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Abstract

:

Simple Summary


In order to study the influence of RNA editing sites on lactation and mammary gland development process in yaks, we comprehensively characterized the RNA editome of the yak mammary gland during the lactation period and dry period by using the transcriptome and genome sequencing data. The results revealed 82,872 nonredundant RNA editing sites, 14,159 of which were differentially edited between the lactation period and dry period. Enrichment analysis showed that the genes harboring differential editing sites were mainly associated with mammary gland development-related pathways, such as MAPK pathway, PI3K-Akt pathway, FoxO signaling pathway, GnRH signaling pathway, and focal adhesion pathway. Our findings offer some novel insights into the RNA editing function in the mammary gland of yaks.




Abstract


The mammary gland is a complicated organ comprising several types of cells, and it undergoes extensive morphogenetic and metabolic changes during the female reproductive cycle. RNA editing is a posttranscriptional modification event occurring at the RNA nucleotide level, and it drives transcriptomic and proteomic diversities, with potential functional consequences. RNA editing in the mammary gland of yaks, however, remains poorly understood. Here, we used REDItools to identify RNA editing sites in mammary gland tissues in yaks during the lactation period (LP, n = 2) and dry period (DP, n = 3). Totally, 82,872 unique RNA editing sites were identified, most of which were detected in the noncoding regions with a low editing degree. In the coding regions (CDS), we detected 5235 editing sites, among which 1884 caused nonsynonymous amino acid changes. Of these RNA editing sites, 486 were found to generate novel possible miRNA target sites or interfere with the initial miRNA binding sites, indicating that RNA editing was related to gene regulation mediated by miRNA. A total of 14,159 RNA editing sites (involving 3238 common genes) showed a significant differential editing level in the LP when compared with that in the DP through Tukey’s Honest Significant Difference method (p < 0.05). According to the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, genes that showed different RNA editing levels mainly participated in pathways highly related to mammary gland development, including MAPK, PI3K-Akt, FoxO, and GnRH signaling pathways. Collectively, this work demonstrated for the first time the dynamic RNA editome profiles in the mammary gland of yaks and shed more light on the mechanism that regulates lactation together with mammary gland development.
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1. Introduction


RNA editing refers to a newly discovered mechanism that alters the RNA sequence itself without altering its genomic DNA (gDNA) through nucleotide deletion, insertion, and substitution [1]. These types of modifications may occur within the coding or noncoding regions, which result in transcriptome plasticity and diversity along with changing amino acid, impacting alternative splicing (AS), affecting RNA stability, and modulating the nuclear retention of RNAs [2,3]. There are two major RNA editing types in mammals, including adenosine-to-inosine (A-to-I) editing (most frequently seen in vertebrates) under the catalysis of adenosine deaminase acting on RNA (ADAR) proteins [4] and C-to-U RNA editing under the catalysis of cytidine deaminases belonging to the apolipoprotein B-editing catalytic polypeptide-like (APOBEC) family [5]. The advancement of computational methods has enabled elucidating many RNA editing sites in human and mouse [6]. More recently, a few studies have focused on the function of RNA editing in farm animals, such as cattle [7,8], pig [9,10], sheep [11], goat [12], and chicken [13,14].



Yak (Bos grunniens), a multipurpose livestock, is widely distributed in the Qinghai-Tibetan plateau and adjacent regions [15]. It not only provides meat, but also milk and wool. Yak milk is known as concentrated milk because of its superiority in terms of nutrient contents such as proteins, bioactive fatty acids, specific enzymes, antioxidant vitamins, and probiotic bacteria [16,17]. Yak milk and its corresponding milk products are an important component of the daily diet for local Tibetan residents, and they exert an important influence in maintaining the health of Tibetans following hypoxia. Given the significance of yak milk in high-altitude regions, several researchers are now focusing their attention on enhancing milk quality and yield.



The mammary gland is an endocrine organ related to milk production and delivery, and its function and physiology are substantially altered in pregnancy [18]. Next-generation sequencing (NGS) technique has enabled the identification of genes and noncoding RNAs related to lactogenesis, which provides new opportunities to discover the hidden mechanisms of milk synthesis and mammary gland development in yaks [19,20,21]. There is, however, no available information on how RNA editing sites affect the lactation regulation and mammary gland development of yaks. In the present study, we systematically characterized RNA editing profiles by whole-genome resequencing and strand-specific RNA sequencing (RNA-seq) information for the yak mammary gland in the lactation period (LP) and dry period (DP). This study also examined the potential functions of such RNA editing events in mammary gland development and offered novel insights in improving yak milk yield and quality.




2. Materials and Methods


2.1. Description of Datasets


For identifying RNA editing profiles in the yak mammary gland at the LP and DP, we retrieved five paired-end RNA-seq datasets from our prior work [21]. Total RNA was extracted using TRIzol reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol. After assessing the RNA quality, 3 µg of total RNA from each sample was used for RNA-seq library preparation. The libraries were developed from five female Ashidan yaks with no mastitis. Of these yaks, two were in the LP, and the remaining three were in the DP. Libraries were sequenced on the Illumina HiSeq 2500 platform. The sequencing data are available on the NCBI BioProject under accession number PRJNA626061.




2.2. Whole-Genome Sequencing


We extracted gDNA from the yak blood specimen that had the same genetic background as the RNA-seq samples. All the animal experiments were performed in accordance with the guidelines of the Animal Administration and Ethics Committee of Lanzhou Institute of Husbandry and Pharmaceutical Sciences of CAAS (Approval No. SYXK-2014-0002). The MGIEasy Universal DNA Library Prep Kit (MGI, Shenzhen, China) was adopted for constructing DNA libraries in accordance with the BGI’s standard preparation protocol. We sequenced the library as 150 base-pair (bp) paired-end runs by using MGISEQ2000 (MGI, Shenzhen, China) at Frasergen Bioinformatics Co., Ltd. (Wuhan, China).




2.3. Read Mapping


After removing ploy-N, low-quality bases, and contaminating adapter molecules from the raw data, we aligned DNA clean reads to the domestic yak genome sequence (LU_ Bosgru_v3.0) by BWA (v0.7.17) [22]. Samtools 1.3 [23] was used to sort mapped reads, and duplicate reads were eliminated MarkDuplicate (Picard tools 2.13.2, https://broadinstitute.github.io/picard, (accessed on 30 October 2017). Additionally, we used Hisat2 (v2.1.0) [24] to map RNA-seq clean reads into reference genomes by adopting the default parameters. Samtools 1.3 [23] was used to sort the reads and convert them to the BAM format.




2.4. Detection and Annotation of RNA Editing Sites


The REDItoolDnaRna.py script (REDItools) [25] was used to detect RNA editing events. To ensure the accurate identification of editing sites, we used the below-mentioned parameters for limiting false positives: -c 10 (minimum read coverage, 10), -m 25 (minimum mapping quality score, 25), -q 25 (minimum quality score, 25), -O 5 (minimum homopolymeric length, 5), -n 0.05 (minimum editing frequency, 0.05), and -v 3 (minimum number of reads supporting the variation, 3) [26]. Finally, we retained the edited sites that were identified in at least two of the five individuals. SnpEff version 4.3 [27] was used to annotate the genomic feature of RNA editing sites. During annotation analysis, the SnpEff database was constructed using the domestic yak reference genome (LU_ Bosgru_v3.0) and corresponding genome annotation GFF3 file.




2.5. Conservation Analysis of RNA Editing Sites


For conservation analysis, we aligned the 25-bp sequence in upstream and downstream of candidate RNA editing sites against 50-bp flanking regions of the reported human sites by employing the NCBI BLAST tools blastn. We deemed alignments with e-values < 1 × 10−5 and identity more than 85% to be the conserved editing sites. This study obtained known human RNA editing sites based on REDIportal (http://srv00.recas.ba.infn.it/atlas/, (accessed on 23 March 2021) databases [28]. We used a total of 4,627,557 human A-to-I editing sites.




2.6. Analysis of the RNA Editing Effects on miRNA Regulation


Regarding the editing sites in mRNA 3′ untranslated regions (UTRs), we adopted RNAhybrid (-b 1 -c -f 2,8 -m 100,000 -u 1 -v 1 -e -10) [29] and miRanda (sc 140 -en -10 -scale 4 -strict) [30] for predicting miRNA target sites in edited and unedited sequences. Interaction of miRNA with mRNA existing in the edited type sequences but not in the unedited type sequence was considered as interaction gain. In contrast, the miRNA–mRNA interaction that existed in the unedited type sequence but not in the edited type sequence was considered as interaction loss.




2.7. Pairwise Comparison of RNA Editing Sites between the Groups


In order to illustrate RNA editing sites related to lactation and mammary gland growth at the genome-wide scale, we used Tukey’s Honest Significant Difference method to identify RNA-edited sites as significantly different (p < 0.05) between the LP and DP.




2.8. Functional Analysis


G:Profile web tool [31] was used for Gene Ontology (GO) analysis. In addition, KOBAS 3.0 software [32] was used for Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis through the hypergeometric test. We then deemed pathways with FDR < 0.05 to be significantly enriched.





3. Results


3.1. Identification of RNA Editing Sites in the Mammary Gland


To detect genome-wide RNA editing sites in the yak mammary gland, a set of strand-specific RNA-seq data from five female yaks was obtained from our previous study. After filtering low-quality reads and adapter sequences, more than 20 GB of raw bases were obtained in each sample. By applying a strict filter for excluding false positives, we discovered a total of 82,872 specific RNA editing sites among the samples (Table S1). A wide and uniform distribution of the identified RNA editing sites was observed among yak chromosomes, with chromosome 1 containing the most number of RNA editing sites, followed by chromosome 9 and chromosome 3 (Figure 1). The number of RNA editing sites varied between the LP and DP. Totally, 45,808 RNA editing sites were shared by the LP and DP, 8922 RNA editing sites were found only in the LP, and 28,142 RNA editing sites were found only in the DP (Figure 2a).




3.2. Characterization of RNA Editing Sites in the Mammary Gland


Totally, 12 RNA editing types were detected, which included A-to-G, A-to-C, A-to-T, C-to-A, C-to-G, C-to-T, G-to-A, G-to-C, G-to-T, T-to-A, T-to-C, and T-to-G (Figure 2). Among all the editing types, 66.51% were of the canonical type (A-to-I and C-to-T) (Figure 2b). We further checked flanking sequences of the A-to-G editing sites and determined the sequence preference of the A-to-G editing site. Our results showed that the one nucleotide upstream of the editing site presented depleted G, while the one nucleotide downstream showed enriched G (Figure 2c). These findings were consistent with the known mammalian ADAR substrates for preferred target sequences [33,34].




3.3. Distribution of RNA Editing Sites across Different Genomic Regions


As shown in Figure 2d, the number of RNA editing sites varied among the different genomic regions. Most sites were detected within introns (61.96%), followed by intergenic region (29.22%). Of these, the RNA editing sites located in the intergenic region were near annotated genes, and some sites may be extended 5′ UTRs or 3′ UTRs. Moreover, we detected 5235 (6.32%) editing sites in the coding regions (CDS), while 63.82% and 36.18% editing sites were synonymous and nonsynonymous variants, respectively. Among the detected editing sites, 58,441 editing sites were located within the 6622 annotated genes and were used for further analysis (Table S2).




3.4. Effects of RNA Editing Sites on miRNA–mRNA Interactions


Similar to miRNA binding site single nucleotide polymorphisms (SNPs), RNA editing sites within miRNA binding sites may influence the recognition between miRNA and target mRNA. Around 1.63% of the RNA editing sites were located within 3′ UTR, which included 486 sites that were predicted to change miRNA binding capacity. Among these 486 RNA editing sites, 294 produced 449 novel possible miRNA binding sites, and 237 destroyed 363 miRNA target sites (Table S3). This study discovered 348 affected target genes (Figure 3a). To analyze the functions of the impacted target genes, we conducted GO and KEGG analyses. In the GO analysis, the affected target genes were mainly enriched in 13 terms (Table S4). According to KEGG pathway analysis, the impacted target genes were mainly involved in glycerolipid metabolism, metabolic pathways, adherens junction, sphingolipid metabolism, and apoptosis (Figure 3b).




3.5. Cross-Species Analysis between Yak and Human


To examine the conservation of RNA editing sites in human and yak, this study performed cross-species comparison by conducting BLAST analysis. When strict thresholds were applied to the results (identity >85%, e-value < 1 × 10−5), 74 conserved RNA editing sites were identified in 36 genes (Table S5). Some of the edited genes of yaks are homologous to human genes, such as SON DNA binding protein (SON), forkhead box O3 (FOXO3), ArfGAP With RhoGAP domain, ankyrin repeat and PH domain 1 (ARAP1), Nei-like DNA glycosylase 1 (NEIL1), THO complex 1 (THOC1), H2A clustered histone 20 (H2AC20), chromatin target Of PRMT1 (CHTOP), cyclin-dependent kinase 13 (CDK13), and insulin-like growth factor binding protein 7 (IGFBP7). Of these, editing sites in SON, NEIL1, CDK13, and IGFBP7 genes may lead to missense mutations.




3.6. Distribution of RNA Editing Sites among Different Physiological Stages


Surprisingly, the number of RNA editing sites was obviously different among diverse samples, but the average editing level of detected sites was similar (mean level, 0.19–0.28) (Figure 4a). On the basis of hierarchical clustering, fewer heterogeneities in editing levels were detected in intra-group than in inter-group (Figure 4b), indicating that the transcriptome-wide RNA editing level could be used to characterize the physiological changes in the mammary gland. We identified differentially edited sites between the LP and DP by using Tukey’s Honest Significant Difference method. A total of 14,159 sites in 3238 genes was differentially edited between the LP and DP (p < 0.05) (Table S6). The GO analysis showed that genes with differential editing levels were remarkably enriched into 1256 terms (Table S7). In the biological process (BP) category, the most significantly enriched terms were positive regulation of cellular process, positive regulation of biological process, and cellular protein modification process. In the molecular function (MF) category, the most significantly enriched terms were protein binding, enzyme binding, and nucleoside-triphosphatase regulator activity. In the cellular component (CC) category, intracellular anatomical structure, intracellular membrane-bounded organelle, and cytoplasm were the most significantly enriched terms (Figure 5a). As suggested by the KEGG analysis, genes with differential editing levels were enriched in 124 pathways, including focal adhesion pathway, MAPK signaling pathway, PI3K-Akt signaling pathway, GnRH signaling pathway, and FoxO signaling pathway (Figure 5b; Table S8).





4. Discussion


RNA editing is an important source of molecular diversity that increases transcript flexibility and diversity by altering specific nucleotides within RNA posttranscriptionally. With the rapid development and application of NGS technologies, numerous RNA editing sites have been characterized in the genome of diverse animal species. To date, the role of RNA editing in the development of the mammary gland is ambiguous. In the present study, we comprehensively identified the genome-wide RNA editing events in the yak mammary gland.



In this study, we identified 82,872 editing sites in yak mammary tissues at the LP and DP. Notably, the number of editing sites was significantly different between the LP and DP. Compared to the LP, a higher number of editing sites was identified in the DP, which indicated higher RNA editing activity. Twelve types of RNA editing were detected, among which the proportion of A-to-G was the highest. Among all the RNA editing types, A-to-G and C-to-T were identified to be the canonical RNA editing events, whereas the remaining RNA editing types were the non-canonical ones [35]. The A-to-G RNA editing event in double-stranded RNA (dsRNA), mediated by the ADAR (adenosine deaminase acting on RNA) family of enzymes, is regarded as the most common type of frequent editing event in mammals [4]. Additionally, a high proportion of the A-to-G editing type suggests the high accuracy of our results.



Consistent with previous studies on cattle and pig [7,10], our data revealed that the majority of RNA editing sites were located in the intron and intergenic region, suggesting RNA editing may modulate alternative splicing and nuclear retention. Moreover, intron and intergenic RNA editing sites are also assumed to influence the secondary structures of long noncoding RNA (lncRNA) [36]. As lncRNAs from the yak reference genome are incompletely annotated, the present study did not investigate how RNA editing sites affected the secondary structures of lncRNAs; this is our future research direction.



Annotation of the edited genes with missense mutations in the mammary gland revealed that some of the genes were associated with mammary gland development and milk traits. For instance, BRCA1 DNA repair associated (BRCA1), a breast cancer susceptibility gene, is involved in lobular-alveolar development in the mammary gland [37,38]. Lactotransferrin (LTF) encodes a major iron-binding protein in milk, which has both bacteriostatic and bactericidal activity [39]. Polymorphism in this gene is associated with milk performance traits of Holstein cattle [40]. Nuclear receptor-interacting protein 1 (NRIP1), also known as RIP140, is a co-regulator for transcription factors that regulate mouse mammary gland development [41]. Therefore, these missense editing sites may play important roles in yak lactation and mammary gland development. In addition to missense editing sites, many RNA editing sites detected in the present study were discovered in 3′ UTRs in diverse transcripts, which can modulate mRNA availability and translation efficiency by creating novel potential miRNA binding sites and disrupting the existing miRNA binding sites. According to the GO and KEGG analysis, such target genes were enriched in some critical pathways associated with lactation biology, such as glycerolipid metabolism [42], sphingolipid metabolism [43], and apoptosis [44]. Based on these results, RNA editing sites within 3′ UTRs exert cis-regulatory impact on gene expression by influencing mRNA degradation and stabilization.



In this study, we found 74 conserved sites in 36 genes, which were reported in human RNA from REDIportal databases. Similar to the previous result [10], the level of overlap between editing sites identified in this study and the reported human editing sites was low, which indicated that only a few RNA editing sites are conserved across large evolutionary distances. Some of the conserved edited genes of yaks are homologous to human genes, such as SON, NEIL1, FOXO3, CDK13, and IGFBP7. Although most of the functional alterations resulting from these editing sites are unknown, the conservation of these sites indicates that their functions are important among mammals.



Our genome-wide differential RNA editing analyses yielded a set of 14,159 sites that were significantly differentially edited between the LP and DP. The KEGG analysis showed that the genes with differential editing level were enriched in some critical pathways related to lactation and the mammary gland, which included focal adhesion pathway, MAPK signaling pathway, PI3K-Akt signaling pathway, FoxO signaling pathway, GnRH signaling pathway, and ECM-receptor interaction pathway. Among these, the PI3K-Akt pathway exerts a key role during mammary gland development [45]. Insulin-like growth factor 1 (IGF1) is an amplification factor of the PI3K/AKT pathway, which is considered the regulatory factor for mammary gland growth. IGF1 overexpression has been previously shown in pregnant or lactating mice, which leads to delayed mammary epithelial cell apoptosis in the declining phase of lactation [46]. Furthermore, in Polish Holstein Friesian cows, polymorphism of the IGF1 gene is associated with milk fat and protein yields [47]. The MAPK signaling pathway is involved in mammary branching morphogenesis, which has influence on mammary gland development [48]. Do et al. investigated the expression profiles of miRNAs in bovine milk fat during the entire lactation curve, and the results revealed that some target genes of differentially expressed miRNAs were significantly enriched in the MAPK signaling pathway [49]. Wang et al. found the MAPK signaling pathway was enriched by target genes of up-regulated miRNAs in the non-lactating mammary gland of ewes [50]. Additionally, target genes of exosomal miRNAs in pigeon milk were found to involve the MAPK signaling pathway [51]. Interestingly, Mitogen-activated protein kinase 1 (MAPK1) was differentially edited between the LP and DP. This gene belongs to the MAPK signaling pathway, which was reported to affect the production of milk protein in mammary epithelial cells of dairy cows [52]. Insulin-induced gene 1 (INSIG1), an endoplasmic reticulum membrane protein, has an important function in regulating lipid synthesis [53]. In goat mammary epithelial cells, miR-26a and miR-26b regulate triacylglycerol accumulation and unsaturated fatty acid synthesis by binding to INSIG1 [54]. Signal transducer and activator of transcription 3 (STAT3) belongs to the STAT protein family and participate in the mouse mammary epithelial cell apoptosis [55]. Co-expression network and pathway analysis revealed significant correlations between miR-18a and lactose content in cow’s milk [56]. It is reported that STAT3 might transcriptionally activate miR-18a and other members of miR-17/92 expression by binding to their promoter [57]. STAT3 is predicted to be a target of differentially expressed miRNAs in the mammary gland tissue of dairy goats at different developmental stages [58]. Fibroblast growth factor 10 (FGF10) regulates mammary gland development and homeostasis by acting through the fibroblast growth factor receptor 2B (FGFR2B) [59]. These observations suggest that RNA editing could be closely related to mammary development and lactation physiology. Although these RNA editing sites require further experimental validation, this information suggests that RNA editing is one of the potential mechanisms that could be used as the basis for quantitative locus (QTL) analysis of milk traits.




5. Conclusions


To the best of our knowledge, the present study is the first to detect RNA editing sites in the mammary gland of yaks. We comprehensively analyzed the landscape of RNA editing in the yak mammary gland in the LP and DP. On the basis of these findings, some genes containing the functional edited sites were found to be associated with mammary growth and lactation biology. Most importantly, these findings offer new insights into the mechanism underlying yak mammary gland development at the molecular level and enlarge the yak RNA editing site list.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ani12020207/s1. Table S1: List of the identified RNA editing sites in mammary gland of yak. Table S2: Features of all the identified RNA editing sites. Table S3: List of RNA editing sites that altered miRNA binding capacity. Table S4: GO enrichment of genes with modified miRNA binding sites. Table S5: List of conserved RNA editing between yak and human. Table S6: List of differentially edited RNA editing sites between the LP and DP. Table S7: GO enrichment of genes with differential editing levels. Table S8: KEGG enrichment of genes with differential editing levels.





Author Contributions


Conceptualization, P.Y. and X.G.; methodology, X.W. and W.A.; data curation, M.C. and J.P.; formal analysis, C.L. and J.P.; resources, P.B.; writing—original draft, X.W. and W.A.; writing—review and editing, P.Y. and X.G.; funding acquisition, P.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Agricultural Science and Technology Innovation Program (25-LZIHPS-01), China Agriculture Research System of MOF and MARA (CARS-37), Gansu Province Science Foundation for Youths (20JR5RA576), Key Research and Development Programs of Science and Technology, Project of Gansu Province (20YF8WA031), and Foundation for Innovation, Groups of Basic Research in Gansu Province (20JR5RA580).




Institutional Review Board Statement


The study was conducted according to the Animal Administration and Ethics Committee of Lanzhou Institute of Husbandry and Pharmaceutical Sciences of CAAS (Permit No. SYXK-2014-0002).




Data Availability Statement


Transcriptomic data (SRA; PRJNA626061) from our previous study were used in in this study. The detailed information was described in the main text.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Farajollahi, S.; Maas, S. Molecular diversity through RNA editing: A balancing act. Trends Genet. 2010, 26, 221–230. [Google Scholar] [CrossRef]

	



Teoh, P.J.; Koh, M.Y.; Chng, W.J. ADARs, RNA editing and more in hematological malignancies. Leukemia 2020, 35, 346–359. [Google Scholar] [CrossRef]

	



Hans, J.; Hajduk, S.L.; Madison-Antenucci, S. RNA-editing-associated protein 1 null mutant reveals link to mitochondrial RNA stability. RNA 2007, 13, 881–889. [Google Scholar] [CrossRef]

	



Nishikura, K. A-to-I editing of coding and non-coding RNAs by ADARs. Nat. Rev. Mol. Cell Biol. 2016, 17, 83–96. [Google Scholar] [CrossRef]

	



Salter, J.D.; Bennett, R.P.; Smith, H.C. The APOBEC Protein Family: United by Structure, Divergent in Function. Trends Biochem. Sci. 2016, 41, 578–594. [Google Scholar] [CrossRef] [PubMed]

	



Tan, M.H.; Li, Q.; Shanmugam, R.; Piskol, R.; Kohler, J.; Young, A.N.; Liu, K.I.; Zhang, R.; Ramaswami, G.; Ariyoshi, K.; et al. Dynamic landscape and regulation of RNA editing in mammals. Nature 2017, 550, 249–254. [Google Scholar] [CrossRef] [PubMed]

	



Bakhtiarizadeh, M.R.; Salehi, A.; Rivera, R.M. Genome-wide identification and analysis of A-to-I RNA editing events in bovine by transcriptome sequencing. PLoS ONE 2018, 13, e193316. [Google Scholar] [CrossRef] [PubMed]

	



Cai, W.; Shi, L.; Cao, M.; Shen, D.; Li, J.; Zhang, S.; Song, J. Pan-RNA editing analysis of the bovine genome. RNA Biol. 2021, 18, 368–381. [Google Scholar] [CrossRef] [PubMed]

	



Funkhouser, S.A.; Steibel, J.P.; Bates, R.O.; Raney, N.E.; Schenk, D.; Ernst, C.W. Evidence for transcriptome-wide RNA editing among Sus scrofa PRE-1 SINE elements. BMC Genom. 2017, 18, 360. [Google Scholar] [CrossRef]

	



Yang, Y.; Zhu, M.; Fan, X.; Yao, Y.; Yan, J.; Tang, Y.; Liu, S.; Li, K.; Tang, Z. Developmental atlas of the RNA editome in Sus scrofa skeletal muscle. DNA Res. 2019, 26, 261–272. [Google Scholar] [CrossRef]

	



Zhang, Y.; Han, D.; Dong, X.; Wang, J.; Chen, J.; Yao, Y.; Darwish, H.Y.A.; Liu, W.; Deng, X. Genome-wide profiling of RNA editing sites in sheep. J. Anim. Sci. Biotechnol. 2019, 10, 31. [Google Scholar] [CrossRef]

	



Yang, L.; Li, L.; Kyei, B.; Guo, J.; Zhan, S.; Zhao, W.; Song, Y.; Zhong, T.; Wang, L.; Xu, L.; et al. Systematic analyses reveal RNA editing events involved in skeletal muscle development of goat (Capra hircus). Funct. Integr. Genom. 2020, 20, 633–643. [Google Scholar] [CrossRef] [PubMed]

	



Frésard, L.; Leroux, S.; Roux, P.F.; Klopp, C.; Fabre, S.; Esquerré, D.; Dehais, P.; Djari, A.; Gourichon, D.; Lagarrigue, S.; et al. Genome-wide characterization of RNA editing in chicken embryos reveals common features among vertebrates. PLoS ONE 2015, 10, e126776. [Google Scholar] [CrossRef]

	



Shafiei, H.; Bakhtiarizadeh, M.R.; Salehi, A. Large-scale potential RNA editing profiling in different adult chicken tissues. Anim. Genet. 2019, 50, 460–474. [Google Scholar] [CrossRef] [PubMed]

	



Wiener, G.; Han, J.; Long, R. The Yak, 2nd ed.; FAO Regional Office for Asia and the Pacific: Bangkok, Thailand, 2003; pp. 1–2. [Google Scholar]

	



Ding, L.; Wang, Y.; Kreuzer, M.; Guo, X.; Mi, J.; Gou, Y.; Shang, Z.; Zhang, Y.; Zhou, J.; Wang, H.; et al. Seasonal variations in the fatty acid profile of milk from yaks grazing on the Qinghai-Tibetan plateau. J. Dairy Res. 2013, 80, 410–417. [Google Scholar] [CrossRef]

	



Guo, X.; Long, R.; Kreuzer, M.; Ding, L.; Shang, Z.; Zhang, Y.; Yang, Y.; Cui, G. Importance of Functional Ingredients in Yak Milk-Derived Food on Health of Tibetan Nomads Living Under High-Altitude Stress: A Review. Crit. Rev. Food Sci. Nutr. 2013, 54, 292–302. [Google Scholar] [CrossRef]

	



Hurley, W. Mammary Gland Function During Involution. J. Dairy Sci. 1989, 72, 1637–1646. [Google Scholar] [CrossRef]

	



Wu, J.; He, S.; Yu, Z.; Lan, D.; Xiong, X.; Li, Z. Transcriptomic study of yak mammary gland tissue during lactation. Anim. Biotechnol. 2020, 31, 1–8. [Google Scholar] [CrossRef]

	



Fan, J.; Luo, Y.; Yu, S.; Cui, Y.; Xu, G.; Wang, L.; Pan, Y.; Honghong, H. Transcriptional profiling of two different physiological states of the yak mammary gland using RNA sequencing. PLoS ONE 2018, 13, e201628. [Google Scholar]

	



Wu, X.; Zhou, X.; Xiong, L.; Pei, J.; Yao, X.; Liang, C.; Bao, P.; Chu, M.; Guo, X.; Yan, P. Transcriptome Analysis Reveals the Potential Role of Long Non-coding RNAs in Mammary Gland of Yak during Lactation and Dry Period. Front. Cell Dev. Biol. 2020, 8, 579708. [Google Scholar] [CrossRef]

	



Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics 2009, 25, 1754–1760. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [Google Scholar] [CrossRef]

	



Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357–360. [Google Scholar] [CrossRef]

	



Picardi, E.; Pesole, G. REDItools: High-throughput RNA editing detection made easy. Bioinformatics 2013, 29, 1813–1814. [Google Scholar] [CrossRef] [PubMed]

	



Picardi, E.; D’Erchia, A.M.; Montalvo, A.; Pesole, G. Using REDItools to Detect RNA Editing Events in NGS Datasets. Curr. Protoc. Bioinform. 2015, 49, 12.12.1–12.12.15. [Google Scholar] [CrossRef]

	



Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin) 2012, 6, 80–92. [Google Scholar] [CrossRef]

	



Picardi, E.; D’Erchia, A.M.; Lo, G.C.; Pesole, G. REDIportal: A comprehensive database of A-to-I RNA editing events in hu-mans. Nucleic Acids Res. 2017, 45, D750–D757. [Google Scholar] [CrossRef]

	



Mcgeary, S.E.; Lin, K.S.; Shi, C.Y.; Pham, T.M.; Bisaria, N.; Kelley, G.M.; Bartel, D.P. The biochemical basis of microRNA tar-geting efficacy. Science 2019, 366, eaav1741. [Google Scholar] [CrossRef] [PubMed]

	



John, B.; Enright, A.; Aravin, A.A.; Tuschl, T.; Sander, C.; Marks, D.S. Human MicroRNA Targets. PLoS Biol. 2004, 2, e363. [Google Scholar] [CrossRef] [PubMed]

	



Raudvere, U.; Kolberg, L.; Kuzmin, I.; Arak, T.; Adler, P.; Peterson, H.; Vilo, J. g:Profiler: A web server for functional enrich-ment analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 2019, 47, W191–W198. [Google Scholar] [CrossRef]

	



Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L. KOBAS 2.0: A web server for anno-tation and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [Google Scholar] [CrossRef]

	



Chen, J.-Y.; Peng, Z.; Zhang, R.; Yang, X.-Z.; Tan, B.; Fang, H.; Liu, C.-J.; Shi, M.; Ye, Z.-Q.; Zhang, Y.E.; et al. RNA Editome in Rhesus Macaque Shaped by Purifying Selection. PLoS Genet. 2014, 10, e1004274. [Google Scholar] [CrossRef]

	



Carmi, S.; Borukhov, I.; Levanon, E. Identification of Widespread Ultra-Edited Human RNAs. PLoS Genet. 2011, 7, e1002317. [Google Scholar] [CrossRef]

	



Gu, T.; Buaas, F.W.; Simons, A.K.; Ackert-Bicknell, C.; Braun, R.E.; Hibbs, M.A. Canonical A-to-I and C-to-U RNA Editing Is Enriched at 3′UTRs and microRNA Target Sites in Multiple Mouse Tissues. PLoS ONE 2012, 7, e33720. [Google Scholar] [CrossRef]

	



Gong, J.; Liu, C.-J.; Liu, W.; Xiang, Y.; Diao, L.; Guo, A.-Y.; Han, L. LNCediting: A database for functional effects of RNA editing in lncRNAs. Nucleic Acids Res. 2017, 45, D79–D84. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Wagner, K.-U.; Larson, D.; Weaver, Z.; Li, C.; Ried, T.; Hennighausen, L.; Wynshaw-Boris, A.; Deng, C.-X. Conditional mutation of Brca1 in mammary epithelial cells results in blunted ductal morphogenesis and tumour formation. Nat. Genet. 1999, 22, 37–43. [Google Scholar] [CrossRef]

	



Smart, C.E.; Wronski, A.; French, J.D.; Edwards, S.; Asselin-Labat, M.-L.; Waddell, N.; Peters, K.; Brewster, B.L.; Brooks, K.; Simpson, K.; et al. Analysis of Brca1-deficient mouse mammary glands reveals reciprocal regulation of Brca1 and c-kit. Oncogene 2010, 30, 1597–1607. [Google Scholar] [CrossRef]

	



Valenti, P.; Berlutti, F.; Conte, M.P.; Longhi, C.; Seganti, L. Lactoferrin functions: Current status and perspectives. J. Clin. Gastroenterol. 2004, 38, S127–S129. [Google Scholar] [CrossRef]

	



El-Domany, W.B.; Radwan, H.A.; Ateya, A.I.; Ramadan, H.H.; Marghani, B.H.; Nasr, S.M. Genetic Polymorphisms in LTF/EcoRI and TLR4/AluI loci as candidates for milk and reproductive performance assessment in Holstein cattle. Reprod. Domest. Anim. 2019, 54, 678–686. [Google Scholar] [CrossRef] [PubMed]

	



Nautiyal, J.; Steel, J.H.; Mane, M.R.; Oduwole, O.; Poliandri, A.; Alexi, X.; Wood, N.; Poutanen, M.; Zwart, W.; Stingl, J.; et al. The transcriptional co-factor RIP140 regulates mammary gland development by promoting the generation of key mitogenic signals. Development 2013, 140, 1079–1089. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.-Z.; Shi, K.; Wu, X.-H.; Xue, M.-Y.; Wei, Z.-H.; Liu, J.-X.; Liu, H.-Y. Lactation-related metabolic mechanism investigated based on mammary gland metabolomics and 4 biofluids’ metabolomics relationships in dairy cows. BMC Genom. 2017, 18, 936. [Google Scholar] [CrossRef]

	



He, L.; Liu, Y.; Long, J.; Zhou, X.; Zeng, S.; Li, T.; Yin, Y. Maternal serine supply from late pregnancy to lactation improves offspring performance through modulation of metabolic pathways. Food Funct. 2020, 11, 8089–8098. [Google Scholar] [CrossRef]

	



Do, D.; Bissonnette, N.; Lacasse, P.; Miglior, F.; Sargolzaei, M.; Zhao, X.; Ibeagha-Awemu, E. Genome-wide association analysis and pathways enrichment for lactation persistency in Canadian Holstein cattle. J. Dairy Sci. 2017, 100, 1955–1970. [Google Scholar] [CrossRef]

	



Schmidt, J.W.; Wehde, B.L.; Sakamoto, K.; Triplett, A.A.; Anderson, S.M.; Tsichlis, P.N.; Leone, G.; Wagner, K.U. Stat5 regulates the phosphatidylinositol 3-kinase/Akt1 pathway during mammary gland development and tumorigenesis. Mol. Cell. Biol. 2014, 34, 1363–1377. [Google Scholar] [CrossRef]

	



Hadsell, D.; Bonnette, S.; Lee, A. Genetic Manipulation of the IGF-I Axis to Regulate Mammary Gland Development and Function. J. Dairy Sci. 2002, 85, 365–377. [Google Scholar] [CrossRef]

	



Szewczuk, M.; Zych, S.; Czerniawska-Pia¸tkowska, E. Association between IGF1/TasI polymorphism and milk traits of Polish HolsteinFriesian cows. Arch. Anim. Breed. 2011, 54, 10–17. [Google Scholar] [CrossRef]

	



Huebner, R.J.; Neumann, N.; Ewald, A.J. Mammary epithelial tubes elongate through MAPK-dependent coordination of cell migration. Development 2016, 143, 983–993. [Google Scholar] [CrossRef]

	



Do, D.N.; Li, R.; Dudemaine, P.L.; Ibeagha-Awemu, E.M. MicroRNA roles in signalling during lactation: An insight from differential expression, time course and pathway analyses of deep sequence data. Sci. Rep. 2017, 7, 44605. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Hao, Z.; Hu, J.; Liu, X.; Li, S.; Shen, J.; Song, Y.; Ke, N.; Luo, Y. Small RNA deep sequencing reveals the expressions of microRNAs in ovine mammary gland development at peak-lactation and during the non-lactating period. Genomics 2020, 113, 637–646. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Feng, S.; Wang, X.; Qazi, I.H.; Long, K.; Luo, Y.; Li, G.; Ning, C.; Wang, Y.; Hu, S.; et al. Exploration of exosomal mi-croRNA expression profiles in pigeon ‘Milk’ during the lactation period. BMC Genom. 2018, 19, 828. [Google Scholar] [CrossRef]

	



Lü, L.-M.; Li, Q.-Z.; Huang, J.-G.; Gao, X.-J. Proteomic and Functional Analyses Reveal MAPK1 Regulates Milk Protein Synthesis. Molecules 2012, 18, 263–275. [Google Scholar] [CrossRef]

	



Feramisco, J.D.; Goldstein, J.L.; Brown, M.S. Membrane Topology of Human Insig-1, a Protein Regulator of Lipid Synthesis. J. Biol. Chem. 2004, 279, 8487–8496. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Luo, J.; Zhang, T.; Tian, H.; Ma, Y.; Xu, H.; Yao, D.; Loor, J.J. MicroRNA-26a/b and their host genes synergistically regulate triacylglycerol synthesis by targeting the INSIG1 gene. RNA Biol. 2016, 13, 500–510. [Google Scholar] [CrossRef]

	



Chapman, R.S.; Lourenco, P.C.; Tonner, E.; Flint, D.J.; Selbert, S.; Takeda, K.; Akira, S.; Clarke, A.R.; Watson, C.J. Suppression of epithelial apoptosis and delayed mammary gland involution in mice with a conditional knockout of Stat3. Genes Dev. 1999, 13, 2604–2616. [Google Scholar] [CrossRef] [PubMed]

	



Do, D.N.; Dudemaine, P.-L.; Li, R.; Ibeagha-Awemu, E.M. Co-Expression Network and Pathway Analyses Reveal Important Modules of miRNAs Regulating Milk Yield and Component Traits. Int. J. Mol. Sci. 2017, 18, 1560. [Google Scholar] [CrossRef] [PubMed]

	



Brock, M.; Trenkmann, M.; Gay, R.E.; Michel, B.A.; Gay, S.; Fischler, M.; Ulrich, S.; Speich, R.; Huber, L.C. Interleukin-6 modulates the expression of the bone morphogenic protein receptor type II through a novel STAT3-microRNA cluster 17/92 pathway. Circ. Res. 2009, 104, 1184–1191. [Google Scholar] [CrossRef]

	



Xuan, R.; Chao, T.; Wang, A.; Zhang, F.; Sun, P.; Liu, S.; Guo, M.; Wang, G.; Ji, Z.; Wang, J.; et al. Characterization of mi-croRNA profiles in the mammary gland tissue of dairy goats at the late lactation, dry period and late gestation stages. PLoS ONE 2020, 15, e234427. [Google Scholar] [CrossRef]

	



Rivetti, S.; Chen, C.; Chen, C.; Bellusci, S. Fgf10/Fgfr2b signaling in mammary gland development, homeostasis, and cancer. Front Cell Dev. Biol. 2020, 8, 415. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 12 00207 g001 550] 





Figure 1. Distribution of putative RNA editing sites across yak chromosomes. 
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Figure 2. Signatures of the editome in the mammary gland. (a) Number of shared editing sites between LP and DP. (b) Distribution of RNA editing types. (c) A-to-G RNA editing motif. (d) Distribution of the identified RNA editing sites across different genomic locations. 
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Figure 3. The influence of RNA editing sites on miRNA regulation. (a) Overall statistics of the RNA editing sites that altered miRNA binding capacity. The altered interactions are marked with red boxes. (b) KEGG enrichment analysis of genes with modified miRNA binding sites. Rich Factor is the ratio of differentially edited gene numbers annotated in this pathway term to all gene numbers annotated in this pathway term. 
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Figure 4. Features of RNA editing levels within and between groups. (a) The violin plot of editing levels across samples. (b) Hierarchical clustering of RNA editing levels across five samples. 
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Figure 5. GO and KEGG enrichment of genes with differential editing levels. (a) Top30 GO enrichment terms. (b) Top30 KEGG pathway enrichment terms. 
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