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Intrauterine exosomes have been identified to be involved in the embryo development and implantation. The aim of this study was to explore the role of miRNAs in intrauterine exosomes in bovine pregnancy. Intrauterine exosomes were collected from uterine flushing fluids of three donor and three recipient Xianan cows 7 days after fertilization. Intrauterine exosomes miRNAs were extracted and the exosomal miRNAs expression levels were analyzed. Sixty miRNAs differed significantly in their amounts between donors and recipients (p-value < 0.05, |log2(FoldChange)| > 1). Twenty-two miRNAs were upregulated and 38 downregulated in the group of donor cows. The bta-miR-184 was the most significant (PBenjamini-Hochberg < 0.001). A total of 9,775 target genes were predicted using the 60 miRNAs. GO and KEGG analysis showed that the target genes were enriched in several biological processes or pathways associated with embryo implantation and endometrial development, such as cell adhesion, cell junction, focal adhesion, and Rap1 signaling pathway. Our findings suggest that, in cattle early pregnancy stage, these differently expressed miRNAs in intrauterine exosomes involved in embryo implantation and endometrial development, which may exert a significant effect and influence the uterine microenvironment for embryo implantation. These results could provide reference for screening and exploring the intrauterine exosomal miRNA affecting embryo implantation.
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Introduction

Low conception rate is a problem which significantly reduces the economic benefits of cattle industry. It is reported that more than 50% embryo loss occurs during the first week of pregnancy (1). The establishment of pregnancy requires not only the normal development of the embryo itself but also a favorable environment for embryo implantation (2). During the implantation stage of bovine embryos, uterine fluid supports embryonic development and survival (3). To enlighten potential causes for bovine low conception rate, it is necessary to better understand the interaction between the early embryo and the uterine fluid.

Exosomes are 50–150 nm extracellular vesicles secreted by various cell types. They are a media for intercellular communication (4, 5). They contain nucleic acids, proteins, and lipids, and play an important role in adhesion, proliferation, apoptosis, inflammation, and immune response in recipient cells (6, 7). Growing evidence has shown that exosomes are important for the establishment of pregnancy via affecting oogenesis, oocyte maturation and fertilization, embryo-maternal cross talk, and embryo implantation (7, 8).

In uterine flushing fluids (UFs), exosomes have been identified and found to be involved in the embryo development and implantation as well (9, 10). In sheep, endometrial exosomes regulate the secretion of interferon tau (IFNT), a pregnancy recognition signal in ruminants (11). In cattle, treatment of endometrial epithelial cells with exosomes isolated from the UFs of pregnant cattle at day 17 increased the expression of apoptosis-related genes and IFNT-stimulated genes (10, 12). Exosomes are particularly enriched in miRNAs, which can regulate the translation of mRNA to protein in the recipient cells. Thereby, exosomes with their content are most likely factors influencing the establishment of pregnancy (13). For example, in humans, miR-30d from exosomes in the uterine lumen is increased during the window of implantation. Mouse in vitro experiments showed that exosome-associated miR-30d was taken up by the trophectoderm of blastocysts and which contributed to increase trophectoderm adhesion (14). In goats, exosomal miRNAs in UFs were found to be required for uterine receptivity and embryo implantation (15).

After fertilization, the bovine morula enters the uterus on days 4–5 where it forms a blastocyst by day 7. We hypothesize that miRNAs of exosomes in the intrauterine fluid between day 5 and 7 after fertilization might be required for the establishment of a favorable uterus environment for the embryo implantation on day 7. Therefore, we aim to explore potential functions of miRNAs in intrauterine exosomes for the implantation of bovine embryos. In this study, the diversity and amounts of miRNAs in the exosomes of intrauterine fluids of donor and recipient cows on day 7 after fertilization were investigated. The result of this study could provide reference for screening and exploring the intrauterine exosomal miRNA affecting embryo implantation, and provide the basis for further clarification of intrauterine fluids exosomes in the early pregnancy regulation of cattle.



2. Materials and methods


2.1. Collection of bovines flushed uterine fluids

All animal procedures in this study were performed in accordance with the guidelines of the Committee for Experimental Animals at Henan Academy of Agricultural Sciences. Ten Xianan cows (a beef cattle breed in China) were selected as donors for synchronous estrus and superovulation. The hormones used for superovulation are follicle-stimulating hormone (FSH) and prostaglandin (PG), which are administered by intramuscular injection. FSH is administered over 4 consecutive days, twice daily in decreasing doses. Over the 4 days, FSH is administered every 12 h, at 7 am and 7 pm. The treatment protocol is as follows: day 1, 70 mg every 12 h; day 2, 50 mg every 12 h; day 3, 30 mg every 12 h; day 4, 20 mg every 12 h. At 7 pm on day 3 of FSH treatment, 0.1 mg PG was injected and repeated 12 h later. Estrus can be expected 36–48 h later. The artificial insemination was performed after superovulation. Another 23 Xianan cows were selected as recipients for synchronous estrus. On the 7th day after artificial insemination of donors, 100 ml bovine UFs were collected by uterine flushing using sterile Gibco Minimum Essential Media with 0.7% 200 mM Tris buffer (pH = 7.2). Three donor cows with well-developed blastocysts were used for further analysis (Table 1). Three recipient cows having similar body weight and age were selected as matched controls. All UF samples were stored at −80°C until further analysis.


TABLE 1 The information of the donor and recipient cows.
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2.2. Isolation of exosomes from uterine flushing fluids

Each UF sample was thawn at 37°C and centrifuged at 2,000 g for 30 min at 4°C. The supernatant was collected and then centrifuged at 12,000 g for 45 min at 4°C. After filtering through a 0.45 μm filter (Millipore, USA), the resulting supernatant was centrifuged at 110,000 g for 70 min at 4°C (Hitachi CP100MX, Japan). The pellet was suspended in 10 ml pre-cooling PBS and centrifuged at 110,000 g for 70 min at 4°C again. Finally, the pellet was resuspended in pre-cooling 50 μL PBS and stored at −80°C until use.



2.3. Nanoparticle tracking analysis and transmission electron microscopy

Nanoparticle tracking analysis (NTA) was performed for all samples by ZetaView S/N 17-310 (Particle metrix, Germany). One sample was randomly selected to detect the morphology using transmission electron microscopy (TEM). For this sample, a 10 μL aliquot was placed on a carbon-coated copper grid for 1 min and stained with a drop of 2% phosphotungstic acid for 1 min. After blotting off the excess liquid using filter paper, the grids were dried for 15 min at room temperature. Micrographs were then observed using a transmission electron microscope (Hitachi HT-7700, Japan).



2.4. Small RNA library construction

Total RNA in exosomes from uterine flushing fluids was extracted using the miRNeasy Serum/Plasma Kit (Qiagen, Germany) according to the manufacturer's instructions. The integrity and concentration were determined by the Agilent 2100 Bioanalyzer (Agilent Technology, USA). A total of 10 ng total RNA was used to construct the small RNA library using the TruSeq Small RNA Sample Prep Kits (Illumina, USA). In brief, adapters were ligated to both ends of the total RNA. Complementary DNA (cDNA) was then synthesized through reverse transcribe. Pieces between 147 and 157 bp were collected to construct a small RNA library. Agilent Technologies 2100 Bioanalyze was used to check the size and purity of the library. Finally, the library was sorted using the Illumina HiSeq X Ten platform. In the end, 150 bp paired-end reads were generated. Small RNA sequencing and analysis were performed by OE biotech (Shanghai, China). Data are available from the GEO database GSE216746.



2.5. Bioinformatics analysis

Clean reads were obtained by removing reads with low quality, 5' primer contaminants and poly (A). Reads without 3' adapter, insert tag, shorter than 15 nt and longer than 41 nt were also filtered. Q20 quality control was performed on the sequence to remove low quality reads where Q20 did not reach 80%. The length distribution of the clean reads in the reference genome (ARS-UCD 1.2) was determined. Non-coding RNAs consisting of rRNAs, tRNAs, small nuclear RNAs, and small nucleolar RNAs were aligned and then subjected to the BLAST search against Rfam v.10.1 (16). The known miRNAs were annotated by aligning against the miRBase v.21 database (17). Unannotated small RNAs were analyzed by miRdeep2 to predict novel miRNAs (18).

MiRNA expression levels were estimated by TPM (transcript per million). Differential expression analysis between two groups was conducted using the “DESeq” package in R (19). P-values were corrected for multiple testing using the Benjamini-Hochberg method (PBH). The miRNAs with p-value < 0.05 and |log2FoldChange|>1 were considered as significantly differentially expressed miRNAs. Prediction of the target genes for the identified differentially expressed miRNAs was performed using the miRanda program (20) with the parameter of S ≥ 150, ΔG ≤ −30 kcal/mol and demand strict 5' seed pairing. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of these predicted target genes were performed using R based on the hypergeometric distribution (21). The false discovery rate of 0.05 and ListHits of five were set as the selection threshold for GO and KEGG analyses.




3. Results


3.1. Exosome isolation and characterization

The isolated exosomes from uterine flushing fluids were identified by NTA and TEM. The isolated vesicles have a classic exosome size. On average, the most widely distributed particle diameter of the six samples was 126.9 nm (Figure 1A). The result of TEM showed that the vesicles were bowl- shaped, which have the classic exosome morphology (Figure 1B).


[image: Figure 1]
FIGURE 1
 Isolation and characterization of intrauterine exosomes. (A) Transmission electron microscopy images showed that the isolated vesicles were oval or bowl-shaped. Scale bar, 200 nm. (B) Nanoparticle tracking analysis results demonstrated that the particle size distribution was in exosome-enriched fractions.




3.2. Differential miRNA expression analysis

A total of 895 unique miRNAs were differentially expressed between the donor and recipient cows. Among them, 60 miRNAs were significantly differentially expressed (p-value<0.05, |log2FoldChange|>1) (Figure 2). Twenty-two miRNAs were upregulated and 38 miRNAs downregulated in the group of donor cows (Table 2). The top 10 differentially expressed miRNAs were novel352_mature, bta-miR-1388-3p, bta-miR-211, novel548_mature, novel530_mature, bta-miR-1224, novel275_star, novel190_mature, novel170_mature, bta-miR-2904.


[image: Figure 2]
FIGURE 2
 Volcano plot of differentially expressed miRNAs between the two groups. Red dots and green dots denote miRNAs were up-regulated and down-regulated in the group of donor cows, respectively. The significance cut-off was set to a p-value of 0.05 and |log2FoldChange|of 1.



TABLE 2 Significantly differentially expressed miRNAs in intrauterine exosomes between the donor and recipient cows on 7 days after fertilization (donor group vs. recipient group).
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3.3. GO enrichment and KEGG pathway analyses of predicted target genes of the differentially expressed miRNAs

Target genes of the differentially expressed miRNAs were predicted using the miRanda program. Subsequently, GO enrichment analysis was performed to explore the potential functions of these target genes, which was used to infer the function of the differentially expressed miRNAs. The GO analysis results were assigned to biological processes (BP), cellular component (CC), and molecular function (MF).

Among the 60 differentially expressed miRNAs, 55 miRNAs were available to predict 9775 non-repeating target genes. 1568, 299, and 476 GO terms that were significant for BP, CC, and MF, respectively. Based on the top 30 GO terms (Figure 3), the GO analysis showed that the target genes were enriched in cell differentiation, cell adhesion, and cell junction. These processes play an important role in embryo implantation (22). For KEGG analysis, eighty-three terms were significant. Some KEGG pathways in the top 20 terms, such as focal adhesion, adherens junction, tight junction, Rap1 signaling pathway and MAPK signaling pathway, were related to embryo implantation and endometrial development (23–27) (Figure 4).


[image: Figure 3]
FIGURE 3
 GO analysis of predicted target genes of differentially expressed miRNAs. Top 10 terms of biological process, cellular component, and molecular function were shown.
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FIGURE 4
 Top 20 KEGG pathways of predicted target genes of differentially expressed miRNAs.





4. Discussion

In the current study, miRNA expression profiles in intrauterine exosomes of donor and recipient cows on day 7 after fertilization were characterized. A total of 60 differentially expressed miRNAs were found. GO and KEGG analysis showed that the target genes of these miRNAs were mainly enriched in several biological processes or pathways associated with embryo implantation and endometrial development. These results demonstrated that the miRNAs in intrauterine exosomes could be significantly changed by the embryos on day 7 and might participate in the embryo implantation.

Embryo implantation is a complex process. The miRNA-mRNA regulatory system has been found to play an important role in the successful implantation of embryos (28). In this study, GO analysis showed that the top 30 biological processes were mainly enriched in cell differentiation, cell adhesion and cell junction, which are related to embryo implantation (29–32). For the KEGG analysis, the most significant term is Rap1 signaling pathway. The Rap1 signaling pathway has many important biological functions such as control of cell adhesion, cell junction, and cell proliferation (23, 33, 34). In addition, among the top 20 enriched pathways, some pathways such as MAPK signaling pathway, focal adhesion, adherens junction, and cell adhesion molecules provided more evidence that the differentially expressed miRNAs identified in this study were involved in the embryo implantation and endometrial development.

It has been reported that some miRNAs in the embryo- and endometrium-derived exosomes affect embryo implantation (15, 35, 36). A recent study, which has a similar research strategy as our study, found nine miRNAs in the UFs were differently expressed between inseminated and non-inseminated Japanese Black cows (37). Nevertheless, no overlapping miRNAs were found between this study and ours. This consequence might be due to the difference in the cattle breeds.

This study demonstrated that the presence of intrauterine exosomes, especially the miRNAs in intrauterine exosomes, played an important role in the early pregnancy in cattle. But the origin of exosomes was not determined. Due to the limitation of sample sources, the sample size of this experiment is small. In order to reduce the experimental error caused by large individual differences, we chose cows with similar weight and age as much as possible. In order to avoid the occurrence of false positives, we used the analysis method of multiple comparisons to analyze the experimental data. In spite of we selected donors and recipients with similar body weight and age, but the influence of individual difference on the results cannot be ruled out, as well as a possible effect stemming from the low sample size used in this study. These issues lead to only one miRNA (bta-miR-184) being significantly differential expressed after multiple testing correction. The deletion of miR-184 in the process of egg cell expulsion and early embryonic development in drosophila melanogaster can lead to a variety of serious pathologies, which can lead to the loss of egg function. Targeted regulation of these genes by miR-184 may be necessary for oogenesis and early embryo development (38). MiR-184 has been reported to play roles in embryo implantation. In dairy goats, high throughput sequencing results of miRNA in the endometrial receptivity (RE) receptivity (PE) of dairy goats showed that the enrichment of miR-184 and RE was 31 times higher than that of PE (P < 0.01) (39), and miR-184 promotes the apoptosis of endometrial epithelial cells by downregulating STC2 via the RAS/RAF/MEK/ERK pathway and is involved in the establishment of receptive endometrium (40).

For the differentially expressed miRNAs (p-value < 0.05), although the function of them was not verified, the GO and KEGG analysis indicated that they might be involved in the process of embryo implantation in cattle. The impact of these miRNAs on the establishment of pregnancy in cattle warrants further investigations.



5. Conclusion

In conclusion, 60 miRNAs showing significant differences in expression were detected by comparing intrauterine exosomes of donor vs. recipient cows on 7 days after fertilization. GO functional enrichment analysis and KEGG signaling pathway analysis showed that these miRNAs were involved in biological processes related to cell adhesion and focal adhesion. This strongly suggests that miRNAs in intrauterine exosomes exert some kind of influence on the early stages of cow pregnancy. Our study provides an experimental basis to screen and explore the intrauterine exosomal miRNA affecting embryo implantation.
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