiss). Collagens were identified by green (thin and disperse
fibers) or yellow-red (thick tightly packed) refringence. Quantitative analysis was performed
using images from 3 different fields from each slide (magnification 20x), with a digital
camera attached to the microscope. The images were stored and analyzed using Image-Pro

Plus® software (Media Cybernetics).

Statistical analyses

The data were tested for normality of residues using Shapiro-Wilk test. Data that were
not normal were transformed by log10. Ovarian, endocrine and transcript abundance variables
were analyzed by one-way ANOVA to test the effect of group (LF-LCL vs. SF-SCL) using
the PROC GLM procedure of the SAS software (Version 9.2; SAS Institute). Histology data
were analyzed by two-way ANOVA to test the effect of group, region (superficial vs. deep
glandular epithelium) and the interaction. Minitab16 software (Minitab, Inc., State College,

PA) was used for Pearson’s correlation and regression analysis, irrespective of experimental

group.
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Results

Experiment 1. Influence of periovulatory hormonal modulation on endometrial ECM

ECM remodeling characteristics on day 7 of the estrous cycle.

Animal model

Results from the animal model used here were reported previously (Mesquita et al., 2015,
submitted to Biology of Reproduction). Briefly, in Study I, follicle diameter on D-1, plasma
concentration of E2 on D-1, CL area on D4 and plasma concentration of P4 on D4 were
38.81, 275.54, 65.68 and 75% greater for the LF-LCL compared to the SF-SCL group,
respectively (P<0.01). Similarly, in Study II, follicle diameter on DO, plasma concentration of
E2 on D-1, CL volume on D7 and plasma concentration of P4 on D7 were 23.99 (P<0.01),
360 (P<0.01), 61.67 (P<0.04) and 47.79% (P<0.04) greater for the LF-LCL compared to the

SF-SCL group, respectively.

ECM related gene expression

A comprehensive analysis of the RNA-seq data of Experiment 1 was reported previously
(Mesquita et al., 2015, submitted to Biology of Reproduction). Briefly, the analysis of day 7
endometrial LF-LCL versus SF-SCL samples yielded a total of approximately 134 million
reads and approximately 62% of the total reads uniquely mapped to the UMD 3.1 reference
genome (http://www.ncbi.nlm.nih.gov/genome/guide/cow/index.html). After applying the
filter for variance and minimal value of baseMean, a total of 562 genes showed differential
expression (adjusted P-value <0.1), of which 364 and 198 were up- regulated in the
endometrium of LF-LCL and SF-SCL animals, respectively. Functional enrichment analysis

for the SF-SCL endometrial tissue revealed clusters with overrepresented ontology terms and
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activation of pathways associated with extracellular matrix region and organization (Table 2)

which were then focus of further study.

Table 2. Functional enrichment of pathways related to ECM remodeling upregulated in the

endometrium of SF-SCL cows on D7. P represents non-adjusted probabilities.

Category Term Count P-Value Fold Enrichment

GOTERM_CC FAT collagen 9 3,16E+09 11.61

GOTERM_CC FAT fibrillar collagen 6 8,17E+08 23.22
extracellular matrix

GOTERM_MF FAT structural constituent 7 8,70E+10 8.9
collagen fibril

GOTERM_BP FAT organization 6 1,55E+12 10.5

GOTERM_MF FAT growth factor binding 6 0.040 3.14

GOTERM_BP FAT skin development 3 0.107 5.28

GOTERM _BP FAT epidermis development 5 0.134 2.51

GOTERM _BP FAT ectoderm development 5 0.157 23.7
blood vessel

GOTERM_BP FAT development 6 0.521 12.5

GOTERM _BP FAT vasculature development 6 0.544 1.22

Histological evaluation of collagen content and composition

The Masson’s trichrome staining method was used to determine the abundance of total
collagen in the endometrium. Results from days 4 and 7 endometrial tissue analysis showed a
significant difference between LF-LCL versus SF-SCL groups (p=0.01) and (p=0.002)
respectively with an increase in collagen content in the low-receptive SF-SCL group (Table 3;
Figure 2). On day 4, there was a negative correlation between preovulatory follicle (POF) size
and the abundance of collagen fibers in the superficial glandular epithelium (SGE) and deep
glandular epithelium (DGE) (-0.737, p=0.015; -0.621, p=0.055, respectively). A negative

correlation was also observed between P4 concentration and DGE (-0.700, p = 0.024) on day



69

4. On day 7, a greater abundance of collagen fibers was observed in the DGE compared to the

SGE in both treatment groups (p=0.0008). Negative correlations between POF with SGE (-

0.700, p=0.024) and DGE (-0.557, p=0.94), and between P4 and SGE (-0.817, p=0.004) on

day 7 were detected. Regression analysis revealed a negative linear correlation between

collagen abundance on DGE and POF size at D4 (R2:0.38, p=0.05) and D7 (R2:0.47, p=0.02).

Additionally, negative correlation was observed between collagen abundance on SGE and P4

concentrations at D7 (R2: 0.85, P=0.00) (Table 4). At D4, the abundance of collagen present

in the SGE had a negative quadratic correlation to POF size (R2: 0.76, P=0.03; Table 4).

Table 3. Collagen abundance detected through Masson’s Trichrome stain on days 4 and 7 of

the estrous cycle in cows with distinct hormonal profile, Small Follicle-Small Corpus Luteum

(SF-SCL); Large Follicle-Large Corpus Luteum (LF-LCL).

SF-SCL LF-LCL

Effects (P-value)

End Point Superficial Deep Superficial Deep

Group Region G*R*

Collagen

abundance on  28.0+3.1 30.4+2.3 23.4+54 26.5£3.4
Day 4 (%)

Collagen

abundance on 30.6+3.1 41.4+2.8 26.1£5.4 31.8+3.4
Day 7 (%)

0.013 0.089 0.837

0.002  0.008 0.170

*G*R=interaction between group and region
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Table 4. Regression analysis between the abundance of total collagen in the superficial
glandular epithelium (SGE) and deep glandular epithelium (DGE) in samples from days 4 and
7 between cows with distinct hormonal profiles, Small Follicle-Small Corpus Luteum (SF-

SCL) and Large Follicle-Large Corpus Luteum (LF-LCL).

Variables

Y X r’ P-value Equation

SGE D4 POF* 0.76 0.03 Y =-59693 + 14278 — 564,5X"
DGE D4 POF* 0.38 0.05 Y =39022 - 771.9X

SGE D7 P," 0.85 0.00 Y =32106 — 2556X

DGE D7 POF* 0.47 0.02 Y =55602 — 1682X

*Pre-ovulatory follicle; "Progesterone; Significant p<0,1

Figure 2 — Collagen arrangement in the endometrium of cows from SF-SCL and LF-LCL
groups on D4 (A) and D7 (B). Sections were stained with Masson’s Trichrome stain, and
images from superficial glandular epithelium (SGE) and deep glandular epithelium (DGE)

were taken using polarized light at 40x magnification.

D4

LF-LCL

SF-SCL
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Figures 2. Panel A shows histological sections from day 4 and panel B shows histological
sections from day 7 stained with Masson’s Trichrome stain. ST=Stroma; LE=Luminal

Epithelium; GL=Gland; Arrows indicate collagen fibers colored in blue.

The Picrosirius red special stain was used because collagen molecules, being rich in
basic amino acids, strongly react with acidic dyes. Sirius red, a strong cationic dye, stains
collagen by reacting with sulfonic acid and basic groups present in the collagen molecules
promoting the enhancement of its normal birefringence. The latter is due to the fact that many
dye molecule are aligned parallel with the long axis of the each collagen molecule (Junquiera
and Montes, 1991). Through polarization microscopy, two different types of collagen could
be distinguished in in the endometrial samples: greenish thin fibers (weakly hirefringent),
typical of collagen type III and red-orange thick fibers (strong hirefringent), typical of
collagen type 1. After evaluation, no difference in the amount of thick and thin fibers was

observed between the experimental groups (p>0.05). There was also no difference in
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distribution between thin and thick fibers, between regions (p>0.05) (Table 5, Figure 3).
Regression analysis indicated a negative linear correlation between the abundance of thin
collagen fibers in the SGE and POF size (R2: 0.63, P=0.00) as well as between DGE and POF
size (R2: 0.63, P=0,00) at D4 (Table 6). The abundance of thick collagen fibers also showed a
negative linear correlation with POF size at D4 (R2: 0.49, p=0.02, Table 6). Furthermore, a
negative quadratic correlation was observed between the abundance of thin collagen fibers in
the DGE and P4 concentrations at D4 (R2: 0.70, P=0.04) and a negative cubic correlation
between the abundance of thin collagen fibers in the DGE and P4 concentrations at D7 (R2:

0.90, p=0.00; Table 6

Table 5. Collagen abundance detected through Picrosirius stain on days 4 and 7 of the estrous
cycle in cows with distinct hormonal profile, Small Follicle-Small Corpus Luteum (SF-SCL);
Large Follicle-Large Corpus Luteum (LF-LCL).

SF-SCL LF-LCL Effects (P-value)

End Point Superficial Deep Superficial ~ Deep Group  Region  G*R*?
Thin fiber
abundance on 28.5x1.8 29.1x1.9 28.3x2.5 29.6+2.9 0.107 0.434 0.541
Day 4 (%)
Thick fiber
abundance on 29.4+2.6 30.5+1.6 28.8+2.1 29.8+2.3 0.151 0.342 0.433
Day 4 (%)
Thin fiber
abundance on 29.6=1.0 30.1£2.3 27.9x1.5 28.6=1.6 0.145 0.335 0.367
Day 7 (%)
Thick fiber
abundance on 29.0x2.2 30.1+1.8 29.3£2.3 29.4x1.5 0.112 0.448 0.360
Day 7 (%)

*G*R=interaction between group and region
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Table 6. Regression analysis between the abundance of thick and thin collagen fibers in the
superficial glandular epithelium (SGE) and deep glandular epithelium (DGE) in samples from
days 4 and 7 between cows with distinct hormonal profiles, Small Follicle-Small Corpus

Luteum (SF-SCL) and Large Follicle-Large Corpus Luteum (LF-LCL).

Variables

Y X r’ P-value Equation
SGE Thin Fiber D4 POF* 0.63 0.00 Y =44032 - 1048X
DGE Thin Fiber D4 POF* 0.63 0.00 Y =40013 - 775.5X
DGE Thin Fiber D4 P," 0.70 0.04 Y = 38046 — 11493 + 2647X°
DGE Thick Fiber D4  POF* 0.49 0.02 Y =36525-537.9X

DGE Thin Fiber D7 P," 0.90 0.00 Y =21273+ 16779 — 7869X° + 1029X’

“Pre-ovulatory follicle; "Progesterone; Significant p<0,1

Figure 3 - Collagen arrangement in the endometrium of cows from SF-SCL and LF-LCL
groups on D4 (A) and D7 (B). Sections were stained with Picro Sirius red stain, and images
from superficial glandular epithelium (SGE) and deep glandular epithelium (DGE) were taken

using polarized light at 10x magnification.

D4

LF-LCL

SF-SCL




74

D7

LF-LCL

LF-LCL

Figures 2. A and B show histological sections stained with Picrosirius stain and analyzed
under polarized light. Arrows indicate collagen fibers colored in variations of red and green,

indicating red as thicker collagen fibers and green as thinner collagen fibers.

Experiment 2 — ECM remodeling in day 6 endometrial biopsies and its relation to

ongoing pregnancy success.

Animal model

Results from the animal model used here were reported previously (Binelli et al.,
2015). A total of 51 cows were synchronized and 33 displayed estrus, ovulated and hence,
received Al. Cows showing P4 concentrations on day 6 post-Al between 4.3 to 5.8 ng/mL

were selected for RNA sequencing P (n = 6) and NP (n = 6).
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A comprehensive analysis of the RNA-seq data of Experiment 2 was reported

previously (Binelli et al., 2015). Briefly, endometrial ECM related gene expression levels in P

versus NP day 6 endometrial tissue P and NP samples were analyzed in an Illumina single

flow cell line. The 272,685,768 million filtered reads were mapped to the Bos taurus UMD?3.1

reference genome and 14,654 genes were effectively analyzed for differential expression

between groups. From six biopsies collected in the NP cows, one sample did not align with

the bovine genome and was omitted from the analysis. Transcriptome data showed that 216

genes are differently expressed when comparing P versus NP endometrial tissue (Padj<0.1).

More specifically, 36 genes showed a significantly up-regulated expression for pregnant cows

and 180 are up-regulated for non-pregnant cows. Functional annotation clustering for the NP

group revealed most significantly enriched pathways also associated with ECM remodeling

(Table 7).

Table 7. Functional enrichment of pathways related to ECM remodelling upregulated in the

endometrium of NP cows on D6. P represents non-adjusted probabilities.

Fold
Category Term Count P-Value Enrichment
GOTERM_CC FAT proteinaceous extracellular matrix 14 1,66E+08 71.7
GOTERM_CC FAT extracellular region 30 1,75E+08 3.0
GOTERM_CC FAT extracellular matrix 14 4,79E+08 7.1
GOTERM_CC FAT extracellular region part 19 4,79E+08 4.0
GOTERM_CC FAT basement membrane 8 9,00E+07 20.1
GOTERM_CC FAT extracellular matrix part 9 1,11E+09 14.8
GOTERM_BP FAT extracellular structure organization 6 6,75E+11 839.5
GOTERM_BP FAT extracellular matrix organization 5 0.002 896.0
GOTERM_BP FAT regulation of cell adhesion 5 0.003 8.1

positive regulation of cell-substrate

GOTERM_BP FAT adhesion 3 0.014 16.1
GOTERM _BP_FAT regulation of cell-substrate adhesion 3 0.029 10.9
GOTERM BP FAT positive regulation of cell adhesion 3 0.035 9.8
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Experiment 1 and 2. Overlapping ECM related gene expression
The RNA-seq data suggest that most enriched pathways in the SF-SCL and NP groups play a
relevant role in endometrial extracellular matrix remodeling. Therefore, we focused on the
expression of such genes and used quantitative real-time PCR (qRT-PCR) to compare
samples from LF-LCL and SF-SCL animals on days 0, 4 and 7 of the estrous cycle in order to
detect changes due to a distinct periovulatory endocrine millieu (Suplemental Tables 1 and 2).
The same was done for samples from P and NP animals (Suplemental Table 2). The mRNA
expression of 7GFbI was increased in the NP group and 7GFb2 was increased in both NP as
well as in the SF-SCL group on day 7. MMP2 was increased on day O in the LF-LCL. A
similar mRNA expression pattern was observed for MMP2, MMP11 and MMP14 for the NP
group. Since Metalloproteinases inhibitors are a crucial factor to control MMP activity in
endometrial ECM remodeling in humans (Irwin et al. 2001) we investigated its mRNA
expression. 7IMPI1 and TIMP4 expression significantly increased in the SF-SCL and NP
groups respectively while 7IMP3 was higher expressed in both SF-SCL and NP groups.
Expression of 7IMP2 was not influenced by steroid hormone levels nor the animal’s
receptivity status. A significant increase (p<0,05) in several ADAM and ADAMTS mRNA
expression level was observed in both SF-SCL and NP groups. In both experiments, the
expression of mRNA was increased in several collagens including, collagen type I (COLIA2),
collagen type III (COL3A1), collagen type VII (COL7A1) and collagen type IX (COLYA3),
although other types of collagens were independently overexpressed in each individual
experiment (Table 8). According to the gene ontological classification, such collagens,
especially COL1AI, COLIA2, COL3A1, COL4AI and COL4A?2 are essentially involved ECM

receptor interaction pathway and structure organization and hence, remodeling.
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Table 8. ECM related genes and its values detected in the RNAseq data comparing pregnant
and non-pregnant (P vs. NP) cows and cows with distinct periovulatory milieu (SF-SCL vs.

LF-LCL)

SF-SCL vs. LF-LCL NP vs. P
Fold log2 P value Fold log2 P value
Gene Change Fold Change Fold

Ensembl Id Symbol Change Change
ENSBTAG00000020457 TGFBI 1.24 0.31 0.627 2.36 0.55 0.018
ENSBTAG00000005359 TGFB2 1.77 0.82 0.053 -2.39 -0.45 0.016
ENSBTAG00000012004 TGFB3 1.22 0.29 0.93 0.16 0.04 0.870
ENSBTAG00000005043 TIMP1 1.48 0.57 0.017 -0.63 -0.20 0.527
ENSBTAG00000010899 TIMP2 0.86 -0.216 0.368 0.09 0.01 0.927
ENSBTAG00000020638 TIMP3 0.68 -0.55 0.032 3.22 0.49 0.001
ENSBTAG00000019267 MMP2 1.37 0.45 0.240 2.40 0.63 0.016
ENSBTAG00000014824 MMP14 1.44 0.52 0.134 2.54 0.54 0.010
ENSBTAGO00000014665 ADAMTS2 1.46 0.54 0.054 2.84 0.63 0.004
ENSBTAG00000000648  ADAMTSS 1.71 0.77 0.000 1.73 0.45 0.08
ENSBTAG00000013103 COLIAl 1.49 0.58 0.058 0.32 0.10 0.745
ENSBTAG00000013472 COLI1A2 1.55 0.63 0.001 1.96 0.48 0.049
ENSBTAG00000021466 COL3Al 1.62 0.69 0.000 2.04 0.52 0.040
ENSBTAG00000012849 COL4Al 1.37 0.46 0.032 1.09 0.25 0.274
ENSBTAGO00000014575 COL4AS 0.63 -0.64 0.027 - - -

Discussion

Peri-ovulatory regulation of mice and human endometrial tissue remodeling has been
considered a prerequisite for proper maternal receptivity. In comparison with the latter
species, cows are expected to exhibit a much more limited degree of tissue remodeling during
the reproductive cycle. However, recent studies identified ECM remodeling pathways as
potential key for acquisition maternal receptivity (Mesquita et al., 2015) and pregnancy
success (Binelli et al., 2015). Though, so far, clear bovine insights in how, and to which
extent, the ECM remodeling events are being regulated during early diestrus are lacking.
Therefore, the present study focused on characterization of the ECM signature of the bovine

endometrial tissue during early diestrus.
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The first set of experiments revealed that specific peri-ovulatory endocrine profiles do
impact on the ECM related transcriptome signature of day 4 and day 7 endometrial tissue.
More specifically, higher mRNA levels for MMP2, COL1A2, TIMPI, all genes encoding
compounds involved in ECM remodeling processes, were observed in the SF-SCL
endometrial tissue compared to the LF-LCL counterparts. The process of extracellular matrix
remodeling is a dynamic process that requires the degradation of its components. In this
context, collagenases, such as the MMPs, are considered as key mediators triggering
degradation of the main ECM components(Nagase et al., 2006). More specifically,
collagenases (MMP-1, -8, and -13) cleave the interstitial collagens I, II, and III. The denatured
collagen, or gelatin, is further degraded by gelatinases (MMP-2, and -9) (Sluijter et al., 2006;
Snoek et al., 2005). Interestingly, based on the temporal fluctuations in gene expression levels
between day 4 and day 7 endometrial tissue, a clear switch in ECM remodeling activity can be
reported during early diestrus. Thereby, the data seem to confirm that a physiological
reorganization of the ECM during diestrus is required in order to promote a receptive
endometrial state. Salilew-Wondim et al. (2010) also confirmed a higher expression of
COLI1A1, COLIA2 and COL27A1 in cows with a lower receptivity as seen in our animals
with SF-SCL. Moreover, a study performed in cows revealed that genes related to
extracellular matrix remodeling are more abundant at estrus, whereas at diestrus the more
prominent genes are related to immune response and metabolic pathways (Mitko et al. 2008).
Besides the gene expression data pointing to ECM remodeling events at transcriptome level,
colorimetric assessments were used to evaluate potential phenotypic differences in
endometrial ECM remodeling. Overall, the collagen visualization revealed a greater
abundance of total collagen fibers in the SF-SCL group both on days 4 and 7. Remarkably, on
day 4, follicle size appeared to have a greater influence on difference in collagen abundance

in both epithelia, when compared to data retrieved on day 7. At the latter timing, only in the
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superficial glandular epithelium collagen content was affected by follicle size and P4
concentration. Apparently, endometrial tissue samples did not show any difference in collagen
thickness between the experimental groups (SF-SCL vs. LF-LCL). The latter may be due to
the early diestrus timing of sample collection, since according to Yamada et al. (2002)
documented on a change in fiber distribution was becoming evident by day 14 of the estrous
cycle.

The bovine data documented in the present study, match with human data available in
the present study, similar differences in ECM transcripts, as well as effective collagen
abundance, are reported when comparing receptive versus low-receptive endometrial samples
during early diestrus. Data from human studies also previously showed that hormonal profiles
modulate changes in the ECM’s composition and distribution (Marbaix et al., 1992; Rodgers
and William, 1994; Curry et al., 2001). During the process of decidualization, the expression
of MMPs is inhibited and TIMPs are stimulated hence, endometrial MMP expression appears
to be negatively regulated by P4. Expression of MMPs is suppressed during the secretory
phase of the cycle and increased at menstruation (Osteen et al., 1999). In this context, women
with unexplained infertility and recurrent miscarriages exhibit higher expression of for
collagen type I, MMP2 and TIMP1 (Jokimaa et al., 2002).

In second experiment described in the present study, the transcriptome signature from
day 6 uterine biopsies, all collected in the same cycle of the AI, was determined with
particular focus on ECM remodeling pathways. This implies that, data on pregnancy outcome
could be retrospectively linked with endometrial transcript characteristics. Samples were
collected from contralateral uterine horn in relation to the pregnancy without a negative effect
on pregnancy outcome as previously reported (Pugliesi et al., 2014). Main pathways in day 6
P versus NP uterine tissue were related to extracellular matrix (ECM) remodeling processes.

Indeed, COL741 and ADAMI2, which are genes associated with extracellular matrix
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formation, belong to the top-20 list of genes with down-regulated expression in the P uterus.
In addition, MMP11 also had a higher expression in the NP group, which has been linked to
cell proliferation properties. This is in line with a study conducted by Bauersachs et al. (2006)
indicated that the expression of collagen type 1 (COLIAI, COLIA2) and collagen type VI
(COL6AI) were reported to be higher in non-pregnant cows compared to pregnant cows. In
accordance, COL1A2 was also more expressed in NP cows. Other genes that were differently
expressed between P and NP day 6 endometrial tissue included ADAM12, ADAMTSI, TIMP3,
BGN, EGFLAM, Angpt4, AGRN and BMP4, MMP2. Furthermore, also an increased Decorin
(DCN) mRNA expression in the NP group and also concomitant up-regulated levels of
TGFpI and TGF[32 were observed in the NP group compared to their P counterparts. This is
highly important as shown in Figure 2. DCN is a leucine-rich proteoglycan associated with
type I collagen fibrils in tissues to which 7GFp binds with high affinity in the ECM and in
doing so neutralizes its activity. Thereby, DCN acts as a reservoir of TGFf in the extracellular
milieu. TGFf is a potent stimulator of collagen synthesis by increasing transcription and
decreasing collagen degradation via reduced MMPs or enhanced TIMPs, thus favoring an
accumulation of ECM and especially of collagen (Roberts et al., 1992; Brenner et al., 1994;
Arici et al., 1996; Siwik and Colucci, 2004). Interestingly, the presented data are in line with
human studies, in which uterine tumour formations, such as leiomyomas, are characterized by
an increased synthesis and deposition of ECM proteins, mainly collagens type I and III as
well as an increased mRNA abundance of MMP2 and MMP11 (Wolanska et al., 2004; Malik
et al., 2010; Iwahashi and Muragaki, 2011). The increased expression of collagens, in
combination with other differences observed in ECM related genes when comparing the low-
fertile endometrial tissue, is suggestive for up-regulated cell proliferation activities. In

agreement, work performed by Mesquita et al. (Submitted BOR) suggests that early diestral
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endometrial tissue of cows with lower probability for ongoing pregnancy are more permissive

to proliferation and less favorable to activities related to cell differentiation.

Figure 2 — Metalloproteinase regulation of collagen deposition in the extracellular matrix in a

lower steroid hormonal periovulatory state.
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Metalloproteinase 2 (MMP-2), Metalloproteinase 3 (MMP-3) and Metalloproteinase 7 (MMP-
7) cleave Decorin (DCN) releasing TGF-f from DCN-TGFf complexes. Metalloproteinase 9
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(MMP-9) and MMP-2 provide proteolytic activation of latent TGFf, which decreases
collagen degradation and hence, its deposition in the extracellular matrix via reduced MMPs

or enhanced TIMPs.

When comparing the high-fertile (LF-LCL and P) and low-fertile (SF-SCL and NP)
endometrial tissue from experiment 1 and experiment 2, respectively, a significant down-
regulated expression of genes involved of ECM remodelling pathways was noticed in both the
high-receptive LF-LCL as well in the P endometrial tissue (shown in Figure 3). These results
suggest that ECM components should be appropriately expressed or inhibited and it made us
propose that ECM over-expression could possibly inhibit the initial embryonic contact with

maternal endometrial tissue, thereby prompting pregnancy failure. Several authors have
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indeed shown the importance of preovulatory follicle size on pregnancy outcome
(Vasconcelos et al., 2001; Perry et al., 2005; Baruselli et al., 2012) and here, our analysis
confirmed that as follicle size increases, collagen abundance decreases, which may imply that

greater endometrial collagen content compromises fertility.

Figure 3. ECM related up-regulated genes in experiment 1 (SF-SCL vs. LF-LCL) and
experiment 2 (P vs. NP). Genes in the gray box are overlapped up-regulated in both

experiments.
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When considering the data originating from the both fertility models used in the

present study, both models used in the present study might provide a useful tool to modulate
and fine-tune, within physiological limits, the uterine ‘receptive’ environment and thereby
influence the probability for ongoing pregnancy. Our main focus was the characterization of
specific ECM signatures in bovine endometrial tissue during the early diestrus period; a
timing that co-incides with the process of embryo arrival in the uterus. This is a highly crucial
moment that need further investigation as several studies identify this receptivity period as the

reason for the dramatic incidence in embryonic losses in cattle industry.
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In conclusion, early diestral ECM remodeling events can be considered as key factors
determining pregnancy outcome . The first set of experiments showed that specific endocrine
profiles, that drive endometrial receptivity, also interact with ECM related gene expression
profiles and even phenotypic characteristics of ECM tissue. The second set of experiments
determined the ECM related gene expression as potential predictors for probability of further
pregnancy success. The overlapping set of genes being differently expressed in both fertility
related models, highlights the importance of this matter and the potency to use the ECM

remodeling data as potential tools to modulate receptivity and predict pregnancy outcome.
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Supplemental Table 2. Validation of RNAseq gene expression data by qPCR. Fold change
and p value of gene expression in SF-SCL vs. LF-LCL uterine samples on D7.

Ensembl Id Gene RNAseq (n=6) qPCR (n=17)
Symbol
Fold log2 P Fold log2 P value
Change Fold value Change Fold
Change Change

ENSBTAG00000020457 TGFBI1 1.24 0.31 0.627  2.05 0.33 0.551
ENSBTAGO00000005359 TGFB2 1.77 0.82 0.053 1.86 0.75 0.043
ENSBTAG00000012004 TGFB3 1.22 0.29 0.932 1.43 0.48 0.487
ENSBTAG00000005043 TIMP1 1.48 0.57 0.017  2.04 0.66 0.043
ENSBTAGO00000010899 TIMP2 0.86 -0.216 0368  0.92 -0.226 0.326
ENSBTAG00000020638 TIMP3 0.68 -0.55 0.032  0.59 -0.62 0.019
ENSBTAG00000019267 MMP2 1.37 0.45 0.240 1.22 0.51 0.277
ENSBTAG00000014824 MMP14 1.44 0.52 0.134 1.38 0.55 0.215
ENSBTAG00000014665 ADAMTS2 1.46 0.54 0.054 1.53 0.63 0.042
ENSBTAG00000000648 ADAMTSS 1.71 0.77 0.000 1.24 0.83 0.003
ENSBTAG00000013103 COL1A1 1.49 0.58 0.058 1.80 0.76 0.046
ENSBTAG00000013472 COL1A2 1.55 0.63 0.001 1.87 0.81 0.014
ENSBTAG00000021466 COL3A1 1.62 0.69 0.000 1.32 0.51 0.002
ENSBTAG00000012849 COL4A1 1.37 0.46 0.032 1.92 0.39 0.023
ENSBTAGO00000014575 COL4A5S 0.63 -0.64 0.027  0.75 -0.92 0.021
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Supplemental Table 3. Validation of RNAseq gene expression data by qPCR. Fold change
and p value of gene expression in PREGNANT vs. NOT-PREGNANT uterine biopsies.

Ensembl Id Gene RNAseq (n=11) qPCR (n=26)
Symbol
Fold log2 P Fold log2 P value
Change Fold value Change Fold
Change Change

ENSBTAG00000020457 TGFB1 2.36 0.55 0.0181 2.23 0.37 0.051
ENSBTAGO00000005359 TGFB2 -2.39 -0.45 0.0164 1.20 -0.57 0.032
ENSBTAGO00000005043 TIMP1 -0.63 -0.20 0.527  2.04 -0.66 0.430
ENSBTAGO00000010899 TIMP2 0.09 0.01 0.927 092 0.02 0.326
ENSBTAG00000020638 TIMP3 3.22 0.49 0.001 0.59 0.62 0.019
ENSBTAGO00000019267 MMP2 2.40 0.63 0.016 1.22 0.51 0.027
ENSBTAG00000014824 MMP14 2.54 0.54 0.010 1.38 0.55 0.021
ENSBTAG00000000706 ADAMTS1 3.31 0.72 0.0009 1.21 0.43 0.003
ENSBTAGO00000014665 ADAMTS2 2.84 0.63 0.0045 1.22 0.78 0.000
ENSBTAGO00000013210 ADAMTS4 2.84 0.69 0.0129 0.99 0.76 0.023
ENSBTAGO00000000648 ADAMTSS 1.73 0.45 0.0833 1.22 0.97 0.055
ENSBTAGO00000013472 COL1A2 0.32 0.10 0.745 1.49 0.77 0.337
ENSBTAG00000021466 COL3A1 2.04 0.52 0.0409 1.22 0.32 0.023




