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Reproduction in goat is highly impeded by implantation failure. Of concern, the underlying mechanism leading to embryo implantation remains unclear. In this study, deep sequencing was employed through strand-specific Ribo-Zero RNA-Seq to characterize transcriptome changes in the endometrium during the maternal recognition of pregnancy. A total of 996 differential transcripts (115 lncRNAs and 881 mRNAs) existing between the pregnant and non-pregnant endometrium were revealed through bioinformatics analysis. The screening was performed on lncRNAs (XR_001918173.1, LNC_002760, and LNC_000599) and LNC_009053, to determine their potential role in regulating the synthesis of retinol and endometrium remolding through the proteasome pathway, respectively. The hypothesis of whether certain lncRNAs, namely, LNC_007223, LNC_005256, and LNC_010092 could play important roles in embryo implantation was tested. These novel findings are of paramount relevance to further elucidate the molecular mechanisms of embryo implantation and uncover new targets to improve goat reproduction.
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INTRODUCTION

Goats are important economic animals as they provide agricultural products, including milk, wool, and meat (Zhan et al., 2016). Goat farming significantly depends on efficient reproduction; however, it is affected by endometrial receptivity, associated with a successful establishment of pregnancy in mammals (Simmons and Kennedy, 2002). Receptive endometrium referred as “window of implantation” is a temporal and spatial phenomenon that necessitates a synchronized and successful molecular dialogue between the conceptus (embryo and associated extra-embryonic membranes) and endometrium (D’Hauterive et al., 2002; Xia et al., 2010). In domesticated ruminants, for instance, a goat, the embryo-maternal communication becomes evident when the elongating conceptuses release a surge of interferon-τ (IFNT) on 15–17 days of gestation (Bazer et al., 1991; Spencer et al., 2007b). IFNT is the maternal pregnancy recognition signal that potentially inhibits the expression of estrogen receptor α and mediates antiluteolytic actions (Bazer et al., 1991, 2011). Previous studies revealed that, apart from the antiluteolytic actions, IFNT acts on the endometrium to either improve or induce the expression of IFNT-stimulated genes (ISGs) that are hypothesized to regulate endometrium receptivity to embryo implantation and pregnancy (Hansen et al., 1999; Spencer et al., 2004b). Moreover, the uterine endometrium undergoes dramatic morphological and functional changes induced by pregnancy recognition signal to prepare the endometrium to be receptive for the qualified embryo implantation (Pan et al., 2007; Altmäe et al., 2013). However, impaired uterine receptivity is among the major factors associated with embryo transplantation failure despite the existence of good quality embryos (Macklon et al., 2006; Ai-Guo et al., 2011). Therefore, uncovering the associated molecular regulation mechanisms of endometrial changes during the period of “window of implantation” will be of paramount importance in achieving successful implantation.

Previous studies revealed several genes involved in implantation. Among them are adhesion molecules, including glycosylated cell adhesion molecule 1 (GLYCAM1) (Spencer et al., 2007b), galectin 15 (LGALS15) (Gray et al., 2004), and secreted phosphoprotein 1 (SPP1 or osteopontin) (Johnson et al., 2014); transcription factors, including signal transducer and activator of transcriptions (STATs) (Stewart et al., 2001) and fibroblast growth factor (FGF) (Ocón-Grove et al., 2008); and receptors, including oxytocin receptor (OXTR) (Spencer et al., 2007a) and estrogen receptor α (ESR1) (Spencer et al., 2007a). Besides the protein-coding genes in the whole transcriptome of mammals, several non-coding genes (ncRNAs) have also been identified, especially the long non-coding RNAs (lncRNAs) (Xu et al., 2016; Zhang et al., 2016). lncRNAs about 200 bp to >100 kb long have been identified as the most abundant ncRNA families (Xu et al., 2016). Indeed, a considerable number of lncRNAs are transcribed by RNA polymerase II, which is similar to mRNAs without the protein-coding ability or formed by processing other transcripts (Plewka et al., 2018). Following the recently reported findings, lncRNAs have received substantial attention owing to their functions in genomic imprinting, epigenetic regulation, and transcriptional control (Kretz et al., 2012). Meanwhile, with high-throughput sequencing, an increasing number of lncRNAs in the endometrium have been characterized in species, such as humans (Chen et al., 2018), pigs (Wang et al., 2016), and rats (Zhang et al., 2018). However, a systematic analysis of lncRNAs expressed in goat endometrium during the “window of implantation” is not yet to be reported.

Strand-specific Ribo-Zero RNA-Seq is eminently employed in evaluating transcriptomes particularly for incompletely annotated genomes, including goats. Herein, we aimed to systematically identify lncRNA and mRNA expression patterns in the endometrial tissue of goat on 16-day pregnancy (“window of implantation”) and the corresponding cyclic controls via this method. As a result, the differentially expressed lncRNAs and mRNAs were identified, where the former was further used in predicting cis- and trans- target genes. And then, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were performed for target genes and mRNAs to significantly determine the changed biological processes (BPs) and pathways by comparing transcriptomic profiles in different pregnancy states. Therefore, this study purposed to obtain an in-depth understanding of endometrial transcriptome changes and present new evidence for the underlying mechanisms of lncRNAs and mRNAs associated with the initiation of preparation for embryo implantation and placentation.



MATERIALS AND METHODS


Ethics Statement and Sample Collection

All the experiments involving animals were conducted under a protocol approved by the Ethics Committees of the Laboratory Animal Center of South China Agricultural University (permit number: SYXK-2014-0136). Six healthy primiparous Chuanzhong black goats (Capra hircus) were obtained from Guangdong Wen’s Foodstuffs Group Co., Ltd. (Yunfu, China). The animals were randomly assigned to the cyclic (n = 3) and pregnant (n = 3) groups. Goats that belong to the pregnant group were artificially inseminated twice after estrus. Goats were slaughtered at a local slaughterhouse on day 16 (n = 3) of the estrous cycle (C16) or day 16 (n = 3) of pregnancy (P16). The uteri were removed rapidly and transported in an icebox to the laboratory. Pregnancy was confirmed by the presence of apparently normal filamentous conceptuses in uterine flushing (Newton et al., 2019). The endometrial samples were collected and stored at −80°C for RNA extraction.



RNA Extraction and Library Construction

The total RNA was isolated from each individual sample using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) and following the instructions of the manufacturer. The quality of RNA and concentration were detected by NanoDrop 2000 equipment (Thermo Scientific, Waltham, MA, United States). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bionalyzer 2100 system (Agilent Technologies, CA, United States). A total amount of 3-μg RNA per sample was used as an input material for the RNA sample preparations. First, the Epicenter Ribo-zeroTM rRNA Removal Kit (Epicenter, United States) was used to remove ribosomal RNAs, and rRNA free residue was cleaned up by ethanol precipitation. Subsequently, the NEBNext® UltraTM Directional RNA Library Prep Kit (NIB, United States) was used to generate the sequencing library by using rRNA-depleted RNA according to the recommendations of the manufacturer. Briefly, fragmentation was carried out using divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5×). The random hexamer primer and M-MuLV Reverse Transcriptase (RNaseH-) were utilized to synthesize the first strand cDNA. Afterward, a second strand cDNA synthesis was performed using DNA Polymerase I and RNase H. In the reaction buffer, dNTPs with dTTP were replaced by dUTP. The remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. Following the adenylation of 3’ ends of DNA fragments, a NEBNext adaptor with hairpin loop structure was ligated to prepare for hybridization. The library fragments were purified with AMPure XP system to obtain 150–200 bp cDNA fragments preferentially (Beckman Coulter, Beverly, CA, United States). Thereafter, a 3-μl USER enzyme (NEB, United States) was used with size-selected, adaptor-ligated cDNA at 37°C for 15 min and was followed by another 5 min at 95°C before PCR. Thereafter, PCR was performed by using Index (X) Primer, Universal PCR primers, and Phusion high-fidelity DNA polymerase. Finally, products were purified by the AMPure XP system, and the library quality was assessed with the Agilent Bioanalyzer 2100 system.



Sequencing and Quality Control

TruSeq PE Cluster Kit v3-cBot-HS (Illumina) was used to cluster the index-coded samples on a cBot cluster generation system as per the manufacturer’s instructions. After cluster generation, the libraries were sequenced on an Illumina NovaSeq 6000 platform at Novogene (Beijing, China), and 125 bp paired-end reads were produced. The raw reads in fastq format were initially processed through internal Perl scripts. During this step, clean reads were obtained by removing reads that contain adapter, low-quality reads, ploy-N from raw data. Simultaneously, the GC content, Q20, and Q30 of the clean data were calculated. All the downstream bioinformatics analyses were based on high-quality clean data.



Transcriptome Assembly and Coding Potential Analysis

Reference genome1 and gene model annotation files2 were directly downloaded from genome website. HISAT2 (v2.0.4, chain specific parameters: –rna-strandness RF) was used to build the index of the reference genome whereas the paired-end clean reads were aligned to the reference genome by HISAT2 v2.0.4 (Langmead and Salzberg, 2012). The reads map of each sample was assembled by StringTie (v1.3.3) through a reference-based approach (Pertea et al., 2016). The novel network process algorithms and optional reassembly steps were performed by StringTie to assemble and quantify transcripts representing multiple splice variants for each gene locus.

The following steps were carried out based on the structural characteristics and non-coding function of lncRNA to obtain high-quality lncRNA. First, transcripts having < 2 exon numbers, low credible single-exon transcripts, and low expression levels, were filtered out. Second, transcripts < 200 bp were filtered out. Third, the above transcripts were annotated through Cuffcompare software. Fourth, the expression level of each transcript was calculated by Cuffquant, while the transcript of FPKM < 0.5 was removed. Lastly, the encoding potential screening employs three coding potential software, namely, CNCI (v2) (Liang et al., 2013), CPC2(v0.1) (Kang et al., 2017), and Pfam-scan (v1.3) (Bateman et al., 2000; Finn et al., 2014) with default parameters, were used to screen the transcripts. The transcripts without coding potential on the above three software were considered candidate lncRNAs.



Differential Expression Analysis

StringTie (v2.1.1) was used on each sample to calculate fragments per kilo-base of exon per million fragments (FPKMs) of lncRNAs and coding genes (Pertea et al., 2016). The edgeR, a Bioconductor software package for examining the differential expression of replicated count data, was used to determine the differential expression (Robinson et al., 2010). Transcripts with p-adjust < 0.05 using Benjamini–Hochberg were considered differentially expressed.



Target Gene Prediction of the LncRNAs

For the cis role of target gene prediction, we searched the coding genes of 100k upstream and downstream of lncRNA and subsequently analyzed their function. However, the trans role of target gene prediction was calculated from the expressed correlation between lncRNAs and coding genes with R function “cor” and “cor.test.” The function “cor” was used to calculate the correlation coefficient between lncRNAs and coding genes whereas the function “cor.test” was used to calculate the p-value of the correlation coefficient. On the co-expressed genes, the default parameters of miRanda (v 3.3) software were used to further predict the target relationship between co-expression genes and lncRNAs (Enright et al., 2003).



GO and KEGG Enrichment Analysis

The GO enrichment analysis of differentially expressed mRNAs or lncRNAs was performed by the GOseq R package (Young et al., 2010). GO terms with corrected p-value < 0.05 were considered significantly enriched by differentially expressed genes, which used Benjamini–Hochberg to adjust the p-value. KEGG (Kanehisa et al., 2007) is a database for understanding high-level functions and utilities of the biological system, such as the cell, organism, and ecosystem, from molecular-level information, particularly large-scale molecular datasets generated by genome sequencing3. We used KOBAS software (Mao et al., 2005) to examine the statistical enrichment of the related genes.



Validation of Gene Expression via Quantitative RT-PCR

The RNA samples from six animals were analyzed by quantitative PCR (RT-qPCR). The reverse transcriptase kit with a gDNA eraser (TaKaRa, Dalian) was used to synthesize cDNA. Subsequently, the cDNAs were used for qPCR in the Step One Plus Real Time PCR System (Life Technologies, MD, United States) by using the SYBR Green PCR Master Mix (TaKaRa, China). The procedure of qPCR was performed as follows. Temperature was regulated at 95°C for 5 min, 40 cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 20 s. Primers (Supplementary Table S1) were designed using Oligo 7, and specifications were confirmed by NCBI BLAST. Goat GAPDH was used as an internal control, and all reactions were run in triplicate. The relative expression levels were calculated with the 2–ΔΔCt method. One-way ANOVA by SPSS software was employed to compare the differences. Statistical differences were considered significant when p < 0.05 (∗) and very significant when p < 0.01 (∗∗).



RESULTS


Read Mapping

In this study, we collected three cyclic (C16_1, C16_2, C16_3) and three pregnant (P16_1, P16_2, P16_3) goat endometrial samples. The RNA sequencing was performed on the Illumina NovaSeq 6000 platform and the expression of lncRNA in endometrial samples was detected. The Pearson correlation among the same group samples was between 0.851 and 0.921 (Supplementary Table S2). A total of 579,092,338 paired-end reads were obtained. Moreover, a total of 546,743,676 clean reads were gathered after filtering out the empty adaptor sequences and of low quality. Thereafter, bioinformatics analysis was conducted based on the clean reads. The clean reads obtained in each library accounted for 93.66–94.84% of the raw reads, and the GC and Q30 contents were more than 50.10 and 88.25%, respectively (Table 1). Subsequently, more than 94% of the clean reads were mapped to the C. hircus reference genome (Table 1).


TABLE 1. Summary of clean reads mapped to the Capra hircus reference genome.

[image: Table 1]


Identification and Characteristics of lncRNAs in Goat Endometrium

After certain filtering steps, 16,347 long intron-containing transcripts were assembled through Cuffcompare and Cuffquant to filter out the immature mRNA fragments. Three softwares, namely, Coding-Non-Coding-Index (CNCI), Pfam-scan (PFAM), and Coding Potential Calculator (CPC) were used to remove the potential coding transcripts, hence leading to the identification of a total of 11,723 lncRNAs. Among these lncRNAs, 927 molecules were annotated lncRNAs in goat and 10,796 molecules were novel lncRNAs in goat (Figures 1A–C and Supplementary Table S3). Notably, 15.5, 77.1, and 7.4% of the novel lncRNAs were lincRNAs (long intergenic non-coding RNAs), intronic lncRNAs, and antisense lncRNAs, respectively (Figure 1D). To understand the differences between lncRNAs and mRNAs, the information on gene structure and expression pattern were selected to be compared and analyzed. From the analysis, it was evident that the average length of lncRNA and mRNA was 1590.65 and 3477.17 nt, respectively (Figure 1E). However, the length of the open reading frame (ORF) of lncRNA was also shorter than that of mRNA (Figure 1F). Unlike mRNA, most lncRNAs had few exons. For instance, the average number of exons in the lncRNAs was approximately 5, while that in mRNAs was more than 12 (Figure 1G). Besides, the lncRNA expression level was lower than that of mRNA (Figures 1H–J).
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FIGURE 1. Screening and characterization of endometrial lncRNA. (A) Bioinformatics pipeline for endometrial lncRNA discovery. (B) A total of 159,135 transcripts were assembled with a stringent filtering pipeline to discard transcripts without all characteristics of lncRNA (see section “Materials and Methods” for specific steps). (C) The filtration of the candidate lncRNAs is indicated through Venn diagrams. The coding potential analysis of candidate lncRNAs was performed by using three conventional tools (PFAM, CPC, and CNCI), and 10,796 novel lncRNAs were identified by the three software programs. (D) Classification of novel lncRNA. (E) Transcript lengths distribution of the lncRNAs and mRNAs. (F) ORF length of the lncRNAs and mRNAs. (G) Exon number distribution of the lncRNAs and mRNAs. (H) Boxplot of expression level [showed in log10 (FPKM + 1)] for lncRNA and mRNAs. (I) FPKM density distribution of lncRNA and mRNAs. (J) Violin plot of expression level [showed in log10 (FPKM + 1)] for lncRNA and mRNA transcripts.




Differentially Expressed mRNAs and lncRNAs in Goat Endometrium

Herein, our study proved, a total of 881 mRNAs were differentially expressed in the goat endometrium between C16 and P16. Among these mRNAs, 530 were upregulated while 351 were downregulated in P16 compared with C16 (Figure 2A and Supplementary Table S4). Meanwhile, 115 lncRNAs were differentially expressed in the goat endometrium. Of these lncRNAs, 74 were upregulated whereas 41 were downregulated (Figure 2B and Supplementary Table S4). Unsupervised hierarchical clustering analysis was conducted to analyze the expression patterns of DE mRNAs and lncRNAs on pregnant and non-pregnant conditions. As shown from the heatmap analysis, the expression of the same gene and lncRNAs in the same pregnant condition is almost identical, indicating an extremely small difference between the samples in the same group. Large differences between samples under different pregnancy conditions (Figures 2C,D) were demonstrated through a sample cluster analysis. Distribution of DE transcripts in a chromosome was studied by calculating the density of the total mapped reads against each chromosome. Differential mRNAs were concentrated on chromosomes NC-030810.1, NC-030815.1, NC-030809.1, NC-030808.1, NC-030811.1, NC-030812.1, NC-030817.1, NC-030818.1, and NC-030822.1 (Figure 2E). Notably, all of these chromosomes exhibited more downregulated genes than upregulated genes. As of the differential lncRNAs, they were concentrated on chromosomes NC-030820.1, NC-030808.1, NC-030809.1, and NC-030822.1 (Figure 2F).
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FIGURE 2. Overall differences of coding genes and lncRNAs in pregnant and non-pregnant endometria. The volcano plots of the differentially expressed mRNAs (A) and lncRNAs (B). Heatmap showing the expression profile of mRNAs (C) and lncRNAs (D). The top panel is the tree constructed through the Pearson correlation. The Circos diagram depicts the chromosomal distribution of differentially expressed mRNAs (E) and lncRNAs (F). The outermost ring represents different chromosomes; the second ring represents the FPKM of transcripts; the third ring represents the upregulated mRNAs or lncRNAs; and the fourth ring represents the downregulated mRNAs or lncRNAs.




Validation of Sequencing Results by qRT-PCR

To further evaluate the reliability of RNA sequencing, five DE lncRNAs (LNC001872, LNC007222, LNC006582, XR001297095.2, and XR001917728.1) and five DE mRNAs (MX2, ISG20, IL1R2, ISLR, and ERP27) were randomly selected for validation through qRT-PCR. All levels of DE lncRNAs and mRNAs were significantly different in their expression between the pregnant and non-pregnant groups (Figure 3), thereby indicating that the RNA-seq data were reliable.
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FIGURE 3. Validation of sequencing results via RT-qPCR. The transcript expression was quantified relative to the expression level of GAPDH by using the comparative cycle threshold (−△△Ct) method. The data are shown as the mean ± SD (n = 3), *P < 0.05, **P < 0.01.




GO and KEGG Enrichment Analysis of the Differential mRNAs

Gene Ontology term and KEGG enrichment analyses were performed to ascertain the functions of the differentially expressed mRNAs and their association. The significantly enriched GO terms were only distributed in MF (Figure 4A and Supplementary Table S5). Among the top 10 MF terms, seven were mainly associated with binding to key molecules, which were similar to the GO results of the co-expression genes of differential lncRNAs. A potential strong connection and interaction between mRNAs and lncRNAs were evident from the results. However, the KEGG pathway analysis of the differentially expressed mRNAs revealed a significant portion of pathways related to reproduction. Among the top 20 enriched pathways includes MAPK signaling pathway, ECM–receptor interaction, phosphatidylinositol signaling system, RIG-I-like receptor signaling pathway, focal adhesion, aldosterone synthesis, and secretion and cell adhesion molecules (CAMs) (Figure 4B and Supplementary Table S6).
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FIGURE 4. GO and KEGG enrichment analysis of differential expressed mRNAs. (A) GO analysis of differentially expressed mRNAs. (B) Top 20 KEGG pathways of differentially expressed mRNAs. The x-axis indicates the number of unique sequences assigned to a specific pathway and the y-axis indicates the KEGG pathway. The size of the circle represents the number of genes enriched in the pathway. The darker the color, the more significant the enrichment.




Differentially Expressed lncRNAs Target Genes Prediction

Given that lncRNAs have no encoding potential, their functions are achieved through regulation of target genes. Herein, we predicted the potential targets of lncRNAs via cis (co-location) and trans (co-expression) regulation to explore the possible function of the differentially expressed lncRNAs. Among the 115 differential lncRNAs transcripts, 108 corresponded to 445 related mRNA transcripts based on co-location analysis. Furthermore, 115 lncRNA transcripts corresponded to 9153 related mRNA transcripts based on co-expression analysis.



The GO and KEGG Enrichment Analysis of the Co-located Genes of Differential lncRNAs

The co-located genes of differential lncRNAs were used for the GO and KEGG enrichment analyses. Significantly (q < 0.05) enriched GO terms in BP, cellular component (CC), and molecular function (MF) are highlighted in Figure 5A. Only 10 significantly enriched GO terms results were obtained, a majority were associated with protein synthesis and degradation. These synthesis and degradation processed were related to endometrium remodeling, involving cysteine-type endopeptidase inhibitor activity, cellular protein complex assembly, protein polymerization, protein complex assembly, and protein complex biogenesis. Findings from the present study suggest that these GO terms share common genes. Two common genes, HELZ and KRT17, were differentially expressed. The lncRNAs that co-localized with the two genes were LNC_007472 and LNC_007827. Figure 5B demonstrates the KEGG enrichment result (Supplementary Table S6). The most significant signal pathway is Retinol metabolism while the second significant signal pathway is Tyrosine metabolism. Five common genes among the two pathways are evident, including ADH4, ADH6, ADH7, LOC102181105, and Aox1. These related genes co-localized with XR_001918173.1, LNC_002760, and LNC_000599. Also, certain reproductive related genes, such as CST3, TGFB1, LGALS15, CST6, CXCL10, FOXS1, GRP and RSAD2, were detected located near the LNC_005256, LNC_006979, LNC_007223, LNC_010092, LNC_002677, LNC_005318, LNC_009053, and LNC_004709 (Table 2).
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FIGURE 5. GO and KEGG enrichment analysis of co-located genes of differential expressed lncRNAs. (A) GO analysis of related gene of differential lncRNAs. BP, biological process; CC, cell composition; MF, molecular function. (B) Top 20 KEGG pathways of related gene of differential lncRNAs. The x-axis indicates the number of unique sequences assigned to a specific pathway and the y-axis indicates the KEGG pathway. The size of the circle represents the number of genes enriched in the pathway. The darker the color, the more significant the enrichment.



TABLE 2. Genomic association between lncRNAs and nearby reproductive related genes.
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GO and KEGG Enrichment Analysis of the Co-expression Genes of Differential lncRNAs

The co-expression genes of differential lncRNAs were used for the GO and KEGG enrichment analyses. The top 10 significantly (q < 0.05) enriched GO terms in BP, CC, and MF are listed in Figure 6A, while all the GO enrichment terms are shown in Supplementary Table S5. Interestingly, similar to the GO results of the co-located genes of differential lncRNAs, a significant portion of GO terms in BP and CC were related to protein modification, synthesis, and degradation, such as cellular protein modification process, protein modification process, proteasome core complex, transcription factor TFIID complex, proteasome complex, protein complex, and proteasome core complex. Moreover, the top 10 enriched terms in MF were mainly associated with binding of key molecules, such as protein binding, ion binding, organic cyclic compound binding, heterocyclic compound binding, nucleotide binding, nucleoside phosphate binding, small molecule binding, and anion binding. KEGG pathway analysis showed that several pathways were related to endometrium development, for example, proteasome, focal adhesion, rap1 signaling pathway, ras signaling pathway, and mTOR signaling pathway (Figure 6B and Supplementary Table S6). Therefore, GO terms and KEGG pathway likewise focuses on the proteasome, which is related to protein degradation. We subsequently screened the differential lncRNAs co-expressed with the genes of the proteasome. Notably, LNC_009053 might target 33 genes of proteasome via co-expression regulation (Figure 7), thereby revealing the potential to regulate endometrium remolding through the proteasome pathway. We further analyzed the target relationships between these co-expressed genes and differential lncRNAs, and screened out a total of 2339 genes with target relationships between lncRNAs (Supplementary Table S7). These genes were subjected to GO enrichment and KEGG pathway analysis. The BPs including cell proliferation, transmembrane transport, and regulation of cell proliferation which are related to the endometrium development were in the top five BP terms of GO enrichment (Figure 8A and Supplementary Table S5). KEGG pathway analysis also showed that some pathways were related to endometrial remodeling and development, such as bacterial invasion of epithelial cells, biosynthesis of amino acids, and regulation of actin cytoskeleton (Figure 8B and Supplementary Table S6).
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FIGURE 6. GO and KEGG enrichment analysis of co-expressed genes of differentially expressed lncRNAs. (A) GO analysis of related gene of differential lncRNAs. BP, biological process; CC, cell composition; MF, molecular function. (B) Top 20 KEGG pathways of the related gene of differential lncRNAs. The x-axis indicates the number of unique sequences assigned to a specific pathway and the y-axis indicates the KEGG pathway. The size of the circle represents the number of genes enriched in the pathway. The darker the color, the more significant the enrichment.



[image: image]

FIGURE 7. Potential targets related to proteasome pathway of lnc_009053.
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FIGURE 8. GO and KEGG enrichment analysis of target genes of differential expressed lncRNAs. (A) GO analysis of related gene of differential lncRNAs. BP, biological process; CC, cell composition; MF, molecular function. (B) Top 20 KEGG pathways of related gene of differential lncRNAs. The x-axis indicates the number of unique sequences assigned to a specific pathway and the y-axis indicates the KEGG pathway. The size of the circle represents the number of genes enriched in the pathway. The darker the color, the more significant the enrichment.




DISCUSSION

LncRNAs are transcriptionally regulated and play a significant role in various biological activities, such as cell signaling, cell differentiation, transcriptional regulation, and epigenetics (Cao, 2014; Mathieu et al., 2014; Li, 2016). Based on the current understanding, lncRNAs are associated with the mammalian reproductive system (Wang et al., 2016; Sigurgeirsson et al., 2017; Chen et al., 2018; Zhang et al., 2018). Hence, our study identified and analyzed the lncRNAs in endometrial tissue of goat on 16-day pregnancy and corresponding cyclic controls by RNA-seq. From a total of 11,723 lncRNAs identified, 115 were differentially expressed. To the best of our knowledge, the present study is the first systematic assessment on the lncRNAs in goat endometrium. Furthermore, it is the first to identify differentially expressed mRNAs and lncRNAs between pregnant and cyclic endometrium.

In the study, the endometrial transcriptome of mRNAs and lncRNAs were provided. Pearson’s correlation among the samples in similar groups was between 0.851 and 0.921, revealing a reasonable sample selection. Based on the composition analysis and base quality, the GC content was 50.10–50.90% whereas the Q30 was 88.25–89.92%, thereby indicating that high-quality libraries were created and the quality of the sequencing was good. The sequencing results revealed that the identified lncRNAs in goat endometrium have similar features to those reported in previous studies (Stewart et al., 2001; Macklon et al., 2006; Pauli et al., 2012). Particularly, they were lower in exon number, shorter in average length, short in the average length of putative ORFs, and lower in expression level than protein-coding genes. In our study, we excluded the transcripts having protein-coding potential using three coding potential software (CNCI, CPC2, and Pfam-scan) (Mistry et al., 2007; Liang et al., 2013; Kang et al., 2017). It is worth mentioning that some novel lncRNAs are potential protein-coding mRNAs with unknown protein domains, especially for the novel lncRNAs having long putative ORF (≥500 nt).

LncRNAs rarely encode a protein and hence achieve their functions through regulation of target genes. Numerous studies have shown that the biological functions of lncRNAs can be predicted by assessing relevant genes via trans- and cis-regulation (Ding et al., 2018; Liu et al., 2018). Trans effect is defined as the interaction between lncRNAs and the co-expressing mRNAs, whereas cis, as the regulatory action of lncRNAs on genes located downstream or upstream. Given these definitions, 445 cis-target mRNAs were identified within 10 kb upstream and downstream of the differential lncRNAs, and 9153 trans-target mRNAs co-expressed with lncRNAs were obtained. These genes were further used for lncRNA functional annotation and enrichment analysis. Interestingly, numerous genes, which could play critical roles in goat endometrium during implantation, were co-located with DE lncRNAs (Table 2). For example, the LNC_007223 paired with LGALS15. Of note, LGALS15 is induced by progesterone and IFN-τ in LE/sGE and promotes conceptus implantation by regulating trophectoderm proliferation and adhesion during the implantation phase (Gray et al., 2004; Spencer et al., 2004a). The LNC_007223 co-located with LGALS15 may affect the LGALS15 expression and therefore, involved in the interaction between the conceptus and endometrium. Besides, LNC_005256 and LNC_010092 were co-located with CST3 and CST6, respectively. Both CST3 and CST6 are Cathepsins inhibitors, which are peptidases that can regulate endometrial and trophoblast invasion through degrading extracellular matrix and intracellular proteins (Afonso et al., 1997). However, the expression levels of CST6 and the co-located lncRNA (LNC_010092) in endometrium were significantly higher in P16 than those in C16. With tissue remodeling function, the higher expression of CST6 and LNC_010092 at the window of implantation further indicated their function in promoting embryo implantation. Moreover, many lncRNAs co-expressed with genes, which could play important roles in embryo implantation, were present. For instance, LNC_009053 matched 33 genes of proteasome via co-expression regulation, thus can regulate endometrium remolding by altering the expression of proteasomes.

GO and KEGG enrichment analyses were used to further analyze the function of differentially expressed lncRNAs. The GO analysis of DE lncRNAs (co-location genes) indicated that the terms about protein synthesis were the most significant GO terms, such as cysteine-type endopeptidase inhibitor activity, cellular protein complex assembly, protein polymerization, protein complex assembly, and protein complex biogenesis. Similar to cattle and other ruminants, goat implantation occurs as a protracted process. That is, the maternal recognition of pregnancy occurs at about 15–17 days of pregnancy. Subsequently, the adhesion of trophectoderm and endometrial epithelium occurs at 19–23 days of pregnancy. During this period, the developing conceptus undergoes dramatic morphological changes and migrates throughout the entire uterine lumen (Gnatek et al., 1989; Wango et al., 1990). To support conceptus survival, growth, and development, the maternal endometrium should synthesize a large amount of nutrients, such as amino acids, glucose, minerals, and enzymes, and secrete them into the uterine lumen as term histotroph (Gray et al., 2002; Bazer et al., 2012). The discussion above implies that the high activity of protein synthesis is necessary for embryo implantation. The KEGG enrichment analysis of DE lncRNAs (co-location genes) indicates that retinol metabolism is the most significant signal pathway. Retinol (alcohol form vitamin A), as an essential nutrient, plays vital roles in the developing notochord and nervous system and other embryonic structures, as well as in the maintenance of immune competence, epithelial surfaces, and reproduction (Rune and Heidi Kiil, 2010). As goats possess a long period of peri-implantation, large amount of nutrients, including vitamin A, must be provided by maternal endometrium to meet the rapid cellular growth for conceptuses development. Given the high degree of hydrophobicity, vitamin A needs the specific carrier protein (retinol-binding protein, RBP) to be solubilized and transported in the body fluids (Bellovino et al., 2003). Consistently, RBP is highly expressed in caprine endometrium during the peri-implantation period of pregnancy (Liu et al., 2003). Therefore, the co-location genes of the differentially expressed lncRNAs may be mainly related to the synthesis of amino acids, vitamin A, and other nutrients, which are necessary for the rapid development of the embryo. The GO and KEGG analyses of co-expression genes of differentially expressed lncRNAs indicated that three terms about proteasome were significantly enriched, including proteasome core complex, proteasome complex, and proteasome core complex, alpha-subunit complex. Furthermore, the pathway of the proteasome was the second significant signal pathway. As a result, these data proved that the co-expression genes of the differentially expressed lncRNAs could regulate endometrial remodeling by affecting the expression of genes of proteasomes. Previous studies have demonstrated that endometrial remodeling occurs during the implantation period and plays critical roles in trophoblast invasion and implantation (Forde et al., 2011; Bazer, 2013). Combining the functional analysis of co-expressed and co-localized genes of lncRNAs, we propose that differentially expressed lncRNAs may be mainly related to the nutrient synthesis and endometrial remodeling. Hence, the network analysis of co-location and co-expression is merely a speculation, and the results still require the support of experimental data.



CONCLUSION

In summary, we conducted genome-wide RNA-seq for goat endometrium on 16-day pregnancy or estrous cycle and identified mRNA and lncRNA expression profiles. Importantly, the genomic structures, differential expression, and target pathways of differentially expressed lncRNAs were elucidated. Functional annotations revealed that certain lncRNAs were related to key BPs and pathways associated with embryo implantation. However, further studies should focus on elucidating specific molecular mechanisms of the candidate lncRNAs in endometrial receptivity.
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