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Abstract

:

Simple Summary


Sheep have an indispensable position in the world. Studies have shown that the reproduction of sheep is regulated by the photoperiod. However, sheep are short-lived animals that often rub in the fall. MicroRNAs are a class of non-coding RNAs of 21 to 25 nucleotides that play an important role in animal development. The expression and role of miRNAs in the estrus regulation of sheep are unclear. In this study, we present miRNA expression profiles in the sheep pituitary gland in the estrus and anestrus states. We detected a total of 199 miRNAs and 25 differentially expressed miRNAs in sheep pituitary gland during estrus and anestrus states. Six miRNAs were examined by reverse transcription quantitative-PCR and were significantly differentially (p < 0.05) expressed during the anestrus and estrus stages. The KEGG pathway and GO analysis have considerably augmented some of the miRNAs that play a key role in regulating basic biological processes. Our research offers valuable understanding into miRNA biology and aids to comprehend the purpose of miRNA in regulating major biological changes in animals.




Abstract


MicroRNAs (miRNAs) are a class of small non-coding RNAs, molecules of 21 to 25 nucleotides in length, that regulate gene expression by binding to their target mRNA and play a significant role in animal development. The expression and role of miRNAs in regulating sheep estrus, however, remain elusive. Transcriptome analysis is helpful to understand the biological roles of miRNAs in the pituitary gland of sheep. A sheep’s pituitary gland has a significant difference between estrus and anestrus states. Here, we investigate the expression profiles of sheep anterior pituitary microRNAs (miRNAs) in two states, estrus and anestrus, using Illumina HiSeq-technology. This study identified a total of 199 miRNAs and 25 differentially expressed miRNAs in the estrus and anestrus pituitary gland in sheep. Reverse transcription quantitative-PCR (RT-qPCR) analysis shows six differentially (p < 0.05) expressed miRNAs, that are miR-143, miR-199a, miR-181a, miR-200a, miR-218, and miR-221 in both estrus and anestrus states. miRNAs containing estrus-related terms and pathways regulation are enriched using enrichment analysis from gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). Moreover, we also envisioned a miRNA–mRNA interaction network to understand the function of miRNAs involved in the pituitary gland regulatory network. In conclusion, miRNA expression profiles in sheep pituitary gland in the anestrus and estrus deliver a theoretical basis for the study of pituitary gland biology in sheep.
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1. Introduction


MicroRNAs are a class of small non-coding RNA molecules, of about 21–25 nucleotides in length that regulate gene expression by base pairing with their target mRNAs, primarily leading to protein inhibition. Initially, genes encoding miRNA in the nucleus are converted into primary transcripts by RNA polymerase II [1]. Next, primary transcripts are processed by RNase III Drosha enzyme, generating about 70 nucleotides long precursor molecules of miRNA. Finally, these precursor molecules of miRNA are conveyed from the nucleus to cytoplasm where they are further treated by RNase III protein Dicer into a 21–25 nucleotides miRNA duplex [2]. After the discovery of the first miRNA lin-4 in the pathogen of C. elegans (Caenorhabditis elegans) in 1993, miRNAs were recognized in plants, animals, and viruses [3]. Lin-4 was recognized to determine the development time of C. elegans larvae. Nevertheless, the miRNA was not documented as a conserved class of organic regulators until a second miRNA, let-7, was known. In recent decades, thousands of miRNAs have been identified in Caenorhabditis elegans, Homo sapiens, Drosophila melanogaster, Arabidopsis thaliana, Mus musculus, and Danio rerio. They have various biological functions that control cell proliferation, cell death, lipid metabolism, the fate of nerve cells, hormone secretion, and other stages of disease [4]. miRNAs are mostly present in tissue-specific patterns [5]. One miRNA can bind many mRNAs, while the target mRNA can be regulated by hundreds of miRNAs. These miRNAs can control a variety of biological functions, such as cell division, cell death, fat metabolism, hormone secretion, and tumorigenesis [6,7,8]. MiRNAs mainly target mRNA by binding to its 3′ untranslated region (3-UTR). However, miRNAs have also been shown to bind the coding sequence and to the 5′ untranslated region (5-UTR) [9,10].



The pituitary gland can be considered as the “master” endocrine organ of the body, acting as the central endocrine regulator of animal growth, bone metabolism, and the cell generation cycle [11]. It takes its signal from the brain and utilizes these messages to yield hormones. In particular, the anterior pituitary organ plays an important role in vertebrates’ homeostatic regulation. It executes its activities by releasing various hormones through five types of cells, including (a) corticotrophs secreting ACTH (adrenocorticotropic hormone), (b) thyrotrophs secreting TSH (thyroid-stimulating hormone), (c) gonadotrophs secreting LH (luteinizing hormone) and FSH (follicle-stimulating hormone), (d) somatotrophs secreting GH (growth hormone), and (e) lactotrophs secreting PRL (prolactin) [12]. Among them, LH (luteinizing hormone) and FSH (follicle-stimulating hormone) play an important role in the estrus state and anestrus state of animals [13] at this point.



In recent years, miRNAs, which are essential for the development of the anterior pituitary gland, have been studied step by step. For example, in mice miR-26b regulates the expression of Pit-1 (pituitary-specific positive transcription factor 1) by inhibiting Lef-1 (lymphoid enhancer factor 1) expression. Lef-1 is a key transcription factor that is involved in many growth processes. It is a sequence-specific DNA-binding protein that is expressed in pre-B and T lymphocytes of adult mice [14]. Lef-1 may promote differentiation of Pit-1 lineage during the development of the pituitary gland [12]. In the rat pituitary gland, miR-325-3p targets LHβ and inhibits LH synthesis and secretion [15]. Pit-1 (pituitary-specific positive transcription factor 1), also known as GHF-1 (growth hormone factor 1), is a specific pituitary transcription factor involved in mammalian pituitary development and hormone expression [16].



POMC (pro-opiomelanocortin) is a precursor of the pituitary melanocortin-related peptide and is regulated primarily by CRF (corticotropin-releasing factor). Previous studies revealed that miR-375 is greatly expressed in mice pituitary and that overexpression of miR-375 negatively regulates CRF-stimulated POMC expression and ACTH secretion [17]. All of these reports recommend that miRNAs could be an important regulator in sheep pituitary hormone secretion. miRNAs may play a substantial role in perpetuating the morphological structure of the intestine and in controlling its anatomical functions. Studies have shown that miRNAs are extensively expressed in the intestinal tissues of bovine, rodent, and swine. Previous studies on miRNAs have been performed in various tissues of sheep such as fat, heart, muscle, ovary, and hair follicles [18]. miRNAs may be involved in natural progression as well as in response to damage in cardiovascular conditions; most likely, they can be used as diagnostic biomarkers and therapeutic targets in hearth disease especially, myocardial infarction [19]. Several studies have linked 157 genes to major pituitary growth pathways and have identified 222 miRNAs in the pituitary glands that may influence growth after birth in pigs [20]. There are still clusters of different miRNA families found in humans and other related species not yet discovered in cattle. Currently, 2588 miRNAs of human and 1915 miRNAs from mouse genomes are deposited in miRBasev21 [21]. The involvement of miRNAs in sheep muscle development was recently reported [22].



To the best of our knowledge, the role of miRNAs in sheep seasonal estrus regulation and mode of expression in the pituitary is still unclear. Studies have shown that sheep reproduction is regulated by the photoperiod [23]. Estrus is a phase of increased female sexual receptivity, proceptivity, selectivity, and attractiveness [24]. On the other hand, anestrus is a period of complete reproductive incompetence, marked by reduction in hypothalamic GnRH (Gonadotropin-releasing hormone) content and secretion with a substantial reduction in the secretion of LH and FSH from the pituitary gland [25]. Sheep’s seasonal estrus usually occurs in the fall (September–February), followed by the anestrus. The average estrus cycle in sheep is about 16–17 days and the complete estrus cycle in sheep takes approximately 18 days [26].



Ovine estrus regulations play an important role in growing meat and wool production in sheep commerce. According to reports, regular feeding causes estrus and therefore anestrus in sheep with low feeding status [4].



Kazakh sheep in northern China are known to both breeders and consumers due to its quality meat and high adjustability. However, the anestrus period in these sheep is usually very long from April to July. Therefore, during anestrus season ewes are unable to mate and lambs are not available for quite a few months [27].



In the past few years, the usage of Illu-HiSeq sequencing of the transcriptome has increased with the prospect of classifying differential expression and discovering new miRNAs. In order to fully explore and understand the role of miRNAs in pituitary regulation, we determined miRNA expression profiles in sheep in estrus (E) and anestrus (A) phases by Illu-HiSeq sequencing, assuming that there are differentially expressed miRNAs in these two physiological states. These data will help us to understand the role of miRNAs in the regulation of seasonal fertility, pituitary growth, and development in animals.




2. Materials and Methods


2.1. Ethical Statement


All experiments involving animals were carried out under the regulations approved by the Animal Care and Use Committee of Shihezi University (SU-ACUC-08032).




2.2. Sample Collection and Preparation


Healthy Kazakh ewes used in this study lived in the natural pasture of Shihezi, Xinjiang, China. Six ewes, about two years old, weighing 45 kg were selected. Three ewes were selected during the estrus season (September; Xinjiang, China), and three ewes were selected during the anestrus season (April; Xinjiang, China).



One month before estrus, rams and ewes were kept together for no less than 10 min daily. Twice a day estrus was monitored according to the well-known estrus sign by experts.



Once the back pressure test was carried out the sheep showed a rigid stationary state, the vulva turned red and extruded, and clear yellow mucus released from the vulva, which is a sign of estrus period; these sheep were part of the estrus pituitary group (PGE). During our first estrus observation on the first day of the estrus cycle, three sheep were selected for slaughter in order to collect the anterior pituitary gland. On the other hand, if there is no evidence of estrus after 34–36 days of second estrus cycles, it is called anestrus period [26]. At this stage, three ewes were slaughtered to collect the anterior pituitary, and designated as the anestrus pituitary group (PGA). The pituitary samples were directly frozen in liquid nitrogen and preserved at −80 °C for later use followed by total RNA extraction. Independent t-test was performed to establish two groups composed of 3 sheep.




2.3. Total RNA Extraction and Small RNA Sequencing


According to the manufacturer’s instructions, the pituitary tissues of sheep estrus and anestrus were homogenized independently in liquid nitrogen, and total RNA was extracted using Trizol method (Cat. # 15596-026; Invitrogen, Carlsbad, CA, USA).



The quantity and quality of total RNAs were confirmed by the Bioanalyzer 2100 system and the RNA 6000 Nano kit (Cat. # DP315; Agilent Technologies, Santa Clara, CA, USA). After testing the sample, a small RNA library and high-throughput sequencing, three samples of both PAG and PGE were sequenced independently by Beijing Nuowheyuan Bioinformatics Co., Ltd. Subsequently, a sequencing library was made using the NEBNext Super Direction RNA Illumina (NEB, Ipswich, MA, USA), following the manufacturer’s recommendations. Using the specific structure of 3’and 5’ end of sRNA, total RNA was used as an initial sample to be ligated at both ends of the sRNA and reverse transcribed into cDNA. Then, the target DNA fragment was isolated by gel electrophoresis and the gel was recovered for the cDNA library. After pooling, RNA-Seq sequencing was performed according to the requirements for effective concentration and target data.




2.4. Bioinformatics Analysis of Small RNA Sequences


Statistical analysis of the length of sRNA was performed and sRNA shorter than 18 nucleotides were filtered for successive analysis. Types of sRNA are determined by the length of the distribution peak. Gene annotation and reference genome were downloaded from sheep reference genome [26]. Using Bowtie software, the sRNA was mapped to a reference sequence. The sequence was then compared to the RepeatMasker database and non-coding sRNAs such as rRNA, snoRNA, snRNA, and tRNA were deleted. The remaining sRNAs were compared to miRBase 20.0 to discover known miRNAs and novel miRNAs were identified using miREvo [28] and mirdeep2 software [29]. The expression levels of identified miRNAs were analyzed using TPM (transcripts per million; miRNAs normalized by TPM) [30]. TPM density distribution analysis was achieved to carefully investigate the gene expression patterns of these miRNAs. For the purpose of screening differentially expressed miRNAs, the threshold was set as q-value < 0.01 and |log2 (foldchange)|> 1 by default. The miRNA analysis was performed according to the flow chart (Figure 1a).




2.5. Real-Time Quantitative Reverse Transcription PCR Analysis


Total RNA was extracted from sheep pituitary using RNA Kit (Cat. # 74106; Qiagen, Germany). cDNA was synthesized from the purified 500 ng total RNA using reverse transcription PCR (RT-PCR) Kit (Takara, Japan). RT-PCR was performed using specific primers for six miRNAs (miR-143, miR-199a, miR-181a, miR-200a, miR-218, and miR-221). RT-PCR amplification products were examined by electrophoresis and DNA sequencing to confirm the presence of miRNAs. Reverse transcription quantitative-PCR (RT-qPCR) was used to verify differential expression. All miRNAs identified according to the manufacturer’s protocol were subjected to RT-qPCR analysis using SYBR Green (Takara). RT-qPCR was performed using the following conditions: Initial denaturation at 94 °C for 10 min, subsequently 40 cycles at 55 °C for 30 s, 55 °C for 10 s, and 72 °C for 32 s, using a LightCycler 480 II system (Roche, Mannheim, Germany).



U6 was used as a core reference to normalize miRNA expression. Three independent biological replicates were performed for all samples of qPCR. Expression levels of these genes were determined using SYBR Green Real-Time PCR. Next, the data were analyzed using the formula 2ΔΔCt. Primers are listed in Table S1.




2.6. Gene Prediction and Target Enrichment Analysis


MiRNAs bind to the 3-UTR (untranslated region) of the target mRNA, destabilize the mRNA, and perform translational silencing to suppress protein production [31]. To better understand the mechanism by which miRNAs bind to mRNA, we used miRanda software to predict miRNA–mRNA interaction networks.



The results were presented by cytoscape 3.7.2. Encyclopedia of Genes and Genomes (KEGG) enrichment analysis [32] and the International Standard Classification System for Gene Pathways in Gene Ontology (GO) Analysis [26,33] were used to perform enrichment analysis of differentially expressed miRNAs of two states. Host genes of differentially expressed miRNAs from each group were run for enrichment analysis using GO and KEGG enrichment, respectively, according to the correspondence between miRNA and its host gene. For more accurate results, the GOseq method was chosen to perform GO enrichment analysis. According to KEGG, pathway enrichment analysis was used to confirm the most crucial biochemical metabolic pathway and signal transduction pathway. Scores with p < 0.05 were considered noteworthy for enrichment analysis.





3. Results


3.1. Deep Sequencing of Sheep Pituitary Small RNA


To scientifically study the uniqueness and affluence of miRNAs, we scrutinized miRNA expression data from the pituitary gland in both estrus and anestrus states by Illumina HiSeq according to the flowchart (Figure 1a). Over 2 million raw readings have been found in the pituitary gland of sheep estrus and anestrus. The quality of the Illumina HiSeq data were reviewed and evaluated as it directly impacts subsequent bioinformatics analysis. We deleted the low quality readings and received 14,505,228 (PGA) and 14,256,069 (PGE) clean readings. Analysis of the sequence length of the sRNAs indicated that the majority of the length was 21 to 23 nucleotides (Figure 1b), similar to the common size of miRNAs. Bowtie software was used for the sequence alignment of sRNA reads to the reference sequence. Most of the sRNAs matched the reference sequence, accounting for 90.54% and 91.96% of the PGA and PGE library, respectively. A total of 192 mature miRNAs were mapped in miRBase. miRNAs expression in these two states of sheep pituitary is analogous (Pearson’s correlation coefficient PGE and PGA, r = 0.958) (Figure 1c). Study of these miRNA sources discovered that these miRNAs were dispersed on 26 autosomes and X chromosomes (Figure 2a). Moreover, we studied the efficiency of miRNAs obtained by high-throughput sequencing. Most of the sRNA sequences were clustered into miRNAs after alignment of the sRNAs with GenBank, the Rfam 11.0 database, small non-coding RNA, RNA repeat sequence, intron, and exon. In addition, we studied the alignment of these miRNAs. As a result, the ratios of exons, introns, intergenic regions, and rRNA constituting miRNAs in the PGA were 40.3%, 0.29%, 32.59%, and 0.04, respectively, while the ratios in PGE were 33.96%, 0.48%, 30.69%, and 0.02%, respectively (Figure 2b). However, this does not show a substantial difference in the arrangement of miRNAs between PGA and PGE but displays the least proportion of exons and intergenic regions in both conditions.




3.2. Analysis of Known and Novel miRNAs


Secondary structures of identified miRNAs were obtained by aligning the reference sequence with specific sequences in miRBase (Figure 3a). A total of 147 miRNAs were discovered, of which PGA comprises 145 miRNAs and PGE comprises 147 miRNAs. The progress of miRNA from the precursor molecule to the developed molecule is digested by Dicer. Due to restriction site specificity, the first base of a mature miRNA sequence is highly biased. Hence, we further analyzed the frequency distribution of the first base of miRNAs of different lengths and the frequency distribution of bases at various positions of the 22 nucleotides miRNAs (Figure 3b,c). These miRNAs were found to be concentrated in the sheep anestrus pituitary group (PGA) and the estrus pituitary group (PGE). The hairpin structure characteristic of miRNA precursors can be used to calculate novel miRNAs. We integrated miREvo and mirdeep2 software for analysis of new miRNAs (Figure 4a). A total of 52 novel miRNAs were found, of which PGA includes 47 novel miRNAs and PGE includes 47 novel miRNAs. Similarly, we analyzed the frequency distribution of the first base of novel miRNAs of different lengths and the frequency distribution of bases at various positions of the 22 nt novel mRNAs (Figure 4b,c).




3.3. Differential Analysis of Sheep Pituitary miRNAs


To understand the expression levels of both known and novel miRNAs in each sample, we used TPM to normalize expression levels and detect them by the density distribution of TPM (Figure 5a). A total of 25 differentially expressed miRNAs were found in PGA and PGE. This included 16 upregulated miRNAs and 9 downregulated miRNAs (Table 1, Figure 5b) (q-value < 0.01 and |log2 (fold change)| >1). Notably, it includes two novel miRNAs: novel_347 and novel_89. To further obtain the clustering model of two differentially expressed miRNAs, we accomplished a hierarchical clustering analysis using the TPM values of all the miRNAs combined (Figure 5c).




3.4. Confirmation of Differentially Expressed miRNAs


In order to verify the accuracy of the differentially expressed miRNA by RNA-seq data analysis, six differentially expressed miRNAs were randomly selected for RT-qPCR analysis and the amount of the selected miRNA was normalized to the amount of U6 snRNA. Analyzing the results, we found that the overall trend of this data was the same as our RNA-seq data and the results of the two methods were highly consistent. Compared to the PGA library, the results demonstrated that oar-miR-143, oar-miR-199a-3p, oar-miR-181a, and oar-miR-218a were upregulated, but oar-miR-200a and oar-miR-221 were downregulated (Figure 6). The data above indicate that the miRNAs we analyzed actually occurred in vivo, our RT-PCR data highly correlated with the sequencing data, and the high-throughput sequencing was reliable.




3.5. Target Prediction and Pathways Analysis


miRNA regulates biological processes by binding and interacting with targets. TargetScan and miRanda were used for the prediction of target genes for both known and novel miRNAs, and 3500 target genes were predicted (Table S2). To know the biological role of these differentially expressed miRNAs in a better way, GO analysis was used. We examined that a total of 153 GO terms (p < 0.05) were expressively enriched in three GO analysis categories (Table S3), comprising 28 molecular functions, 33 cellular components, and 92 biological processes. Interestingly, there is a very rich set of specific GO terms that are thoroughly related to expression and regulation of genes is greatly enriched, including those of the primary metabolism, the macromolecular metabolic process, the cell, the cellular part, the intracellular protein binding, and catalytic activity. Differentially expressed miRNA target genes are primarily associated with metabolic processes, and the cellular components are closely linked to cellular and organ functions (Figure 7a), suggesting that certain miRNAs may play a significant role in regulating pituitary gland functions. Next, the signaling pathways involved in these differentially expressed miRNAs were further analyzed using KEGG enrichment analysis. KoBas software showed that miRNAs that are differentially expressed are quite abundant in 272 signaling pathways (p < 0.05) (Table S4) and involved in metabolic regulation, disease, endocrine and cellular transmission, including amoebic disease and the lysosomal proteasome, which is linked to pituitary gland development and function (Figure 7b). Data above indicate miRNAs role in the pituitary gland. Furthermore, to carefully understand the role of miRNAs’ participation in sheep pituitary regulatory network, all the identified differentially expressed miRNAs in this report were projected for miRNA–mRNA binding by miRanda software. The general correlation between miRNA and mRNA with mapping of potential miRNA–mRNA regulatory networks was demonstrated by cytoscape 3.7.2 (Figure 7c).





4. Discussion


Although transcription studies have been performed on sheep genomes, to our knowledge this is the first report on miRNA expression profiles in sheep pituitary gland in the estrus and anestrus states, enriching information on the miRNA database in this animal species.



MiRNAs are a class of small non-coding RNAs. Different studies have revealed that miRNAs are closely linked to the growth and development of plants and animals. Carletti et al. found that miR-21 promotes the survival of the ovarian follicles during ovulation in mice [34]. In addition, let-7b in mice is involved in the normal development of corpus luteum [35]. Moreover, in the intestine, miR-143 plays a key role in colon cancer and post-cancer repair of intestinal epithelial injury; in particular, it may play an imperative role as a tumor suppressor and is probably contributed in metabolism. Previously, it was reported that miR-10a and miR-10b could remain associated with rapid remodeling of the duodenal mucosal epithelium in sheep. [18]. Likewise, miR-29a was reported as a major regulator of fibrotic cardiac and miR-21 was found to be increased in myocardial infarction. MiR-210-3p is closely linked to an inadequate oxygen supply at the tissue level. Remarkably, together miR-320a and miR-494 are associated with ischemia-induced cardiac apoptosis [19]. Numerous miRNAs have been submitted to miRBase for stress and digestion. In addition, 222 miRNAs have been described in the anterior pituitary of various pig species, and these miRNAs may adjust different growth circumstances in diverse pig species [36]. Nonetheless, recent studies have reported the identification of a lesser sum of new miRNAs in cattle (36 novel miRNAs), pigs (61 novel miRNAs), goats (35 novel miRNAs), and horses (329 novel miRNAs) [37]. Our study confirms the importance of miRNAs for animals. However, the role of miRNAs in sheep pituitary development is unclear. In this study, pituitary miRNAs involved in the regulation of sheep estrus were studied by Illumina HiSeq-technology. We detected a total of 29,116,686 raw reads by bioinformatics analysis. After removing low quality reads, we received clean reads: 14,256,079 in estrus and 14,505,228 in anestrus. Interestingly, we found that the majority of the length was 21–23 nt, which was found to be very similar to the size of typical miRNAs. Moreover, there were 199 differentially expressed miRNAs in PGA and PGE in this study, some of them were highly expressed in the reproductive stages of mammals, such as miR-26b and miR-200b, signifying that they may be extensively involved in sheep estrus and anestrus regulation. Some functions of these highly expressed miRNAs have been studied, for example miR-26b regulates the development of pituitary and growth hormone by targeting LEF-1 [12]. In mice, miR-200b promotes LH secretion by targeting transcriptional repressor ZEB1 (zinc finger E-box binding homeobox 1), which is associated with aggressive behaviour, metastasis, treatment resistance and poor prognosis in different tumour types, including breast, pancreatic and lung cancer [38,39]. These highly expressed miRNAs are thought to play key roles in the development of both pituitary and hormonal secretions and should be given more preference in the future. Furthermore, we identified 25 miRNAs that were differentially expressed in the PGA and PGE libraries. Compared to the PGA library, the PGE library had 16 upregulated miRNAs and 9 downregulated miRNAs. Next, several differentially expressed miRNAs were verified by RT-qPCR, and the results were constant with our sequencing results, indicating that these differentially expressed miRNAs may have significant roles in the pituitary gland. By predicting the targeted genes for these miRNAs, we found that certain targeted genes play an important role in both estrus and anestrus states. More specifically, we found a TRH gene linked to the development of the pituitary gland and to hormonal secretion in sheep estrus and anestrus by RNA-seq, which is targeted by miR-143, miR-29a, miR-29b, and miR-10a. A common target for miR-22-3p and novel_89 is the Kiss1 gene. Kiss1 and its GPR54 receptor execute a major role in the arousal and precocity of pituitary function [40,41,42]. Most miRNAs bind mRNA thereby regulating gene expression. In sum, our research suggests that these differentially expressed miRNAs are essential for pituitary functional development and animal reproductions. At the same time, novel_89 as a new differentially expressed miRNA is also considered to have important research value in the future. Recent studies have included several signaling pathways in the functional development of the pituitary gland [40,43]. However, little research has been done on miRNAs related to the functional development of sheep pituitary glands.



GO analysis specified that most of the differentially expressed miRNAs involved 28 molecular functions, 33 cellular components, and 92 biological processes. Simultaneously, analysis of the KEGG pathway reveals that miRNAs are involved in signaling pathways and in metabolic regulation, disease, endocrine, and cellular signaling that are directly linked to the pituitary function. Similarly, MAPK (mitogen-activated protein kinase) signaling pathway involves a variety of signaling cascades, of which Ras-Raf-Mek-ERK1/2 (MAPK / ERK) is one of the most dysregulated in human cancers. It has an important regulatory role in keeping the balance between Sox2 + pituitary cell proliferation and differentiation [44]. In addition, miRNA–mRNA pairs have been speculated and a complex network of interactions may be formed, but their mechanism of action remains unclear.




5. Conclusions


In conclusion, this study provides valuable information about miRNAs biology and aids us to comprehend miRNAs role in regulating basic biological developments like pituitary development. However, further experimentation is required to carefully evaluate the purpose of miRNAs and their predictive target analysis.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-2615/10/3/402/s1. Table S1: Primers in this study for Quantitative real-time PCR, Table S2: information of known and novel miRNAs, Table S3: GO analysis of differentially expressed miRNAs, Table S4: KEGG pathway analysis enriched in 272 terms.





Author Contributions


Y.U., C.L., W.N., and S.H. conceived and designed the experiment and analyzed and interpreted the data. Y.U., C.L., W.N., and S.H. wrote the manuscript. Y.U., C.L., X.L., R.Y., Y.X., R.Q., H.L., M.Z., L.L., R.H., T.G., Y.L., and X.W. collected samples and data. Y.U. and C.L. participated in RNA extraction and analysis. All authors have read and agreed to the published version of the manuscript.




Funding


This effort was supported by the National Natural Science Foundation of China (NSFC) (U1803111, 31660644, 31660718), Young Innovative Talents (2017CB003, CXRC201603, CXRC201806), the Bingtuan Science and Technology Cooperation Program (2018BC011), and the foundation of state key laboratory for sheep genetic improvement and healthy production [MYSKLKF201901].




Acknowledgments


We acknowledge all the sponsors of this study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



León, L.E.; Calligaris, S.D. Visualization and Analysis of MiRNA–Targets Interactions Networks. Methods Mol. Biol. 2017, 1509, 4939–6524. [Google Scholar]

	



Sontheimer, E.J. Assembly and function of RNA silencing complexes. Nat. Rev. Mol. Cell Biol. 2005, 6, 127–138. [Google Scholar] [CrossRef] [PubMed]

	



Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell 1993, 75, 843–854. [Google Scholar] [CrossRef]

	



Yang, H.; Lin, S.; Lei, X.; Yuan, C.; Tian, Z.; Yu, Y.; Zhao, Z.; Chen, J. Identification and profiling of microRNAs from ovary of estrous Kazakh sheep induced by nutritional status in the anestrous season. Anim. Reprod. Sci. 2016, 175, 18–26. [Google Scholar] [CrossRef] [PubMed]

	



Ruvkun, G. Glimpses of a tiny RNA world. Science 2001, 294, 797–799. [Google Scholar] [CrossRef] [PubMed]

	



Nielsen, M.; Hansen, J.H.; Hedegaard, J.; Nielsen, R.O.; Panitz, F.; Bendixen, C.; Thomsen, B. MicroRNA identity and abundance in porcine skeletal muscles determined by deep sequencing. Anim. Genet. 2010, 41, 159–168. [Google Scholar] [CrossRef] [PubMed]

	



Ambros, V. MicroRNA pathways in flies and worms: Growth, death, fat, stress, and timing. Cell 2003, 113, 673–676. [Google Scholar] [CrossRef]

	



Nam, E.J.; Yoon, H.; Kim, S.W.; Kim, H.; Kim, Y.T.; Kim, J.H.; Kim, J.W.; Kim, S. MicroRNA expression profiles in serous ovarian carcinoma. Clin. Cancer Res. 2008, 14, 2690–2695. [Google Scholar] [CrossRef]

	



Liu, G.; Zhang, R.; Xu, J.; Wu, C.I.; Lu, X. Functional conservation of both CDS- and 3′-UTR-located microRNA binding sites between species. Mol. Biol. Evol. 2015, 32, 623–628. [Google Scholar] [CrossRef]

	



Zhou, H.; Rigoutsos, I. MiR-103a-3p targets the 5′ UTR of GPRC5A in pancreatic cells. RNA 2014, 20, 1431–1439. [Google Scholar] [CrossRef]

	



Li, H.; Xi, Q.; Xiong, Y.; Cheng, X.; Qi, Q.; Yang, L.; Shu, G.; Wang, S.; Wang, L.; Gao, P.; et al. A comprehensive expression profile of microRNAs in porcine pituitary. PLoS ONE 2011, 6, e24883. [Google Scholar] [CrossRef] [PubMed]

	



Zichao, Z.; Sergio, F.; Arthur, G.H.; James, F.M.; Brad, A.A. MicroRNAs Regulate Pituitary Development, and MicroRNA 26b Specifically Targets Lymphoid Enhancer Factor 1 (Lef-1), Which Modulates Pituitary Transcription Factor 1 (Pit-1) Expression. J. Biol. Chem. 2010, 285, 34718–34728. [Google Scholar]

	



De Gier, J.; Beijerink, N.J.; Kooistra, H.S.; Okkens, A.C. Physiology of the Canine Anoestrus and Methods for Manipulation of Its Length. Authors. J. Compil. 2008, 43, 157–164. [Google Scholar] [CrossRef] [PubMed]

	



Mak, T.W.; Saunders, M.E. The Immune Response Basic and Clinical Principles; The Humoral Response: B Cell Development and Activation; Elsevier Health Sciences: Amsterdam, The Netherlands, 2006; pp. 209–245. ISBN 978-0-12-088451-3. [Google Scholar]

	



Nemoto, T.; Mano, A.; Shibasaki, T. Increased expression of miR-325-3p by urocortin 2 and its involvement in stress-induced suppression of LH secretion in rat pituitary. Am. J. Physiol. Endocrinol. Metab. 2012, 302, E781–E787. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, L.E.; Wondisford, F.E.; Radovick, S. Role of Pit-1 in the gene expression of growth hormone, prolactin, and thyrotropin. Endocrinol. Metab. Clin. N. Am. 1996, 3, 523–540. [Google Scholar] [CrossRef]

	



Zhang, N.; Lin, J.K.; Chen, J.; Liu, X.F.; Liu, J.L.; Luo, H.S.; Li, Y.Q.; Cui, S. MicroRNA 375 mediates the signaling pathway of corticotropin-releasing factor (CRF) regulating pro-opiomelanocortin (POMC) expression by targeting mitogen-activated protein kinase 8. J. Biol. Chem. 2013, 288, 10361–10373. [Google Scholar] [CrossRef]

	



Hou, L.; Ji, Z.; Wang, G.; Wang, J.; Chao, T.; Wang, J. Identification and characterization of micoRNAs in the intestinal tissues of sheep. PLoS ONE 2018, 13, e0193371. [Google Scholar] [CrossRef]

	



Wong, L.L.; Rademaker, M.T.; Saw, E.L.; Lew, K.S.; Ellmers, L.J.; Charles, C.J.; Richards, A.M.; Wang, P. Identification of novel microRNAs in the sheep heart and their regulation in heart failure. Sci. Rep. 2017, 7, 8250. [Google Scholar] [CrossRef]

	



Li, X.; Li, C.; Ni, W.; Wang, D.; Hou, X.; Liu, Z.; Cao, Y.; Yao, Y.; Zhang, X.; Hu, S. Identification and comparison of microRNAs in pituitary gland during prenatal and post natal stages of sheep by deep sequencing. J. Genet. 2018, 97, 965–975. [Google Scholar] [CrossRef]

	



Hanif, Q.; Farooq, M.; Amin, I.; Mansoor, S.; Zhang, Y.; Khan, Q.M. In silico identification of conserved miRNAs and their selective target gene prediction inn in indicine (Bos indicus) cattle. PLoS ONE 2018, 13, e0206154. [Google Scholar] [CrossRef]

	



Liao, R.; Lv, Y.; Zhu, L.; Lin, Y. Altered expression of miRNAs and mRNAs reveals the potential regulatory role of miRNAs in the developmental process of early weaned goats. PLoS ONE 2019, 14, e0220907. [Google Scholar] [CrossRef] [PubMed]

	



Forcada, F.; Abecia, J.A. The effect of nutrition on the seasonality of reproduction in ewes. Reprod. Nutr. Dev. 2006, 46, 355–365. [Google Scholar] [CrossRef] [PubMed]

	



Geoffrey, M.; Joshua, M.T.; Brent, D.J. Ovulatory cycle effects on tip earnings by lap dancers: Economic evidence for human estrus. Evol. Hum. Behav. 2007, 28, 375–381. [Google Scholar]

	



Robert, S.Y.; Walter, R.T. Clinical Aspects of Seasonality in Mares. In Current Therapy in Large Animal Theriogenology, 2nd ed.; Gary, N., Daniel, C.S., Gillian, R., Brian, D.C., Michael, B.P., Eds.; Elsevier Health Sciences: Amsterdam, The Netherlands, 2006; pp. 68–73. ISBN 9781437713404. [Google Scholar]

	



Li, X.; Li, C.; Wei, J.; Ni, W.; Xu, Y.; Yao, R.; Zhang, M.; Li, H.; Liu, L.; Dang, H.; et al. Comprehensive Expression Profiling Analysis of Pituitary Indicates that circRNA Participates in the Regulation of Sheep Estrus. Genes 2019, 10, 90. [Google Scholar] [CrossRef]

	



Zhai, M.; Xie, Y.; Liang, H.; Lei, X.; Zhao, Z. Comparative profiling of differentially expressed microRNAs in estrous ovaries of Kazakh sheep in different seasons. Gene 2018, 664, 181–191. [Google Scholar] [CrossRef]

	



Wen, M.; Shen, Y.; Shi, S.; Tang, T. miREvo: An integrative microRNA evolutionary analysis platform for next-generation sequencing experiments. BMC Bioinform. 2012, 13, 140. [Google Scholar] [CrossRef]

	



Friedländer, M.R.; Mackowiak, S.D.; Li, N.; Chen, W.; Rajewsky, N. miRDeep2 accurately identifies known and hundreds of novel microRNA genes in seven animal clades. Nucleic Acids Res. 2011, 40, 37–52. [Google Scholar] [CrossRef]

	



Zhou, L.; Chen, J.; Li, Z.; Li, X.; Hu, X.; Huang, Y.; Zhao, X.; Liang, C.; Wang, Y.; Sun, L.; et al. Integrated profiling of microRNAs and mRNAs: Micrornas located on Xq27.3 associate with clear cell renal cell carcinoma. PLoS ONE 2010, 5, e15224. [Google Scholar] [CrossRef]

	



Hansen, T.B.; Jensen, T.I.; Clausen, B.H.; Bramsen, J.B.; Finsen, B.; Damgaard, C.K.; Kjems, J. Natural RNA circles function as efficient microRNA sponges. Nature 2013, 495, 384–388. [Google Scholar] [CrossRef]

	



Kanehisa, M.; Araki, M.; Goto, S.; Hattori, M.; Hirakawa, M.; Itoh, M.; Katayama, T.; Kawashima, S.; Okuda, S.; Tokimatsu, T.; et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res. 2007, 36, D480–D484. [Google Scholar] [CrossRef]

	



Young, M.D.; Wakefield, M.J.; Smyth, G.K.; Oshlack, A. Gene ontology analysis for RNA-seq: Accounting for selection bias. Genome Biol. 2010, 11, R14. [Google Scholar] [CrossRef] [PubMed]

	



Carletti, M.Z.; Fiedler, S.D.; Christenson, L.K. MicroRNA 21 blocks apoptosis in mouse periovulatory granulosa cells. Biol. Reprod. 2010, 83, 286–295. [Google Scholar] [CrossRef] [PubMed]

	



Donadeu, F.X.; Schauer, S.N.; Sontakke, S.D. Involvement of miRNAs in ovarian follicular and luteal development. J. Endocrinol. 2012, 215, 323–334. [Google Scholar] [CrossRef] [PubMed]

	



Ye, R.S.; Li, M.; Qi, Q.E.; Cheng, X.; Chen, T.; Li, C.Y.; Wang, S.B.; Shu, G.; Wang, L.N.; Zhu, X.T.; et al. Comparative Anterior Pituitary miRNA and mRNA Expression Profiles of Bama Mini pigs and Landrace Pigs Reveal Potential Molecular Network Involved in Animal Postnatal Growth. PLoS ONE 2015, 10, e0131987. [Google Scholar]

	



Miao, X.; Luo, Q.; Qin, X.; Guo, Y. Genome wide analysis of microRNAs identifies the lipid metabolism pathway to be a defining factor in adipose tissue from different sheep. Sci. Rep. 2015, 5, 18470. [Google Scholar] [CrossRef]

	



Hasuwa, H.; Ueda, J.; Ikawa, M.; Okabe, M. miR-200b and miR-429 function in mouse ovulation and are essential for female fertility. Science 2013, 341, 71–73. [Google Scholar] [CrossRef]

	



Lehmann, W.; Mossmann, D.; Kleemann, J.; Mock, K.; Meisinger, C.; Brummer, T.; Herr, R.; Brabletz, S.; Stemmler, M.P.; Brabletz, T. ZEB1 turns into a transcriptional activator by interacting with YAP1 in aggressive cancer types. Nat. Commun. 2016, 7, 10498. [Google Scholar] [CrossRef]

	



Funes, S.; Hedrick, J.A.; Vassileva, G.; Markowitz, L.; Abbondanzo, S.; Golovko, A.; Yang, S.; Monsma, F.J.; Gustafson, E.L. The KiSS-1 receptor GPR54 is essential for the development of the murine reproductive system. Biochem. Biophys. Res. Commun. 2003, 312, 1357–1363. [Google Scholar] [CrossRef]

	



Muir, A.I.; Chamberlain, L.; Elshourbagy, N.A.; Michalovich, D.; Moore, D.J.; Calamari, A.; Szekeres, P.G.; Sarau, H.M.; Chambers, J.K.; Murdock, P.; et al. A novel human G protein-coupled receptor, activated by the peptide KiSS-1. J. Biol. Chem. 2001, 276, 28969–28975. [Google Scholar] [CrossRef]

	



Navarro, V.M.; Castellano, J.M.; Fernández-Fernández, R.; Barreiro, M.L.; Roa, J.; Sanchez-Criado, J.E.; Aguilar, E.; Dieguez, C.; Pinilla, L.; Tena-Sempere, M. Developmental and hormonally regulated messenger ribonucleic acid expression of KiSS-1 and its putative receptor, GPR54, in rat hypothalamus and potent luteinizing hormone-releasing activity of KiSS-1 peptide. Endocrinology 2004, 145, 4565–4574. [Google Scholar] [CrossRef]

	



Arzt, E. gp130 cytokine signaling in the pituitary gland: A paradigm for cytokine–neuro-endocrine pathways. J. Clin. Investig. 2001, 108, 1729–1733. [Google Scholar] [CrossRef] [PubMed]

	



Haston, S.; Pozzi, S.; Carreno, G.; Manshaei, S.; Panousopoulos, L.; Gonzalez-Meljem, J.M.; Apps, J.R.; Virasami, A.; Thavaraj, S.; Gutteridge, A.; et al. MAPK pathway control of stem cell proliferation and differentiation in the embryonic pituitary provides insights into the pathogenesis of papillary craniopharyngioma. Development 2017, 144, 2141–2152. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 10 00402 g001 550] 





Figure 1. Identification and classification of miRNAs in sheep pituitary. (a) Workflow for identifying miRNAs. (b) The length distribution of sequence small RNAs in the clean read. (c) Schematic diagram of Pearson’s correlation of miRNA expression levels between samples; horizontal axis is the length of miRNA and the vertical axis indicates the abundance of the miRNA. PGA, anestrus pituitary group; PGE, estrus pituitary group. 
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Figure 2. Distribution and annotation of miRNAs on chromosomes. (a) Distribution of miRNAs on chromosomes. Outermost circle is the chromosomes designated to display. Gray background region in the center is the distribution of 10,000 reads; red is mapped to the positive side chain; blue is mapped to the negative side chain; orange is positive chain distribution; and green is negative chain distribution. (b) Small RNA classification annotations. 
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Figure 3. Analysis of known miRNAs. (a) Secondary structure of known miRNAs. The whole sequence is a precursor miRNA and the red highlight is mature sequence. (b) First base preference of known miRNAs of 18 to 30 nucleotides (nt) in length (the horizontal axis is the length of the miRNA and the vertical axis is the ratio of A/U/C/G in the first base of the miRNA in length). (c) Base distribution of known 22 nt miRNAs (horizontal axis is miRNA base position and the vertical axis is the ratio of bases A/U/C/G of the miRNA at this position). 
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Figure 4. Novel miRNAs prediction and analysis. (a) Partially predicted novel miRNA secondary structure. The whole sequence is a precursor miRNA and red highlight is a mature sequence. (b) First base distribution of novel miRNAs 18~30 nt in length: the horizontal axis is the length of the miRNA, and the vertical axis is the ratio of A/U/C/G in the first base of the length sRNA (the value above the histogram is the length of the miRNA total number of items). (c) Base distribution of 22 nt novel miRNAs: the horizontal axis is the base position of the miRNA, and the vertical axis is the ratio of the bases A/U/C/G of the miRNA at this position. 
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Figure 5. Analysis of differentially expressed miRNAs. (a) Density distribution transcripts per million (TPM) of miRNA expression levels. The horizontal axis is the log10 (TPM + 1) value of the miRNA, the vertical axis is the density corresponding to log10 (TPM+1), and different colors represent different groups. (b) Analysis of volcanic plot of miRNAs differentially expressed in sheep PGA and PGE. Scattered dots in the figure represent specific miRNAs, blue dots represent miRNAs with no major differences, red dots represent considerably upregulated miRNAs, and the green dots represent considerably downregulated miRNAs. (c) Cluster analysis of miRNAs differentially expressed in sheep PGE and PGA. Clustered with log10 (TPM + 1) values, red indicates high miRNA expression, and blue indicates low miRNA expression. 
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Figure 6. Validation of differentially expressed miRNAs by qRT-PCR. Six differentially expressed miRNAs expression levels as detected by qRT-PCR, and error bars indicate ± SD. 
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Figure 7. Enrichment analysis and annotation of miRNAs. (a) Gene ontology (GO) enrichment analysis of miRNAs differentially expressed in PGA and PGE (p < 0.05). Horizontal axis is the next level of GO polymer and GO terminology. Vertical axis is the ratio of genes annotated to the term. (b) miRNA differentially expressed host genes were subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis (p < 0.05). The vertical axis signifies an access name and the horizontal axis signifies the access coefficient. Dots show the quantity of genes enriched during the visit. Colors are parallel to different q-values. (c) Regulatory networks of miRNA–mRNA. The left and right sides represent network regulation of up miRNA-down mRNA and down miRNA-up mRNA, respectively. Green and red circles represent target genes, and yellow circles represent upregulated miRNAs or downregulated miRNAs. 
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Table 1. Differentially regulated miRNAs identified between PGE and PGA.
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	Gene_ID
	PGE
	PGA
	log2.Fold_change.
	q-Value
	Corrected

p-Value
	UP/DOWN Regulate





	oar-miR-143
	32670.824
	9873.594248
	1.7264
	0
	0
	UP



	oar-miR-200a
	8144.9197
	16627.14523
	−1.0296
	0
	0
	DOWN



	oar-miR-29a
	923.39904
	3991.937194
	−2.1121
	0
	0
	DOWN



	oar-miR-199a-3p
	2190.8655
	504.9304155
	2.1173
	1.02 × 10−203
	1.69× 10−202
	UP



	oar-miR-29b
	85.951935
	836.0509809
	−3.282
	9.42 × 10−173
	1.21× 10−171
	DOWN



	oar-miR-181a
	2319.1442
	904.6077302
	1.3582
	4.40 × 10−103
	4.58× 10−102
	UP



	oar-miR-221
	327.96766
	986.8189359
	−1.5892
	5.91 × 10−98
	5.79× 10−97
	DOWN



	oar-miR-23b
	520.64541
	1197.040669
	−1.2011
	8.90 × 10−84
	7.41× 10−83
	DOWN



	oar-miR-27a
	426.90327
	1058.504832
	−1.31
	7.82 × 10−83
	6.20× 10−82
	DOWN



	oar-miR-218a
	1721.6354
	738.194044
	1.2217
	4.35 × 10−63
	2.89× 10−62
	UP



	oar-miR-493-5p
	780.5786
	212.7819441
	1.8752
	1.55 × 10−61
	9.90× 10−61
	UP



	oar-miR-374a
	379.12334
	858.2394724
	−1.1787
	3.64 × 10−59
	2.24× 10−58
	DOWN



	oar-miR-10b
	549.72884
	121.4677676
	2.1781
	1.17 × 10−54
	6.98× 10−54
	UP



	oar-miR-22-3p
	314.72431
	728.5221375
	−1.2109
	3.23 × 10−52
	1.85× 10−51
	DOWN



	oar-miR-493-3p
	470.78809
	110.3735218
	2.0927
	1.80 × 10−44
	8.81× 10−44
	UP



	oar-miR-370-3p
	1608.4178
	797.0788868
	1.0128
	1.16 × 10−40
	5.52× 10−40
	UP



	oar-miR-381-3p
	287.19891
	79.65099512
	1.8503
	3.02 × 10−23
	1.36× 10−22
	UP



	oar-miR-543-3p
	487.66687
	200.549827
	1.2819
	8.80 × 10−21
	3.76× 10−20
	UP



	novel_347
	42.846131
	0
	6.2348
	4.85× 10−11
	1.58× 10−10
	UP



	oar-miR-433-3p
	287.45859
	136.8290309
	1.071
	2.14× 10−9
	6.84× 10−9
	UP



	oar-miR-412-3p
	201.24698
	89.89183734
	1.1627
	4.97× 10−8
	1.50× 10−7
	UP



	oar-miR-544-5p
	8.8288997
	36.12741564
	−2.0328
	3.47× 10−6
	9.64× 10−6
	DOWN



	novel_89
	130.61578
	60.02271418
	1.1217
	2.29× 10−5
	5.96× 10−5
	UP



	oar-miR-17-5p
	92.443773
	46.08379003
	1.0043
	0.001524
	0.0038437
	UP



	oar-miR-10a
	22.331923
	5.404888954
	2.0468
	0.0027333
	0.0067909
	UP











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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