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RESUMO 

 

Paixão, J.V. P. A influência do nicho folicular sobre o desenvolvimento oocitário. 61 f. 

Dissertação – Faculdade de Zootecnia e Engenharia de Alimentos, Universidade de São 

Paulo, Pirassununga, 2023.  

Os exossomos (Exos), vesículas extracelulares pequenas, presentes no fluido folicular (FF), 

atuam na comunicação intercelular, transportando conteúdos bioativos, como mRNAs e lnc-

RNAs, contribuindo para a maturação do ovócito. Assim sendo, especula-se que Exos 

presentes no fluido de folículos contendo oócitos de boa qualidade ou má qualidade são 

distintos no seu conteúdo de RNA. O primeiro objetivo deste trabalho foi compreender, 

detalhadamente, a relação entre o contéudo de RNAs poli-adenilados de Exos oriundos do 

FF, e o desenvolvimento oocitário e embrionário. Para tanto, Exos do FF foram coletados e 

isolados de folículos com diâmetro de 3 a 6 mm, utilizando um modelo retrospectivo bovino 

previamente descrito. Para rastrear sua competência, o FF e o ovócito foram recuperados 

individualmente através da dissecção de folículos oriundos ovários, selecionados 

aleatoriamente, de abatedouros. Os gametas foram maturados, ativados partenogeneticamente 

e cultivados individualmente por 7 dias. Com base nos registros de desenvolvimento, os 

ovócitos e seus respectivos fluidos foliculares foram classificados e separados em três grupos, 

de acordo com a competência de desenvolvimento: Grupo NCLEAV (Incompetente Maduro): 

Ovócitos maduros in vitro que não se dividiram após a ativação partenogenética; Grupo 

CLEAV (Incompetente Clivado): Ovócitos que se dividiram após a ativação, mas bloquearam 

o desenvolvimento no 3º ou 4º ciclo celular; Grupo BLAST (Blastocistos): oócitos que se 

desenvolveram até o estágio de blastocisto. Foram realizadas análises de expressão gênica 

diferencial, genes exclusivos e genes centrais a partir dos dados transcriptômicos, e diferenças 

transcricionais entre os grupos mais competentes (BLAST) e menos competentes (CLEAV e 

NCLEAV) (p-ajust.<0.1) foram observadas. Interessantemente, vários transcritos gênicos 

encontrados significativamente alterados entre esses grupos estavam relacionados a vias de 

sinalização associadas à proliferação celular e modulação da meiose, como as vias de 

sinalização WNT, PI3K-Akt e Hippo. Devido à sua função fundamental em todas essas vias, 

a GSK3 (Glicogênio Sintase Quinase 3) foi selecionada como proteína candidata que 

potencialmente regula essas vias de sinalização e a competência do ovócito. Para testar isso, 

os ovócitos foram maturados sob três condições: 1) CTL (controle); 2) Tratamento com 
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DKK1, que estimula indiretamente a GSK3β através da inibição da via de sinalização WNT 

pelo DKK-1 (proteína relacionada ao Dickkopf 1); 3) Tratamento com CHIR, que inibe 

diretamente a GSK3β através da sonda química CHIR99021. Foram observadas taxas de 

extrusão de corpúsculo polar, e os ovócitos maduros foram ativados partenogeneticamente e 

cultivados in vitro. O grupo CHIR apresentou uma maior taxa de maturação em comparação 

com as outras, mas não foram observadas diferenças na clivagem e no desenvolvimento a 

blastocisto. Para melhor compreender o efeito de inibição, a β-catenina foi localizada por 

imunocitoquímica, e uma maior localização nuclear foi observada novamente no grupo CHIR. 

Em conclusão, o modelo retrospectivo identificou genes e vias presentes em Exos derivados 

de FF que estão associadas à competência do oócito. A modulação da GSK3β nos COCs 

aumentou a taxa de extrusão do 1º corpúsculo polar enquanto as demais taxas não 

apresentaram alterações estatísticas. Contudo, as características da modificação induzida pela 

inibição da GSK3β foram semelhantes às observadas in vivo em ovócitos humanos.  

Palavras-chave: Bovino; Oócito; Exossomos; RNA-Seq; GSK3β. 
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ABSTRACT 

 

Paixão, J.V. P. The influence of ovarian follicular niche on oocyte development. 61 f. 

Master’s Thesis – Faculdade de Zootecnia e Engenharia de Alimentos, Universidade de São 

Paulo, Pirassununga, 2023. 

Exosomes (Exos), small extracellular vesicles, present in follicular fluid (FF), act in 

intercellular communication, carrying bioactive contents, such as mRNAs and lnc-RNAs, 

contributing to oocyte maturation. Hence, it is speculated that Exos present in the fluid of 

follicles containing good quality or poor quality oocytes are different in their RNA content. 

The first aim of this work was to comprehend, in detail, the relation between the content of 

polyadenylated RNAs of Exos originating from the FF and the oocyte/embryo development. 

To this end, the Exos from the FF were collected and isolated from 3 to 6 mm diameter follicles 

using a retrospective bovine model previously described. To track its competence, FF and 

oocyte were individually recovered through the dissection of follicles from randomly selected 

slaughterhouse`s ovaries. Gametes were matured, parthenogenetically activated and cultured 

individually for 7 days. Based on developmental records, oocytes and their respective follicular 

fluids were classified and separated in three groups, accordingly to developmental competence: 

NCLEAV Group (Incompetent Mature): Oocytes matured in vitro that did not cleave after 

parthenogenetic activation; CLEAV Group (Incompetent Cleaved): Oocytes cleaved after 

parthenogenetic activation that blocked the development at 3rd or 4th cell cycle; BLAST Group 

(Blastocysts): Oocytes that developed to the blastocyst stage. Differential gene expression, 

exclusive and HUB genes analyses of the transcriptomic data were performed, and 

transcriptional differences among the more competent (BLAST) and less competent (CLEAV 

and NCLEAV) groups (p-adjust.<0.1) were observed. Interestingly, several gene transcripts 

found significantly altered among these groups were related to signaling pathways associated 

with cell proliferation and meiosis modulation such as WNT, PI3K-Akt and Hippo signaling 

pathways. Due to its key function in all pathways, GSK3 (Glycogen Synthase Kinase 3) was 

selected as a candidate protein that potentially regulates these signaling pathways and the 

oocyte competence. To test this, oocytes were matured under 3 conditions: 1) CTL (control); 

2) DKK1 treatment that indirectly stimulates GSK3β through DKK-1 (Dickkopf related protein 

1) inhibition of the WNT signaling pathway; 3) CHIR treatment that directly inhibits GSK3β 

through the chemical probe CHIR99021. Polar body extrusion rates were observed, mature 

oocytes were parthenogenetically activated and in vitro cultured. The CHIR group presented a 
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higher maturation rate compared with the others but no differences were observed in cleavage 

and Blastocyst development. To further understand the inhibition effect β-catenin was localized 

by immunocytochemistry and a increased nuclear localization was observed in CHIR group 

again. In conclusion the retrospective model identified crucial genes and pathways present in 

FF-derived Exos that are associated with oocyte competence. Modulation of GSK3β in COCs 

increased the extrusion rate of the 1st polar body while the other rates did not show statistical 

changes. However, the characteristics of the modification induced by GSK3β inhibition were 

similar to those observed in vivo in human oocytes.  

Key-words: Bovine; Oocyte; Exosomes; RNA-Seq; GSK3B. 
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1. GENERAL INTRODUCTION 

One of the main aspects of oocyte quality is the ability, or potential, of an oocyte to 

reach maturity, be fertilized, develop into a blastocyst and ultimately generate and maintain a 

pregnancy, these characteristics are known as oocyte competence. (LONERGAN et al., 2003; 

SIRARD et al., 2003, 2006). The process of acquiring oocyte competence is a progressive 

transformation that involves adequate nuclear and cytoplasmic maturation. Nuclear maturation 

is marked mainly by the condensation and segregation of chromosomes, while cytoplasmic 

maturation is characterized by the accumulation of RNAs, proteins, metabolites and 

redistribution of organelles. Both are influenced by the interaction of the oocyte with external 

factors and the follicular microenvironment during folliculogenesis. (KRISHER, 2013; 

READER; STANTON; JUENGEL, 2017; SIRARD, 2019; WALKER; BIASE, 2020).  

Folliculogenesis is the process of formation, growth and maturation of ovarian follicles, 

the structural and functional unit of mammalian ovaries responsible for hormone production 

and oocyte development (COMBELLES et al., 2010; LEITÃO et al., 2009; PALMA et al., 

2012). Its development starts from primordial germ cells during fetal life and ends at ovulation. 

More precisely, between the prophase I and metaphase II (MII) of the oocyte, creating in this 

period an essential microenvironment for the growth, capacitation and maturation processes of 

the oocyte, that is, oogenesis (AERTS; BOLS, 2010; HENNET; COMBELLES, 2012; MOTA, 

2008). 

During folliculogenesis, follicles are classified according to their degree of evolution: 

pre-antral (primordial, primary and secondary) and antral (tertiary and pre-ovulatory), due to 

the absence or presence, respectively, of the antrum, an area filled by follicular fluid (FF) 

(AERTS; BOLS, 2010). Such fluid, present in antral ovarian follicles, is formed from the 

plasma and cellular secretions of the granulosa and theca within the follicle. (FORTUNE, 

1994). Follicular cells have a considerable influence on FF concentrations, as they secrete a 
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variety of molecules that include proteins and growth factors, which have effects on the oocyte, 

in the regulation and resumption of meiosis. (HENNET; COMBELLES, 2012). Taking into 

account the relevance of the interactions between the oocyte and the follicular niche, it is 

possible to state that alterations in the FF composition are associated with the oocyte quality of 

cattle and humans. Several studies indicate that FF metabolites and hormones are related to 

oocyte competence and may influence fertility (DA SILVEIRA et al., 2021; MATOBA et al., 

2014; O’BRIEN; WINGFIELD; O’SHEA, 2019). Therefore, the analysis of the follicular niche 

proves to be a coherent step in the development of non-invasive methods for the selection of 

oocytes and embryos. As FF is a routine by-product of oocyte retrieval, it is the ideal sample 

for such an analysis. 

Present in FF, there are extracellular vesicles (EVs), that comprise exosomes (50±150 

nm) and microvesicles (100±1000 nm). EVs are a heterogeneous group of small, spherical, 

membrane-bound biological structures known to be secreted by nearly every known cell type. 

Their basic structure formed by a lipid bilayer makes them a safe way to transport molecules 

compared to free molecules in fluids. (GODAKUMARA et al., 2021; SKOG et al., 2008; 

TAYLOR; GERCEL-TAYLOR, 2008).  In the interaction between cumulus cells and the 

oocyte, in addition to the paracrine pathway, an essential part of this interaction is mediated by 

transzonal projections (TZPs). These projections originate from the cumulus cells and penetrate 

the zona pellucida, reaching the oocyte to transfer, through GAP junctions, small molecules 

essential for the homeostatic regulation of the oocyte and also through a mechanism called 

gametic synapse that secretes and incorporates RNAs through EVs (ALBERTINI et al., 2001; 

MACAULAY et al., 2014, 2016). Thus, EVs carry transcriptomic contents for intercellular 

communication, such as microRNAs (miRNAs) and mRNA, among others, during follicular 

development in horses, cattle and humans (DA SILVEIRA et al., 2012; O’BRIEN et al., 2020; 

VALADI et al., 2007). Furthermore, the supplementation of EVs from 3 to 6 mm diameter 
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follicles during IVM and IVC is capable of altering the global pattern of methylation and 

hydroxymethylation of DNA in bovine embryos produced in vitro (DA SILVEIRA et al., 

2017).With the identification of biomarkers such as EVs, it becomes possible to standardize a 

non-invasive method of assessing oocyte quality (SANTOS et al., 2018; WALLACE et al., 

2012). 

Recently, it was demonstrated in cattle that the miRNAs present in small EVs, similar 

to exosomes, are important in the acquisition of oocyte competence and in embryonic 

development, as they are endocytosed by the oocyte cumulus complex during IVM (DE 

ÁVILA et al., 2019). Moreover,  in a retrospective study based on transcriptomic data from 

bovine FF, the phosphatidylinositol-3-kinase/protein kinase B (PI3K-Akt) signaling pathway, 

crucial for follicular development, was differentially regulated and has the potential to lead to 

oocyte competence (ANDRADE et al., 2017; GROSBOIS; DEMEESTERE, 2018; MAKKER; 

GOEL; MAHDI, 2014). However, the transcriptomic analysis performed using RT-PCR and 

RNA sequencing techniques in previous studies, in cattle, focused only on the profile of 

miRNAs, not covering the mRNAs and lnc-RNAs also present in exosomes and their possible 

associations with pathways related to oocyte development (HUNG et al., 2017; 

NAVAKANITWORAKUL et al., 2016). 

Exosomal mRNAs and lncRNAs, play a vital role in oocyte development and follicular 

microenvironment. Recent studies have detected several mRNAs and lnc-RNAs from FF-

derived exosomes associated with PI3K-Akt and other signaling pathways related to oocyte 

development, such as MAPK and Hippo (MATSUNO et al., 2019; WANG et al., 2021). 

Nonetheless, the association between these mRNAs and lncRNAs profiles and the oocyte 

competence in bovines remain imprecise, highlighting the need for further research in this area. 
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2. CHAPTER 1: ARTICLE - Characterization of poly-A tail RNAs present in small 

extracellular vesicles of follicles containing oocytes with different developmental 

competence 

 

Abstract  

To further understand of the role of exosomes in the acquisition of developmental competence, 

we compared the mRNA content of exosomes from the fluid of follicles containing oocytes 

that were able develop to the blastocyst stage to those that arrest at earlier stages of 

development. Our results show the main alterations observed between the transcriptomic 

profiles of the more competent (BLAST) and less competent (CLEAV and NCLEAV) groups 

(q<0.1). In this article we highlighted the accumulation of transcripts from relevant proteins 

linked to signaling pathways previously identified in our group studies such as PI3K-Akt, 

Hippo and Wnt. Moreover, GSK3β (Glycogen Synthase Kinase 3 β)  activity in the high quality 

follicular niche (BLAST) appeared to play key role between the PI3K-Akt and Wnt pathways. 

To evaluate this, oocytes were matured under 3 conditions: 1) CTL (control); 2) DKK1 

treatment that indirectly stimulates GSK3β through DKK-1 (Dickkopf related protein 1) 

inhibition of the WNT signaling pathway; 3) CHIR treatment that directly inhibits GSK3β 

through the chemical probe CHIR99021. Polar body extrusion rates were observed, mature 

oocytes were parthenogenetically activated and in vitro cultured. The GKS3β modulation 

presented only effect on COCs of the CHIR group, increasing the first polar body extrusion 

rates. Furthermore, the inhibition effect β-catenin localized by immunocytochemistry and a 

increased nuclear localization was observed in CHIR group again. Concluding, the 

retrospective model identified crucial genes and pathways present in FF-derived Exos that are 

associated with oocyte competence. However, the modification induced by GSK3β inhibition 

were similar to those observed in vivo in human oocytes.Since the treatment interfered in β-

catenin localization in the cumulus cells it is tempting to speculate that the treatment resulted 

increased dysmature gametes rates. Furthers studies are needed to confirm this speculation. 
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2.1. INTRODUCTION  

 

Metabolites and hormones from both human and bovine follicular fluids have been shown 

to be related to oocyte competence and influence fertility (ANDRADE et al., 2017; MATOBA 

et al., 2014; O’BRIEN; WINGFIELD; O’SHEA, 2019). Using biomarkers in follicular 

extracellular compartments, such as extracellular vesicles (EVs), it has become possible to 

standardize a non-invasive method of estimating oocyte quality (SANTOS et al., 2018; 

WALLACE et al., 2012). In this context, the analysis of the follicular niche by measurements 

of the components of the follicular fluid, a routine by-product in oocyte retrieval, is a coherent 

strategy in the development of non-invasive methods to study oocytes that contain the 

necessary requisites for the production of a viable embryo. 

Exosomes (Exos), small EVs (50 to 150 nm)  found in the follicular fluid and have been 

shown to carry numerous bioactive molecules for intercellular communication, including 

microRNAs (miRNAs), long non-coding RNAs (lncRNAs), messenger RNAs (mRNAs) 

(GODAKUMARA et al., 2021; SKOG et al., 2008; TAYLOR; GERCEL-TAYLOR, 2008). 

Relevant reproductive functions of exosome-like vesicles has been described in several 

mammalian species (MACHTINGER; BACCARELLI; WU, 2021) and, in bovine follicular 

fluid (bFF), have been shown to play main roles during oocyte maturation and competence 

acquisition processes (DA SILVEIRA et al., 2017; RODRIGUES et al., 2019; UZBEKOVA et 

al., 2020).  

Recently, analysis of bFF has demonstrated that the miRNAs present in EVs are 

endocytosed by the cumulus-oocyte complex during in vitro maturation (IVM) and, thus, could 

be involved in the acquisition of oocyte competence. Moreover, mRNAs and lncRNAs have 

been detected in Exos derived from porcine and human follicular fluids and could be improving 

oocyte quality (MATSUNO et al., 2019; WANG et al., 2021). However, transcriptomic 

analysis performed using the RNA sequencing (RNA-Seq) techniques have focused 
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exclusively on the miRNA profile, while the mRNA profile present in EVs and their possible 

association with pathways related to oocyte competence remain lacking. Furthermore, previous 

retrospective studies using bovine follicular components have validated by granulosa cells 

(GCs) proteomics and Exos lipidomics that several key cellular pathways were differentially 

regulated with regard to oocyte competence (ANDRADE et al., 2017; DA SILVEIRA et al., 

2021). Therefore, we hypothesize that the polyadenylated RNA profiles of Exos from follicular 

fluids containing good quality oocytes differ from those containing poor quality oocytes. We 

used a retrospective model in which individual ovarian follicles were dissected to recover both 

the FF for assessment by RNA-seq of transcripts present in the Exos and the counterpart oocyte 

for assessing its developmental competence to undergo cleavage and development to the 

blastocyst stage after parthenogenetic activation. Our overall goal is to understand in detail the 

effect of the follicular microenvironment on the oocyte and embryonic development and offer 

subsidies for improvements in the in vitro production process of bovine embryos and other 

mammalian species. Then, to test the effectiveness of the retrospective RNA-Seq analysis we 

interfered with the GSK3β enzyme/pathway due to its central role in the Wnt and PI3K-Akt 

signaling pathways.  

 

2.1. MATERIAL AND METHODS 

 

The procedures described and reported here did not involve the use of live animals. All 

tissues were recovered post mortem. This article was approved by the Ethics Committee of the 

Faculty of Animal Science and Food Engineering of the University of São Paulo under protocol 

number 14.1.688.4.1. All the experiments were conducted in accordance with the International 

Guiding Principles for Biomedical Research Involving Animals (Society for the Study of 

Reproduction). The reagents and culture media used were purchased from the Sigma-Aldrich 

company (St. Louis, MO, USA), when this is not the case, the origin will be mentioned. 
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Bovine ovaries (mixed breed cows, randomly selected, independently of their estral 

cycle) were collected at a commercial slaughterhouse in the region of Pirassununga – SP and 

transported in thermos bottles with pre-warmed sterile saline solution (0.9% NaCl), at a 

temperature of approximately 37 °C, within an interval of up to 3 h after slaughter.  

 

2.1.1. Sample collection and in vitro embryo production for retrospective analysis 

 

Four ovaries per routine were randomly chosen and five follicles (ranging from 3 to 6 

mm) were individually dissected. In order to collect the contents, dissected follicles were 

ruptured individually using 18G needles under the stereomicroscope. The follicular fluid 

samples were collected in 0.6 mL microtubes and the cumulus oocyte complexes (COCs) were 

isolated for the in vitro production of parthenogenetic embryos. Detailed maturation, 

parthenogenetic activation and embryo culture procedures were previously described by Da 

Silveira et al. ( DA SILVEIRA et al., 2021). Briefly, COCs were matured individually in 9 µL 

droplets of  in vitro maturation medium (TCM-199) buffered with bicarbonate and 

supplemented with 10% FCS, 0.2 mM sodium pyruvate, 50 mg/mL of follicle stimulating 

hormone (FSH) (Folltropin-V, Bioniche Animal Health Belleville, Canada) and 50 mg/mL 

hCG (Vetcore®, Hertape Calier), under mineral oil at 38.5 C incubator and 5% CO2 in air 

atmosphere. After 19 h of individual in vitro maturation (IVM), COCs were individually 

denuded by fine-pipetting and returned to maturation medium and incubator until the activation 

protocol. Oocytes were classified into matured (IVM +) or non-matured (IVM -) based on the 

presence or absence of the first polar body (1st PB), respectively. After 26 h of maturation, all 

oocytes were parthenogenetically activated, regardless of presence or not of a 1st PB. Oocytes 

were washed three times with H199 medium (TCM-199 with 25 mM HEPES) containing 0.5 

mg/mL bovine serum albumin (BSA), 0.2 mM pyruvate, and 50 μg/mL gentamicin. After 
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washing, oocytes were activated, using the same medium supplemented with 5mM ionomycin 

for 5 min. Then, the oocytes were washed thrice with H199 saturated media (TCM-199 with 

25mM Hepes containing 30 mg/mL BSA, 0.2 mM pyruvate, and 10 μg/mL gentamicin) and 

washed thrice right away with synthetic oviduct fluid (SOF) supplemented with 5 mg/mL BSA, 

2.5% extracellular vesicles depleted-fetal calf serum (EVsfree-FCS), 0.2 mM pyruvate, 10 

mg/mL gentamicin, and 2mM 6-dimethylaminopurine (6-DMAP). Finally, the oocytes were 

transferred into 9 μL single droplets of DMAP-supplemented SOF and incubated at 38.5 ºC 

with 5% CO2 in air for 3 h.  

Following Ionomycin-DMAP parthenogenetic activation, oocytes were washed three 

times with SOF medium supplemented with 5 mg/mL BSA, 2.5% EVs free-FCS, 0.2 mM 

pyruvate, and 10 μg/mL gentamicin, and subsequently co-cultured with a monolayer of 

cumulus cells on the same plate in 9 μL droplets of fresh culture medium covered with mineral 

oil at 38.5 ºC in a humid atmosphere of 5% O2, 5% CO2 and 90% N2 for 8 days. The 

presumptive embryos were evaluated for cleavage at D3 (48 h) and for blastocyst development 

at D7 (168 h) post-activation. More details about the development rates were described 

elsewhere (ANDRADE et al., 2017). 

 

 

2.1.2. Retrospective Analysis 

 

From these routines, three groups were formed according to the stage at which the 

embryos stopped their development: noncleaved (NCLEAV - presumptive zygotes, derived 

from mature and non-mature oocytes were unable to cleave by D3 after parthenogenetic 

activation), cleaved (CLEAV - parthenogenetic embryos that cleaved, but stopped their 

development before reaching the blastocyst stage by D7) and blastocysts (BLAST - 

parthenogenetic embryos that developed to the blastocyst stage. Following the retrospective 
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assessment of oocytes competence, respective individual FFs were identified as NCLEAV 

(n=3), CLEAV (n=3) and BLAST (n=3) and pooled. Each pool was composed by five 

individual bFF samples (10-110μL, approximately) from which the Exos were isolated for 

subsequent analysis (Figure 1). 

 

Figure 1. Experimental design. 

 

2.1.3. Isolation of exosomes from the follicular fluid pools 

 

The methods used for the isolation and characterization of the Exos, were previously 

described elsewhere (DA SILVEIRA et al., 2021). After the identification and separation of 

the COC, the follicular fluid of the individually isolated follicles were transferred to Eppendorf 

tubes (0.6 ml) and subjected to consecutive centrifugation steps. Briefly, follicular fluid 

samples were centrifuged at 300xg for 10min to remove live cells, at 2000xg for 10min to 

remove residual cells and cell debris, at 16500xg for 30min to pellet the EVs. The remaining 

supernatant was filtered through 0.2 mm sterile filter to remove particles whose size is more 

than 200 nm and centrifuged at 119700xg for 70 min. Following centrifugation supernatant 
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was changed by PBS (pH 7.4) to wash the pellet and centrifuged one more time at 119700xg 

for 70 min to pellet the exosomes (Exos). Centrifugation steps were performed at 4 ºC. Pellets 

were ressuspended in 50 mL of PBS. The Exos validation was acquired using Nanosight 

equipment (Malvern) and analyzed by NanoSight NTA Software v3.1. In order to determine 

the Exos size and distribution, 3 pellets were used. First 50 nm, 100 nm and 150 nm calibration 

beads (Malvern) were used to check size accuracy. EVs were diluted in PBS, introduced 

manually and analyzed by recording five videos of 30s. Videos were acquired at camera level 

14 at 37 ºC. Vesicles size was defined as the mode determined from the acquired videos and 

vesicles concentration was defined as the mean determined from the videos. The data related 

to the EVs characterization can be found in Da Silveira et al. (2021). 

 

2.1.4. RNA Extraction 

 

The total RNA of the samples was extracted using the Trizol® reagent (Molecular 

Research Center, Cincinnati, OH) following the manufacturer's recommendations with slight 

modifications, such as the use of a small volume of Trizol (200 μL) and chloroform (128 μL), 

followed by purification of the aqueous phase in miRNeasy (Qiagen, #217084, Venlo, 

Limburg, Netherlands). RNA was dissolved in 10 μL of RNase free water and treated with 

DNaseI (Invitrogen, Carlsbad, CA). RNA concentration was measured with A260 

measurements using NanoDrop 2000 (Thermo Scientific, Carlsbad, CA). 
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2.1.5. RNA sequencing 

 

Additional EVs analyses and validation steps including transmitted electron microscopy, 

protein markers, lipid extraction and RNA isolation were performed previously thought using  

protocols described elsewhere  (DA SILVEIRA et al., 2017, 2021). Briefly, after evaluating 

quality and quantity of RNA, the cDNA was synthesized using the commercial SMART-Seq® 

HT Kit (Takara Bio USA), and libraries were produced using the commercial Illumina Truseq 

Stranded mRNA Sample Prep Kit, as per the manufacturer's recommendations and validated 

by De Ávila et al. (2019). The total cDNA was quantified again using the Agilent Bioanalyzer 

2100 (Agilent, Santa Clara, CA, USA), and quantified using quantitative PCR with the KAPA 

Library Quantification kit (KAPA Biosystems, Foster City,CA, USA). Only samples 

containing amplicons with size between 250 and 500 bp were considered acceptable. For each 

sample, between 10pg and 1ng of RNA samples were used for cDNA production and 200ng 

were used for library preparation. The libraries were sequenced on an Illumina platform and 

the data were analyzed according to a pipeline pre-established in our laboratory (DA 

SILVEIRA et al., 2017). Briefly, sequencing quality was analyzed with Fastqc, then filtered 

with TrimGalore, removing quality reads lower than 30 phred score. The result obtained was 

aligned with the reference genome using the latest version available in the ENSEMBL 

repository of Bos taurus (ARS-UCD1.2) and the count of reads belonging to each gene was 

obtained by the FeatureCounts method with the aid of the Rsubread R package, as 

recommended by the authors of the package (LIAO; SMYTH; SHI, 2019). 
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2.1.6. Modulation in Wnt signaling pathway/ β-catenin 

 

After washing the ovaries in warm saline solution, the ovarian follicles between 3-6 

mm were punctured with an 18 G needle and 10 mL syringe. Decanting the FF, COCs with 

homogeneous ooplasma and compact cumulus, were washed in TCM 199 medium (GIBCO) 

with HEPES buffer (20 mM), sodium bicarbonate (5 mM) and addition of sodium pyruvate. 

sodium (0.2 mM) and gentamicin (50 µg/mL). Also, 20 immature COCs were fixed with 4% 

paraformaldehyde for 15 min and stored for the following experiment. Then, COCs were 

washed in TCM 199 maturation medium (GIBCO) with 25mM sodium bicarbonate, 

supplemented with 10% FBS (Cripion Biotecnologia, Andradina, SP, Brazil) , sodium pyruvate 

(0.2 mM), gentamicin (50 μg/mL), follicle-stimulating hormone (FSH; 1 μg/mL; Folltropin-V; 

Bioniche Animal Health Belleville, Canada) and human chorionic gonadotropin (hcG ; 50 μg/ 

mL; Vetecor, Hertape Calier).   

Groups of 20 to 25 COCs were distributed per well in the same maturation medium in 

4-well plates (NUNC®) matured for 26 h of in vitro maturation (IVM), first 8 hours in 

maturation medium depleted of FSH/LH ,  in four conditions initially: Control DMSO 0.2%, 

CTL, chemical probe CHIR99021 (3 µM, Axon Medchem® 1386, dissolved in DMSO 99.7%,), 

CHIR, and DKK-1 protein (200 ng/mL, PeproTech® 120–30, according to manufacturer's 

recommendations), DKK1 and the fourth condition exposed the COCs to CHIR99021 for the 

first 8 h and then to DDK1 for the remaining 26h IVM period, C+D.   The concentrations used 

here were based on works of Aparicio (2010) and Spate et. al (2014).  

After the 19h of IVM, the COCs from the four conditions were denuded by fine-

pipetting and returned to maturation medium with their respective treatments and were 

incubated until the activation protocol. Oocytes were classified into matured (IVM +) or non-

matured (IVM -) based on the presence or absence of the first polar body (1st PB), respectively. 
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After 26 h of maturation, all oocytes were parthenogenetically activated, regardless of presence 

or not of a 1st PB. Oocytes were washed three times with H199 medium (TCM-199 with 25 

mM HEPES) containing 0.5 mg/mL bovine serum albumin (BSA), 0.2 mM pyruvate, and 50 

μg/mL gentamicin. After washing, oocytes were activated, using the same medium 

supplemented with 5mM ionomycin for 5 min. 

Then, the oocytes were washed thrice with H199 saturated media (TCM-199 with 

25mM Hepes containing 30 mg/mL BSA, 0.2 mM pyruvate, and 10 μg/mL gentamicin) and 

washed thrice right away with synthetic oviduct fluid (SOF) supplemented with 5 mg/mL BSA, 

2.5% extracellular vesicles depleted-fetal calf serum (EVsfree-FCS), 0.2 mM pyruvate, 10 

mg/mL gentamicin, and 2mM 6-dimethylaminopurine (6-DMAP). Finally, the oocytes were 

transferred into 90 μL drops of DMAP-supplemented SOF in 35mm plate covered with mineral 

oil and incubated at 38.5 ºC in a humid atmosphere of 5% O2, 5% CO2 and 90% N2 for 3 h.  

Following DMAP activation, oocytes were washed three times with SOF medium 

supplemented with 5 mg/mL BSA, 2.5% EVsfree-FCS, 0.2 mM pyruvate, and 10 μg/mL 

gentamicin, and subsequently cultured in 500 μL droplets of fresh culture medium covered 

with mineral oil in a new 4-well plate (NUNC®) at 38.5 ºC in a humid atmosphere of 5% O2, 

5% CO2 and 90% N2 for 8 days. The presumptive embryos were evaluated for cleavage at D3 

(48 h) and for blastocyst development at D7 (168 h) post-activation.  
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2.1.7. β-catenin immunofluorescence analysis 

 

To evaluate the treatments effects over the WNT signaling pathway of COCs and their 

respective cumulus cells (mCC) one biological replicate of the three conditions (CTL, DKK1 

and CHIR), as described in the previous section, were perfomed and monitored by a β-catenin 

immunostaining analysis following Sampaio and collaborators immunostaining protocol  

(2015) with few modifications. Briefly, after the 19h of IVM-treatment, 20 to 25 COCs from 

the three conditions were partially denuded by fine-pipetting. Then, the COCs and their 

respective mCC were immediately fixed with 4% paraformaldehyde for 15 min and stored at 

4 °C, the mCCs were plated on coverslips before fixation. In sequence, the cells (COCs and 

mCC) were permeabilized with D-PBS + 1% Triton X-100 for 10 min and blocked for 30 min 

in D-PBS + 0.3% Triton X-100 + 1% BSA, were placed in primary antibody solution consisting 

of blocking buffer, a mouse antibody anti- β-catenin —Abcam (ab1220, 1:500), overnight at 4 

°C. Cells incubated without primary antibodies were used as negative controls for all assays. 

In the next day, after washing 3 × for 10 min each, cells were incubated with secondary 

antibodies Alexa Fluor 568-conjugated goat anti-rabbit IgG (Life Tech, cat. # A-11036 and 

Alexa Fluor 488-conjugate goat anti-mouse IgG (Life Tech, cat. #: A-11029) both at RT for 1 

h. Then, after washing for 3 × for 10 min each, samples were mounted on microscope slides 

and with Prolong Gold Antifade Mountant (Life Tech, cat. # P36935). Images were captured 

using a confocal microscope (TCS-SP5 AOBS; Leica, Soims, Germany) using laser excitation 

and emission filters specific for Alexa 488 and Alexa 568. Digital images of mCC in each 

condition (CTL, DKK1 and CHIR) were analyzed using ImageJ-Fiji image processing software 

(National Institutes of Health, Bethesda, MD, USA) by evaluating each nucleus fluorescent 

intensity, 25 cells per experimental group were measured in randomly selected microscopic 
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fields.  The fluorescent integrated density (average mean gray value) of each channel were 

measured by manually outlining each mCC nucleus and adjusted against background.  

 

2.1.8. Statistical analyses 

 

The analyses were performed using the public domain R software and its packages, 

which were necessary for data generation, graph construction and functional analysis of the 

transcripts. The gene expression difference analysis was performed following the 

recommendations and methodology contained in the DESEQ2 package (LOVE; HUBER; 

ANDERS, 2014) and the analysis of gene ontology (GO) and pathway enrichment for 

Encyclopedia of' Kyoto' Genes and Genomes (KEGG) was used the ClusterProfiler package 

both from the R software (KANEHISA; GOTO, 2000; YU et al., 2012).    

For the developmental rates statistical analysis, Chi-square test was perfomed from R 

stats package graphics (R CORE TEAM, 2023). Immunostaining analysis was performed a 

linear mixed-effects model via maximum likelihood, lme4 (BATES et al., 2015),  with Least 

Square of Means (emmeans) post-hoc test using the mixed model (LENTH, 2023). 

 

2.2. RESULTS 

 

From the retrospective experiment, were collected and individually activated one 

hundred seventy-four oocytes. To ascertain a homogeneity among samples, only routines with 

blastocyst rates greater than 35% had their follicular fluids used for exosomes (Exos) isolation 

and analysis (Table 1). 
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Table 1. Development rates of individual parthenogenetic bovine embryos displaying blastocyst/cleaved rates 

greater than 35%. 

Routine Oocytes Cleaved Cleaved (%) Blastocysts 
Blastocysts     

(% oocytes) 

Blastocysts 

(% cleaved) 

1 16 10 62.50 6 37.50 60.00 

2 16 9 56.25 5 31.25 55.56 

4 19 11 57.89 5 26.32 45.45 

6 21 15 71.43 7 33.33 46.67 

7 18 11 61.11 4 22.22 36.36 

8 22 16 72.73 8 36.36 50.00 

9 23 17 73.91 7 30.43 41.18 

10 17 11 64.71 5 29.41 45.45 

11 22 11 50.00 4 18.18 36.36 

TOTAL 174 111 63.79 51 29.31 45.95 

(ANDRADE et al., 2017). 

 

RNAseq was performed from three samples of Exos collected from bFF of follicles 

harboring competent (BLAST) and incompetent (CLEAV and NCLEAV) gametes. After 

trimming and filtering, the RNAseq generated a total of approximately 32,400,000 single reads 

(Figure 2A). With 85% alignment of these reads with the ENSEMBL genome of Bos taurus 

(ARS-UCD1.2), and a total of 36,488 genes detected. Classifying the transcripts by gene 

biotype indicated that most of the genes detected were protein coding (mRNAs), including 

transcription factors, and long non-coding RNAs (lncRNAs; Figure 2B), as expected. The other 

RNA biotypes had relatively lower counts. The mRNAs and lncRNAs proportions varied 

according to the gamete competence, NCLEAV group showed 6% more mRNAs (Figure 2C) 

and less lncRNAs (Figure 2D) in comparison with the BLAST and CLEAV groups. However, 

transcription factor mRNA counts showed no such differences (Figure 2E). 
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Figure 2. Overview of exosome reads showing (A) Total reads counts by experimental group, total reads values 

indicated at the top of the columns for the BLAST (Blastocysts), CLEAV (Cleaved) and NCLEAV (Non-cleaved) 

groups. (B) Number of gene transcripts per gene biotype. Relative percentages of the main gene biotypes (C) 

Protein coding (mRNAs), (D) lncRNAs and (E) Transcription factors among the groups. 
 

2.2.1. Identification of differentially expressed genes in the exosomes  

 

Differential gene expression analysis of the exosome-like vesicles pools identified 

1,735 differentially expressed genes (DEGs, with |Log2(Fold Change)| > 1 and p-adj < 0.1). 

As illustrated on the smear plot (Figure 3A), transcript profiles from BLAST and CLEAV 

groups resulted in fewer DEGs identified in comparisons to the other groups. The comparison 

BLAST vs. NCLEAV (Figure 3B) revealed a higher volume of DEGs. A third comparison 

involving the NCLEAV and the CLEAV groups (Figure 3C), resulted in more DEGs than in 

BLAST vs. CLEAV comparison. 
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Principal Component Analysis of the DEGs (PCA; Figure 3D), corresponded to 72% 

of the variation. It was observed the presence of 2 main clusters of pools, the first cluster 

corresponds to the pools belonging to groups BLAST and CLEAV that were closest in terms 

of variance, while the second cluster consisted only of pools from the NCLEAV group, again 

differing from the others groups. 

When organized in a Venn diagram (Figure 3E) the discrepancy becomes more tangible. 

Whereas the 229 DEGs, 13.2% from total, were detected in both the BLAST and the CLEAV 

groups, the NCLEAV shared only 111 DEGs (6.3%) with the other two groups. Overall 

NCLEAV group more similarity with the cleaved group, 73 DEGs (4.2%), compared to the 

BLAST group, 38 DEGs (2.2%). 

The heatmap of relative gene expression by pool (Figure 2F) of the DEGs detected in 

the transcriptomic profile, visually demonstrated specific similarities between the profiles of 

the BLAST and CLEAV groups. The NCLEAV group, in turn, demonstrated a high number of 

DEGs generally discordant from both CLEAV and BLAST. 
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Figure 3. Differential gene expression analyzed using the “DESeq2” package of the R software. The smear 

plots represent the DEGs between the experimental groups: (A) BLAST vs. CLEAV, (B) BLAST vs. NCLEAV 

and (C) CLEAV vs. NCLEAV. With |Log2(Fold Change)| > 1 the gray dots indicate genes that did not vary in 

their expression between the groups (p-adj <0.1), the green dots indicate the most expressed DEGs in the BLAST 

group and the brown dots the CLEAV group DEGs and the blue ones the NCLEAV group with p-adj < 0.1. (D) 

Principal Component Analysis (PCA) Plot considering only the DEGs between groups BLAST, CLEAV and 

NCLEAV. (E) Venn Diagram with the DEGs counts by experimental group, the overlaps indicate the DEGs 

detected at similar transcriptional levels between overlapping groups but which differed from the non-overlapping 

group. (F) Heatmap hierarchically grouping DEGs between pools, NCLEAV vs. CLEAV vs. BLAST groups, 

identified respectively by the blue, brown and green bands at the top of the heatmap. The color scale bar shows 

changes in relative gene expression normalized by standard deviation (0 is the mean expression of a given gene 

in this study). (G) Gene Ontology (GO) analysis for KEGG, the size of each bubble shows the ratio between the 

number of DEGs found in the present study belonging to the functional categories and the total number of genes 

in the functional categories per experimental group, shown at the bottom of the chart. 
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Performing a cluster analysis for Kyoto Encyclopedia of Genes and Genomes (KEGG) 

database, the gene ontology (GO) identified DEGs associated with several biomolecular 

functions (Figure 3G). The analysis detected 283 DEGs, with 110 genes present in follicular 

exosomes (Exos) from NCLEAV group were the group which presented more DEGs,  followed 

by CLEAV exos with 94 genes and BLAST Exos with 79 genes. 

Few functions were found only in the BLAST group, mostly with a low gene ratio, thus 

possibly associated with the capacity to reach blastocyst stage. The most relevant functions 

ranging from 15% to 10% of the DEGs included neuroactive ligand-receptor and cytokine-

cytokine receptor interactions. From 10% to 5% of gene ratio, PI3K-Akt, JAK-STAT signaling 

pathways, necroptosis and endocytosis were the most relevant molecular functions (MFs) 

detected. With 5% or less genes, some relevant MFs presented DEGs only in the BLAST group, 

such as steroid hormone metabolism, renin-angiotensin system and vascular smooth muscle 

contraction. However, in general, the MFs were associated with decreased DEGs on CLEAV 

and/or NCLEAV groups.  

The functional categories associated with the inability to reach the blastocyst stage in 

both CLEAV and NCLEAV group, using the criteria of 15 to 10% of the gene ratio, were 

thermogenesis, oxidative phosphorylation (OXPHOS) and chemical carcinogenesis associated 

with reactive oxygen species (ROS). Presenting 5% or less of the gene ratio, some DEGs 

corresponded to p53 and hippo signaling pathways. 

 Finally, in the NCLEAV group, ribosomal functions and formation of extracellular 

neutrophil traps were more associated with the inability to cleave, presenting 15% and 10% of 

the group’s gene ratio. Some relevant MFs were restricted to the incompetence such as 

apoptosis, gap junctions and estrogen signaling pathway, all representing 5% or less of the 

DEGs detected in the NCLEAV. Interestingly, also with 5% of the DEGs ratio, MAPK and 
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NOD-like receptor signaling pathways shared only between NCLEAV and BLAST groups, 

other MFs with the same characteristic represented less than 5%. 

 

2.2.2. Detected HUB genes description 

 

 After identifying the DEGs, we focused our analyses over the pathways and specific 

genes that may be related to oocyte competence, clustering 36 HUB genes with Transcripts per 

million (TPM)  log2 fold change ≥ -0.5 and p-adj <0.1, emphasizing signaling pathways 

previously associated to gamete competence, such as  PI3K-Akt, Hippo and Wnt signaling 

pathways (GROSBOIS; DEMEESTERE, 2018; MARTÍNEZ-MORO et al., 2022) and other 

twelve modules considered peripheral for this study (Figures 4A).  

The majority of genes were overexpressed in BLAST and CLEAV groups. More 

specifically, 18 genes (FZD1, COL1A1, DVL1, BMP8A, WNT9B, ERBB3, SCRIB, LAMB2, 

AKT1, SMAD7, GLI2, WTIP, RXRA, PIK3CD, AXIN2, CSF1, NOS3 and PARD6G) were more 

expressed in the BLAST group and 16 genes (LPAR6, FGF18, ID1, FGF18, BMP8B, CCND1, 

COL2A1, STK11, DVL2, ITGA7, TP73, ITGA5, TEAD4, FGFR4, APC2A and LLGL1) were 

more expressed the CLEAV group. Notably, for this analysis, MCL1 (Myeloid Cell Leukemia-

1) was clearly the only gene found to be more expressed in the NCLEAV group than the other 

two experimental groups. The IBSP (Integrin-Binding Sialoprotein) gene was also 

overexpressed, but in both NCLEAV and BLAST groups, whereas other genes in NCLEAV 

group were predominantly sub-expressed or maintained their mean expression.  
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Figure 4. Analysis between signaling pathways related to oocyte competence and HUB genes transcripts 

detected in the exosomes of experimental groups. Heatmap hierarchically grouping HUB genes related to PI3K-

Akt/Hippo/WNT pathways in the BLAST, CLEAV and NCLEAV groups (C). Pathview visualization for PI3K-

Akt signaling (B) and Hippo (C) signaling pathways enriched in the exos transcripts (HUB genes) from a 

BLAST/NCLEAV comparison. Contrasts the BLAST (red) vs NCLEAV (green). (q<0.1). 
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Aiming to enhance the contrast of the different profiles, the exos transcriptomic content 

from BLAST and NCLEAV groups were compared and contrasted through these HUB genes 

for (Figure 4B) and Hippo (Figure 4C) signaling pathways. Hence, with this comparison 

between the most competent group and the less competent group revealed important genes well 

distributed along the PI3K-Akt signaling pathway, such as PIK3CD, AKT1 and CCND1. 

Interestingly, in the Hippo pathway analysis it is clearly notable a highlighting of genes 

associated with Wnt signaling pathway, such as WNT9B, FZD1, DVL1/2, AXIN2,  APC2 and 

TEAD,  in more than a few levels of the pathway. Several of these genes were proportionally 

related to the capacity of the oocyte to reach blastocyst stage, thus, more expressed in the 

BLAST group. In addition, it came to our attention a GSK3β (Glycogen Synthase Kinase 3 β)  

possible activity in the follicular niche appeared to be a key factor between the PI3K-Akt, 

Hippo and Wnt pathways (DUDA et al., 2020; HENG et al., 2020). Suggesting a transcriptional 

stimulation of these signaling pathways in the follicular environment made by the exos.  
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2.2.3. Development rates after GSK3β modulators treatments 

 

Based on the above results and to investigate GKS3β key function in PI3K-Akt and 

Wnt signaling pathways, we matured COCs for 26 hours under the 4 conditions: CTL, Control 

group with DMSO; DKK1, treatment that indirectly stimulates GSK3β by inhibition of the 

WNT signaling pathway through DKK-1 (Dickkopf related protein 1) that blocks Wnt ligands 

to interact with membrane receptors (KAGEY; HE, 2017); CHIR, treatment that directly 

inhibits GSK3β through the chemical probe CHIR9902 (APARICIO et al., 2010); C+D, 

treatment using CHIR99021 for the first 8 hours to impair the 1st polar body extrusion and other 

18 hours with DKK1. The first 8 hours in maturation medium depleted of FSH/LH and, in the 

fourth group, with CHIR99021 were used in attempt to reduce external interference over the 

oocytes maturation.  

 

Table 2. Development rates of bovine oocytes/embryos, obtained from treatments with GSK3β modulators.  

Group n

1
st 

PB 

Extrusion 

(%±Standard 

Error)

Cleavage   

(%±Standard 

Error)

Blastocyst   

(%±Standard 

Error)

Nº 

Blastocysts  

Counted

N° of Cell / 

Blasctocyst 

(±Standard 

Error)

CTL 9 70.7 ± 3.2 84.4 ± 2.7 45.1 ± 2.1 37 159.3 ± 10.5

DKK1 9 64.5 ± 2.6 79.5 ± 3.6 45.7 ± 4.0 27 144.9 ± 12.1

CHIR 9 83.3 ± 1.8* 82.8 ± 2.7 36.0 ± 2.5 36 139.8 ± 10.3

C+D 9 69.1 ± 2.2 82.1 ± 2.8 38.5 ± 3.1 20 160.7 ± 8.3

1st PB: First polar body.  

*P<0.05 
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Figure 5. Boxplots graphs of the developmental rates obtained from GSK3β modulators treatment. (A) 1st 

PB extrusion rates (PB), (B) cleavage rates (CL), (C) Blastocyts (BL) rates and (D) cell number per blastocyst 

(CELLS). The red dots represent the repetitions or cell counts in each blastocyst. Treatment groups are represented 

by white (CTL), black (DKK1), blue (CHIR) and yellow (C+D) boxes, (p<0.05).  
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Developmental rates of 1758 COCs, 50 to 60 COCs per treatment. were used to 

investigate the treatments effect on development (Table 2). Interestingly, CHIR group, showed 

higher 1st PB extrusion rates (p<0.05) compared to the other three groups (Figure 5A). 

However, no differences were observed on cleavage (Figure 5B), blastocyst (Figures 5C) rates 

and blastocyst cell number (Figures 5D).  

 

2.2.4. Cumulus-oocyte complex suscept GSK3β modulators treatments 

 

In view of our developmental results, we considered a validation of effectiveness of the 

CHIR99021 in the COCs. Thus, a experiment using immunostaining for β-catenin, a canonical 

member of the Wnt signaling pathway and related to the GSK3β activity (AKINO et al., 2020; 

ASUNI et al., 2006), were performed in matured COC under 3 previously described conditions 

(CTL, CHIR and DKK1) and also in intact  immature COCs immediately fixed after aspiration.  

The collected matured COCs and their respective cumulus cells  (mCC) were 

immunostained for β-catenin, and the nuclei with HOECHST33342, a negative control was 

also established (Figure 6A). From these cells, the immature group showed β-catenin localized 

predominately in the mCC and oocyte  cytoplasms (Figure 6B). Additionally, a similar visual 

pattern was observed in matured COCs from CTL group (Figure 6C), including oocytes nuclei. 

Although the DKK1 oocytes nuclei had presented similarities with CTL oocytes (Figure 6D), 

both mCC and oocytes treated with DKK-1 demonstrated a certain interference on β-catenin 

presence. Additionally, the CHIR group visually presented a higher intensity of β-catenin 

fluorescence in the mCC  nuclei than the CTL group, the same effect occurred for COCs treated 

with CHIR99021 (Figure 6E). 
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Figure 6. Representative pictures of Immunostaining for β-catenin (green), cell nuclei HOECHST33342 

staining (blue) in cumulus cells (CC) and cumulus-oocytes complexes (COCs). (A) Negative-Control for β-

catenin and (B) intact and immature COCs with their merged visualization. Pictures after 26h in maturation 

medium on three conditions: (C) CTL (Control), (D) DKK1 (DKK-1) and (E) CHIR (CHIR99021) treatments. 

The small white arrow on the digital zoomed COCs after treatment points their nuclei and the large white arrow 

on the CHIR COC indicates its respective CC nuclei. Photographs were acquired 63 x objective. 

 

To analyze the differences observed between from CTL group and treated groups, we 

measured the integrated densities of the nuclei and nuclear β-catenin fluorescence from these 

mCC groups. From these analyzes, we detected an increase of the HOECHST33342 integrated 

density (IntDens) in the cells from the DKK1 group, keeping the majority of values around 

8.9x106 pixels (p-value < 0.05), while the CTL and CHIR kept values concentrated around 
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5x106 pixels (Figure 7A). Moreover,  the measurement of the nuclear area delimited by 

HOECHST33342 revealed an increase of the mCC nuclear area in response to DDK1 treatment 

in contrast with CHIR treatment (p-value < 0.05) but both groups did not presented statistical 

difference when compared to the CTL group (Figure 7B).  

 

Figure 7. Immunostaining nuclear integrated density analysis after GSK3β modulators treatment. Violin 

Charts comparisons of  cumulus cells collected from oocytes after 26h in maturation medium (mCC) on three 

conditions: Control CTL (blue), CHIR99021 and DKK-1 CHIR (orange) and DKK-1 (green) experimental groups 

shown at the x axis. The y axis shows four analysis: (A) Integrated Density (IntDens) in pixels for 

HOECHST33342 staining, (B) Nuclear Area (HOECHST33342), (C) IntDens in pixels for β-catenin 

immunostaining and (D) Nuclear integrated density ratios (β-catenin /HOECHST33342) for each group. The 

colored structures around the boxplots represents the distribution of repetitions, mCCs, measured in each group 

(p-value < 0.05).   Integrated densities were calculated by multiplying the nuclear area by the mean gray value of 

the pixels within. 
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Intriguingly, CHIR99021 group presented a notable increase of nuclear β-catenin 

IntDens with values above 2x106 pixels (p-value < 0.05), while the CTL and DKK1 cells 

showed values around 1x106, with no statistical difference between them (Figure 7C). 

Furthermore, when nuclear integrated densities ratio were calculated between β-catenin and 

HOECHST33342 fluorescence (β-catenin / HOECHST33342) the mCC from CHIR99021 

group presented the highest ratio values, ≈ 0.45 (p-value < 0.05), than the cells from CTL and 

DKK-1 treated groups, but not between them (Figure 7D). Noteworthy, both DKK1 and CHIR 

cells, when with statistically different values from the other groups in the respective analyses, 

presented a less accentuated clustering and a wider distribution of values. 

 

2.3. DISCUSSION 

 

Extracellular vesicles (EVs) are secreted by the majority of eukaryotic cells and 

significantly participate in several pathological and physiological processes (KOWALCZYK 

et al., 2022). In this study, we analyzed the poly A RNA content of exosomes (Exos) derived 

from ovarian follicular fluid pools classified through a bovine retrospective model developed 

in our laboratory. This model separates the samples into different competence levels based on 

in vitro embryonic development resulting from individually matured, parthenogenetically 

activated oocytes in vitro. Bioinformatics analysis revealed the abundant content of RNAs, 

especially lncRNAs and mRNAs, within these Exos, associated with numerous pathways 

associated directly or indirectly with the oocyte’s capacity to develop to the blastocyst stage. 

Likewise other Exos components (proteins, enzymes, lipids and nucleic acids), the 

profile of the exosomal RNAs depends on the physiological state and role of the original cell 

type (KOWALCZYK et al., 2022). Here we focused our attention on poly-A RNAs in bFF-

derived Exos, such as mRNAs and lncRNAs. These RNAs biotypes presence in Exos, as other 

transcripts, are well documented  (KIM et al., 2013; MATHIVANAN et al., 2012; 
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VEZIROGLU; MIAS, 2020; ZHANG et al., 2019). Also in cattle, previous studies revealed 

that milk-derived Exos containing mRNAs of key genes related to mastitis inflammatory 

response and lncRNAs that regulate pathways related to reproduction, cell proliferation and 

cell to cell communication, for example (JING et al., 2021; ZENG et al., 2019).  

Abundant content of mRNAs stimulating pathways linked in different levels with 

oocyte quality and early embryo development were detected in Exos derived from both bovine 

and porcine follicular fluids (HASAN et al., 2020; MATSUNO et al., 2019). Recently, 

exosomal lncRNAs analysis derived from human follicular fluid detected differentially 

expressed genes (DEGs) between healthy women and women with polycystic ovary syndrome 

(PCOS), suggesting that lncRNAs could mediate the PCOS pathogenesis and used as 

biomarkers for the its diagnosis (WANG et al., 2021).  

This work  investigated the relation of the Exos Poly-A RNA content in the follicular 

fluid to the gamete competence, applying a model that unequivocally estimates the gamete 

potential to reach the blastocyst stage. The retrospective model, was previously used for studies 

of transcripts present in oocyte cytoplasmic biopsies and cumulus cells in relation to 

development competence (BIASE et al., 2012; MARTÍNEZ-MORO et al., 2022).  

The use of small follicles derived exos has been shown to improve the in vitro 

development of embryos in cattle (DA SILVEIRA et al., 2017). However, it is important to 

note that in a pool of follicles there are Exos derived from follicular fluid of follicles containing 

high-quality oocytes capable of reaching the blastocyst stage as well as those derived from 

oocytes capable only of starting cleavage and finally to those not able to cleave. Therefore, it 

is important to understand the biology of these Exos before proposing their use to improve the 

production of embryos on a regular basis. 
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Herein, we identified a variety of molecular functions (MFs) associated with 

differentially expressed genes in the Exos retrospective groups.  Around 15% of the genes were 

associated with neuroactive ligand-receptor interactions on the BLAST group and this 

percentage decreased jointly with the competence level on DEGs. Interestingly, most of these 

genes associated with neuroactive ligand-receptor interactions by KEGG annotation in our 

analysis also act in cell proliferation and differentiation. A good example is the FDZ1, Frizzled-

1 protein, gene detected in the BLAST group as one of the most overexpressed HUB genes in 

the same group for PI3K-AKT and Wnt Pathways. This gene decodes a receptor for Wnt 

signaling pathway that regulates neurogenesis, the pathway also is related to oocyte maturation  

and embryo development (MARDONES et al., 2016; SAMEREH et al., 2021).  

 As for the CLEAV group, ID1 was the most remarkable differential expressed gene in 

this group. ID1 expression enhances cell resistance to DNA damage-induced apoptosis (ZHAO 

et al., 2016) and is related to the amount of SOX2 and other reprogramming related oocyte 

genes in low Ca++  nuclear transfer study (MENG et al., 2021). 

 The NCLEAV group had the most different profile of MFs of the DEGs in comparison 

with the other groups, genes that probably were aberrantly expressed genes. Similarly MFs 

were found altered in the transcriptomic content of human Exos with same origin (HU et al., 

2020) and were detectable in GCs of Chinese buffalos (PAN et al., 2021). Thus, corroborating 

to the hypothesis of different transcriptomic profiles, especially between the BLAST and 

NCLEAV groups. 

Therefore, the higher number of exclusive gene transcripts related to these cellular 

mechanisms in the Exos content of the BLAST group can indicate a cross talk between the 

COCs and the other follicular cells, suggesting that Wnt signaling and other communications 

pathways may be already active in the follicular environment and the COC as well. However, 

the results suggest that DEGs were aberrantly expressed in CLEAV and NCLEAV groups. 
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In regard to the findings and the influence of the interaction between and COCs in 

transcriptional level on the oocytes competence, the data obtained from DEG analysis in 

demostrated accordance with the literature (ANDRADE et al., 2017; MACHTINGER; 

BACCARELLI; WU, 2021; REGASSA et al., 2011) 

Interestingly, the transcripts of the Phosphatidylinositol-4,5-bisphosphate 3-kinase 

catalytic subunit delta (PI3KCD) and AKT serine/threonine kinase 1 (AKT1) genes were also 

increased in the BLAST group (q<0.1). These two mRNAs by themselves encode a PI3K 

protein and a AKT protein, respectively. This result corroborates with previous works that 

detected these mRNAs in oocytes (CORNET-BARTOLOMÉ et al., 2021)and GCs (HUNG et 

al., 2017). Also support the facts that the PI3K-Akt signaling pathway transcripts are carried 

by the EVs and play an essential role in the oocytes competence acquisition and follicular 

development, not only in bovines but also in humans and pigs (ANDRADE et al., 2017; 

MACHTINGER; BACCARELLI; WU, 2021; MATSUNO et al., 2019; UZBEKOVA et al., 

2020). These findings indicate that the model is coherent with the previous studies and 

corroborates to the validation of the experimental design. Moreover, it is in agreement to what 

is known to date about the origin and biological functions of Exos (BAZZAN et al., 2021; DA 

SILVEIRA et al., 2012; SOHEL et al., 2022).  

The PI3k-Akt pathway is related to follicular quality and oocyte competence in many 

species such as cattle, swine and humans models, and its alteration is detrimental to oocyte 

quality (ANDRADE et al., 2017; DU; CHEN, 2021; JIAO et al., 2020). Since both pathways 

(PI3K and Wnt) relay on the GSK3 enzyme, a multifaceted kinase that plays a critical role in 

both the canonical pathways in order to control genes related to survival, neurogenesis and 

follicular development (SHORNING et al., 2020; VALVEZAN; KLEIN, 2012). We 

hypothesized that the GSK3β may play an important role on the maturation process and on 

developmental competence. To test the effect of this pathways and GSK3β on the oocyte 
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maturation we used two different strategies previously applied to oocyte maturation and 

embryo culture: direct GSK3β inhibition by CHIR99021 (BARROSO; CURCIO; DIAS, 2020) 

and an indirect stimulation by a WNT inhibitor DKK1 (SPATE et al., 2014).  

Interestingly, although DKK1 treatment did not presented effect on development rates 

and B-catenin activity, the indirect stimulation by DKK1 promoted an increase of area and 

quantity of DNA. These results suggest a possible intensification of DNA synthesis in the 

DKK1 group in comparison with the two others groups, also indicative of the resumption of 

the cumulus-cells cycle. This phenomenon could be related to the activation of a non-Wnt 

signaling pathway by DKK1, where it binds to CKAP4 (cytoskeleton-associated protein 4) 

receptor and then activates PI3K-Akt signaling, simultaneously inhibiting GSK3β activity and 

stimulating cell proliferation (HERMIDA; DINESH KUMAR; LESLIE, 2017; KAGEY; HE, 

2017). 

Overall, the GSK3β inhibition by CHIR99021 resulted in an increase of the first polar-

body extrusion with consequent increase in the maturation rate. These results are not in 

agreement with previously published articles that used Lithium (UZBEKOVA et al., 2009) and 

CHIR99021 (BARROSO; CURCIO; DIAS, 2020) that reported a decreased rate of maturation 

associated to the inhibition of the GSK3β. Both studies describe that, besides the effect on MII 

rate, such treatments did not result in greater blastocyst rate or better embryos based on the 

number of nuclei. In order to test if the inhibitor effect was effective we examined β-catenin 

localization as performed previously. Indeed, we were able to show that treatment with 

CHIR99021 increased the presence β-catenin in the nuclei of the cumulus cell that also showed 

a higher ratio of β-catenin /HOECHST33342 in the nuclei. Summarizing, the GSK3β inhibition 

suggests an increase in MII oocytes incompetent to develop to the blastocyst stage, that had an 

also increased β-catenin localization in the cumulus cells nuclei after maturation. Altogether, 

these characteristics exhibited by the CHIR group are similar to that previously shown in 



 
 

48 
 

human in vivo matured oocyte uncapable to develop to embryos and referred as dysmature 

oocytes, a term also used describe their respective follicles (AKINO et al., 2020; KANG et al., 

2022; LOBO; DIZEREGA; MARRS, 1985). 

 

2.4. CONCLUSION AND PERSPECTIVE 

 

Taken together, our results unveiled many genes RNAs present in follicular fluid Exos 

that are related to the gamete’s competence to develop up to blastocyst stage. In order to 

confirm the differences between the groups detected by transcript analysis we selected relevant 

proteins linked to the PI3K-Akt and Wnt signaling pathways previously identified in our group 

studies. 

The modulation of GKS3β in COCs increased 1ºst PB extrusion rates. However the 

greater maturation rate didn’t reflected on blastocysts rate. Since the treatment interfered in β 

-catenin localization in the cumulus cells. It is tempting to speculate that the treatment resulted 

increased dysmature gametes rates. Furthers studies are needed to confirm this speculation. 
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