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Milk fat is not only a key factor affecting the quality of fresh milk but also a major target trait forbreeding. The regulation of milk fat involves multiple genes, network regulation and signal transduction. To explore recent discoveries of pathway regulation, we reviewed the published literature with a focus on functional noncoding RNAs and epigenetic regulation in ruminants. Results indicate that miRNAs play key roles in the regulation of milk fat synthesis and catabolism in ruminants. Although few data are available, merging evidence indicates that lncRNAs and circRNAs act on milk fat related genes through indirect action with microRNAs or RNAs in the ceRNA network to elicit positive effects on transcription. Although precise regulatory mechanisms remain unclear, most studies have focused on the regulation of the function of target genes through functional noncoding RNAs. Data to help identify factors that can regulate their own expression and function or to determine whether self-regulation involves positive and/or negative feedback are needed. Despite the growing body of research on the role of functional noncoding RNA in the control of ruminant milk fat, most data are still not translatable for field applications. Overall, the understanding of mechanisms whereby miRNA, lncRNA, circRNA, and ceRNA regulate ruminant milk fat remains an exciting area of research.
Keywords: miRNA, lncRNA, circRNA, ceRNA mechanism, ruminants
INTRODUCTION
The mammary gland is an exocrine organ that provides nutrients and antibodies needed for the growth of the offspring (non-ruminant and ruminant), and experiences periods it continuously of cell proliferation and differentiation after the neonate is weaned (Oftedal, 2002; Macias and Hinck, 2012). Mammary tissue is composed a vast network of acini with mammary epithelial cells arranged tightly around the acini in a monolayer, all of which play a role in milk synthesis. Milk formation in mammary epithelial cells is induced by various nutrients and hormones in the blood through a series of complex biochemical processes (Tucker, 2000; Li and Capuco, 2008; Coussens and Pollard, 2011). Ruminant milk contains a variety of bioactive fatty acids, such as saturated and conjugated linoleic acid. Milk fat is not only a major factor affecting flavor and nutritional value but also a major economic trait considered in ruminant breeding (Haug et al., 2007; Turck, 2013). Studies have shown that different consumer groups have different requirements for the content and ratio of milk fat in the milk products purchased (Achón et al., 2019; Mohan et al., 2021). The process of milk fat synthesis and utilization is regulated not only by multiple genes, but also by a series of regulators, which exert considerable effects. Thus, the study of milk fat synthesis and the regulation of fatty acid composition is an active research area.
In recent years, an increasing number of studies have shown that noncoding RNAs (ncRNAs), which account for 98% of total RNAs, play important regulatory roles in the process of milk fat synthesis and utilization (Melnik and Schmitz, 2017). For example, by inhibiting target mRNA translation, microRNAs(miRNAs) can regulate the development of tissues and cells, such as mammary, skeletal muscle, and follicles (Figure 1). Long non-coding RNA (lncRNAs) play a key role in development and cancer, and circular RNAs(circRNAs) may be participation coding in biological processes. With the proposal of competitive endogenous RNA mechanisms (ceRNA), researchers have gained a new perspective on transcriptome research. Compared with the miRNA regulatory network, the ceRNA regulatory network is more refined and complex and involves more RNA molecules. Thus, comprehensive studies of ceRNA could help explain some biological phenomena.
[image: Figure 1]FIGURE 1 | Major functions of microRNAs.
The advent of molecular tools has allowed appreciate for the complexity of molecular mechanisms underpinning the regulation of fatty acid metabolism in the mammary gland. It is now recognized that those mechanisms are far more complex than previously known, and a considerable number of regulators need to be mined and identified. In this paper, we focus on mechanisms related to miRNAs, lncRNAs, circRNAs, and ceRNAs in ruminants, research methods and the progress made in recent years in correlating these noncoding RNAs to milk lipid traits. It is believed that this endeavor could help elucidate mechanisms and provide experimental ideas and a theoretical basis for the production of high-quality milk.
MICRORNAS
A microRNA (miRNA) is an endogenous short noncoding RNA with a length of 18–25 nt (Mattick, 2009). It regulates gene expression at the transcriptional level by inducing degradation of mRNA or blocking its translation.
Mechanism of miRNA Action
Due to the different degrees of complementary pairing of miRNAs with target mRNA sequences in RNA-induced silencing complex (RISC), the way mRNAs regulates target genes also differs (Auyeung et al., 2013). Because the sequence can be completely complementary, almost completely complementary or incompletely complementary, two mechanisms regulate mRNA function. The first method causes the target mRNA to be cut and degraded directly, while the second method inhibits the translation of mRNA (Gäken et al., 2012). Generally, miRNAs are less complementary to target mRNAs in animals, and their mode of action is mainly to inhibit the translation of target mRNA (Figure 2).
[image: Figure 2]FIGURE 2 | Processing process and mechanism of action of miRNA (He and Hannon, 2004).
The relationship between miRNAs and target genes is not a “one-to-one” correspondence but a “many-to-many” relationship. This means that one miRNA can regulate the expression of multiple target genes, and a target gene may also be jointly regulated by multiple miRNAs (Carthew and Sontheimer, 2009). Various miRNAs and target genes constitute a large gene regulatory network, and this mechanistic diversity makes the process of miRNA regulation of gene expression very complex.
Methods Used to Research miRNAs
Identification of miRNAs and Target Genes
There are three main methods for miRNA identification: direct cloning, bioinformatics prediction, and high-through put sequencing. Among these methods, bioinformatics prediction is currently widely applied in this field. Since miRNA precursors have a typical stem-loop structure and because the inherent characteristics of the miRNA structure make them thermodynamically stable, software can be used with this information to predict miRNAs. High-throughput sequencing can directly perform deep sequencing of miRNAs in cells or tissues at the molecular level and analyze results without referring to the genome sequence. Because of its high sensitivity, large sequencing throughput and low cost, high-throughput sequencing has been widely used across various species (Aldridge and Hadfield, 2012).
miRNA Expression Level Detection
Since the length of mature miRNA is only 19–23 nt, its sequence must be extended during reverse transcription before PCR amplification can be carried out. Commonly used methods include the stem-loop method and tailing method. The stem-loop method is based on the use specific stem-loop primers for reverse transcription (Kramer, 2011). The specific stem-loop primers include a universal stem-loop sequence and a 6–8 base reverse complementary to the 3′ end of a mature miRNA. After obtaining cDNA, specific upstream primers and universal primers are used. The downstream primers are used for PCR. The primers can be used for both PCR and RT-qPCR. The tailing method adds a poly(A) tail to the 3′ end of a miRNA and then the primer with a poly(T) and an adapter (adapters) is used to proceed. Reverse transcription is followed by RT-qPCR amplification with specific upstream primers and the universal downstream primers that are included in the kit (Chang et al., 2014).
Methods to detect miRNA expression levels mainly include miRNA gene chip analysis, northern blot analysis and real-time fluorescent quantitative PCR (RT-qPCR) detection (Mendes et al., 2009). Among these methods, a gene chip is mainly used for preliminary detection of miRNA expression patterns. However, detection results may include false positives, which can be further verified by more accurate methods such as Northern blotting and RT-qPCR. Northern blot analysis can detect the content and molecular weight of miRNA, but the sensitivity is low.
miRNA Overexpression/Suppression
There are several ways to inhibit miRNA expression.
Gene-editing tools can be used at the gene level. These tools include CRISPR/Cas9 to knock out Dicer or AGO, each of which plays an important role in the miRNA biosynthetic pathway. The use of gene-editing tools results in the loss of all mature miRNAs in the individual sample (Mali et al., 2013). At the nongene level, injection of miRNA analogs (mimics) or agonists (agomirs) is the most commonly used experimental method. The effects of mimics and agomirs are the same as those of mature miRNAs, and both can upregulate the content of corresponding miRNAs in cells. As miRNAs have become a new hot spot in the field of life sciences, these methods have also become powerful tools for miRNA research. In general, overexpression of miRNAs can further reveal miRNA functions.
Regulation of Ruminant Milk Lipid Synthesis and Utilization by miRNAs
An increasing number of studies have shown that miRNAs are involved in the regulation of fatty acid composition and adipocyte differentiation (Chen et al., 2013; Zhang et al., 2015). One of the main products of ruminants is milk, which has not only nutritional value but also good preventive and health care functions in various diseases (Gil and Ortega, 2019). These functions are closely linked to the composition and content of fatty acids in milk (Parodi, 1997; Gebauer et al., 2011; Kuhnt et al., 2016). Thus, in-depth study and application of regulating unsaturated fatty acids in mammary glands can provide a reference for improving the dietary pattern and approach to raising ruminants.
The principal components of ruminant milk fat are triglycerides (TAG), glycerides and fatty acids. Triglycerides account for a large proportion of these components, highlighting that triglycerides play key roles in determining lipid content of dairy products. There have been a number of studies showing that miRNAs are related to the production of milk TAG in ruminants. For example, Zhang et al. (2019) found that miR-454 and peroxisome proliferator-activated receptor-gamma (PPAR-γ) are directly targeted, and in a previous study PPAR-γ was demonstrated to be involved in milk fat synthesis in bovine mammary epithelial cells (Kadegowda et al., 2009). It has been reported that miR-130a can reduce triglyceride synthesis by regulating PPAR-γ; thus, Yang et al. (2020) reasoned that miR-454 may affect TAG levels in bovine mammary epithelial cells by targeting PPAR-γ, and this conjecture was tested through a series of experiments, which indicated that miR-454 can be utilized to improve the quality of dairy products. Similarly, Chu et al. (2018) found that miR-15b can target the fatty acid synthase gene (FASN), and it had been previously shown that FASN can be directly targeted by miR-24 to regulate TAG concentration and unsaturated fatty acid content in goat mammary epithelial cells; therefore, Wang et al. (2015) validated this these findings with goat mammary epithelial cells and found that miR-15b can regulate TAG content in adipocytes, confirming the key role of this miRNA. Unexpectedly, this experiment also reported that the steroid hormones estradiol and progesterone reduced the expression of miR-15b, but no follow-up study was conducted based on this finding. Whether this reduction in miR-15b can reveal a mechanism of action for some miRNAs requires further investigation.
Numerous similar studies on the regulation of TAG content in ruminant mammary epithelial cells by miRNAs have been performed (Table 1). Overall, most of the relevant research have been based on conjecture and validated based on previous knowledge of the targeted gene loci, and no new targeted gene loci have been demonstrated to be subject to miRNA feedback regulation or to have an effect on TAG content. More in-depth studies of target gene loci can be performed after sufficient knowledge of miRNAs has been obtained.
TABLE 1 | miRNAs involved in the regulation of TAG content in ruminant milk fat metabolism.
[image: Table 1]Lipid droplets are the main storage sites for intracellular neutral lipids, and newly generated TAGs in ruminant mammary epithelial cells form lipid droplets within lobules of mammary cells. A number of studies have shown that lipid droplets play significant roles in lipid metabolism and storage, membrane transport, protein degradation, and signaling processes. Thus, it is highly desirable to study lipid droplets in ruminant mammary epithelial cells. By examining and contrasting the proportion and content of fat in goat mammary epithelial cells (GMECs) at peak and late lactation,Chen et al. (2018a) found that the expression of miR-183 changed significantly across different lactation periods; thus, they studied the effects of these changes and found that miR-183 plays an important role in the formation of lipid droplets, and further exploration revealed that miR-183 inhibited the accumulation of lipid droplets in GMECs by targeting the MST1 gene, which resulted in a decrease in the TAG concentration.
Tang et al. (2017) investigated the function of miR-27a in BMECs on the basis of previous studies and found that it inhibited lipid droplet accumulation by regulating PPAR-γ. Interestingly, miR-27a was also shown to affect milk fat by regulating PPAR-γ in sheep mammary epithelial cells (Lin et al., 2013), but its function led to the direct reduction in the expression of mRNAs of genes related to TAG synthesis and did not produce direct effects on lipid droplets. There are numerous studies on the relationship between miRNAs and lipid droplet formation in ruminant mammary glands (Table 2). Unfortunately, although previous studies have confirmed that adipose differentiation-related protein (ADFP) and xanthine dehydrogenase (XDH) play indispensable roles in the process of lipid droplet formation and secretion, no relevant studies on the relationship between miRNAs and these two genes in ruminants have been performed to date. It is suggested that subsequent studies be focused on screening miRNAs for ADFP and XDH to further improve the beneficial components in milk.
TABLE 2 | miRNAs involved in the regulation of lipid droplet synthesis and accumulation in ruminant.
[image: Table 2]Cholesterol is an essential nutrient for the human body, but the long-term intake of large amounts of cholesterol is not conducive to physical health and increases the risk of cardiovascular disease. Cholesterol is widely present in ruminant dairy products, and the study of cholesterol can effectively enhance the nutritional value of dairy products.Chen et al. (2016b) screened miR-15a and miR-30e-5p in a study on the Hippo and Wnt pathways. Through a series of experiments, they demonstrated that miR-15a and miR-30e-5p target YAP1 and LRP6, respectively, and promote cholesterol synthesis in GMECs. Interestingly, a potential feedback relationship between miR-15a and miR-30e-5p was found through these experiments; specifically, miR-30e-5p was shown to inhibit the YAP1 gene by regulating miR-15a. These results suggested that miRNAs do not solely function by regulating genes, and the mechanistic network map of miRNAs must be more complex than is currently understood. LATS1 is a major member of the Hippo pathway, and although previous studies showed that its main function is to participate in myocardial development (Mo et al., 2014), more recent studies have indicated that LATS1 is also associated with milk fat in ruminants. MiR-16a can reduce cholesterol content in BMECs by targeting LATS1, which in turn reduces TAG content (Chen et al., 2019b). Overall, miRNAs regulate cholesterol content in ruminant milk by increasing/decreasing the expression of corresponding metabolic marker genes.
In ruminant mammary lipid metabolism, miRNAs are also involved in the regulation of other processes (Table 3). For example, during lactation, ruminant microvascular endothelial cells secrete large amounts of milk proteins, especially casein (the protein that determines milk specificity), and miRNAs can regulate casein secretion by targeting gene loci. In summary, researchers have screened many different miRNAs related to milk fat across different stages of lactation in ruminants, and most of the miRNAs were found to play regulatory roles in this process. However, compared with other species, some miRNAs and target gene loci in ruminants have not been studied or their functions have not been fully explored. Thus, further studies are required. In addition, the regulatory networks of some miRNAs that have emerged in studies are not perfect. Thus, we recommend that more-intensive studies on these findings be performed to improve the regulatory networks of miRNAs involved in milk fat synthesis and utilization to generate a more precise theoretical basis for improvement of milk quality.
TABLE 3 | MiRNAs regulate other processes in mammary lipid metabolism in ruminants.
[image: Table 3]LONG NON-CODING RNAS
LncRNAs constitute a class of RNA and are >200 nt in length. They do not have the ability to encode proteins and are widespread in the cytoplasm and nucleus of ruminants. Studies have shown that lncRNAs play key roles in many important biological processes, including transcription, splicing, translation, protein localization, cellular structural integrity, genomic imprinting, the cell cycle, apoptosis, and the heat shock response.
Mechanism of Action of LncRNAs
The mechanism of action of lncRNAs is complex and not yet fully understood. According to recent research, the mechanism of lncRNAs has five main aspects (Figure 3).
[image: Figure 3]FIGURE 3 | Mechanisms of action of lncRNAs (Hu et al., 2012).
In the first mechanism, lncRNAs function as a signal molecule. Studies have shown that under different stimulus conditions and signaling pathways, some lncRNAs are specifically transcribed and act as signal transduction molecules to participate in the induction of specific signaling pathways. For example, in the process of the DNA damage response, the expression of many lncRNAs is induced. Thus, lncRNAs are signaling molecules that respond to different stimuli (Noh et al., 2018)
In the second mechanism, lncRNAs act as bait molecules. Some lncRNAs bind to DNA and proteins after transcription, inhibit the function of transcription factors and block the transcription of target genes. Thus, they can block the function of the molecule and the signaling pathway (Chen, 2016).
In the third mechanism, lncRNAs act as scaffold molecules between proteins. LncRNAs can recruit a variety of proteins to form ribonucleoprotein complexes; thus, multiple related transcription factors can bind to the lncRNA molecule (Rinn and Chang, 2012). After multiple signaling pathways are activated, the information can be integrated through the same lncRNA to achieve signal transmission between different signaling pathways.
In the fourth mechanism, lncRNAs acts as guide molecules. LncRNAs can facilitate the binding or removal of nuclear proteins, chromatin-modifying enzymes and other regulatory factors at specific sites of action, thereby regulating the transcription of downstream molecules. This mode of regulation can be realized through either cis-regulation or trans-regulation.
In the fifth mechanism, lncRNAs encode functional small peptides. Although lncRNAs cannot encode proteins, they have the ability to encode functional small peptides and perform biological functions through the small peptides they encode.
LncRNA Research Methods
To reveal the molecular mechanisms of lncRNAs, a variety of molecular biological techniques need to be used. Currently, a number of established technologies are applied in lncRNA research, including microarrays, RNA-seq, Northern blotting, real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR), fluorescence in situ hybridization (FISH), RNA interference (RNAi), and RNA-binding protein immunoprecipitation (RIP).
Microarrays and RNA-seq are effective tools for high-throughput detection of lncRNA expression. Ørom et al. (2010) used a variety of human cell lines to perform lncRNA expression profiling and detected 3,019 lncRNAs with an average length of 800 nucleotides.
Northern blotting and qRT-PCR are not only widely applied to analyze expression level of lncRNAs but are also often used to verify the authenticity of microarray experimental results. Chang et al. (2018) used qRT-PCR and Northern blotting to detect the expression of the lncRNA HOTAIR and ultimately found that HOTAIR has an anticancer effect by promoting the simultaneous expression of CCND1 or CCND2 in ovarian cancer.
Similar to Northern blotting, FISH also uses the principle of molecular hybridization. Some researchers use this technology to detect and locate specific lncRNAs in cells, reflecting the greatest advantage of FISH, which can be used for cell localization research. Huang et al. (2017) used this method to identify the relationship between the expression of the lncRNA AK023391 and the clinicopathological characteristics and prognosis of gastric cancer patients and ultimately showed that the lncRNA AK023391 may be a potential biomarker for gastric cancer.
The above mentioned techniques are mainly used for the qualitative and quantitative analysis of lncRNAs, but in research on lncRNA function, RNAi and RIP are more commonly used tools. RNAi is widely used to silence specific lncRNAs. For example, Liu et al. (2019) used this technology to study why lncRNA-MEG3 significantly upregulates myosin heavy chain and ultimately proved that the lncRNA-MEG3 promotes the differentiation of bovine skeletal muscle by interacting with miRNA-135 and MEF2C.
RIP is another technology used for studying interactions between RNAs and proteins, and it can play a role in screening relevant proteins that bind to lncRNAs. Recently, RIP technology has been used to make progress in understanding RNA-protein interactions. The combination of RIP and microarrays was developed into the RIP-Chip, and the combination of RIP and RNA-seq was developed into RIP-seq.
Regulation of Ruminant Milk Lipids by lncRNA
Through in-depth research, it was confirmed that on lncRNAs play important roles in cell differentiation, epigenetics, cell cycle regulation, and the occurrence and development processes of many diseases.
Through high-throughput sequencing or chip technology, it has been confirmed that many lncRNAs are related to the production, development, metabolic regulation and fatty acid composition of adipose tissue and play important roles in the process of fat accretion. For example, Ji et al. (2020) performed a genome-wide analysis of lncRNAs in the GMECs of Laoshan dairy goats at different lactation periods using methods such as GO annotation and KEGG analysis. Similarly, Yang et al. (2018) carried out related work on the Chinese Holstein mammary gland. The findings of these studies have been instrumental in the subsequent in-depth study of the regulatory mechanisms of mammary gland development and lactation in ruminants.
The lncRNA expression profile related to milk fat in ruminants has gradually improved. However, subsequent in-depth exploration of the regulatory mechanisms controlling milk fat has rarely been reported to date, and most conclusions offered are based solely on speculation. For example, on the basis of sequencing results (Yang et al., 2018), TCONS00075230 was inferred to possibly be involved in regulating the proliferation of mammary epithelial cells by interacting with the IL1B gene in the mammary gland of dairy cows. And another experiment performed simultaneously revealed that the expression of four lncRNAs (TCONS00040268, TCONS00137654, TCONS00071659, and TCONS00000352) decreased with the overexpression of miR-221, which was also confirmed to regulate the proliferation of BMECs by targeting genes in later studies (Jiao et al., 2019). Whether these four lncRNAs have an effect on milk fat metabolism in cattle through miR-221 is a question worth studying.
Overall, most of the current studies on lncRNAs in ruminant milk fat relied on bioinformatics predictions, and only a few studies have explored the mechanism of action at the mammary gland level. However, lncRNAs have been confirmed to have an important role in control of milk fat. Of interest, some studies on lncRNAs in the mammary gland have been performed in humans (Sandhu et al., 2016), and whether the study of ruminant mammary development can be used for reference is worth considering.
CIRCULAR RNAS
Mechanisms of Action of circRNAs
The mechanisms by which circRNAs functions mainly includes acting as a competitive endogenous RNA, regulating alternative splicing or translation, regulating expression of parental genes, and performing biological functions by interacting with proteins.
As Competitive Endogenous RNAs
Competitive endogenous RNAs (ceRNAs) in organisms can competitively bind to miRNAs, thereby affecting the regulation of gene expression by miRNAs (Figure 4A).
[image: Figure 4]FIGURE 4 | Mechanisms of circRNA action. (A) As a compentitive endogenous RNA (B) Interaction with protein (C) Regulating the expression of parental genes.
Regulating Alternative Splicing or Translational Alternative Splicing (Also Called Alternative Splicing).
Alternative splicing refers to the process of producing different mRNA splice isoforms through different splicing modes (different splice site combinations) from an mRNA. The final protein product shows different or antagonistic functional and structural characteristics compared with unspliced RNA or lead to different phenotypes due to different expression levels in the same cell (Zhang et al., 2016). For example, Zang et al. (2020) found that circRNAs can participate in the regulation of splicing and transcription. Chao et al. (1998) found that the mouse Fmn gene can produce circRNA through “backsplicing”.
In previous studies, it was customary to classify circRNAs as noncoding RNAs because they cannot be translated under normal circumstances. However, recent studies have shown that circRNAs can be translated into functional proteins under certain conditions, which will help us refine our understanding of circRNAs and molecular biology (Li et al., 2020). The study of circRNAs is also very helpful in understanding diseases because we can better understand the central role played by translation in different cell types (Figure 5).
[image: Figure 5]FIGURE 5 | Mechanisms of circRNA action. (http://www.genome.gov/Images/EdKit/bio2j_large.gif).
Regulating the Expression of Parental Genes
Regulating the expression of parental genes is one of the main functions of noncoding RNAs. However, different types of noncoding RNAs have different mechanisms for regulating parental genes. For example, lncRNAs can regulate the expression of parental genes through epigenetic modification of the chromatin state, and noncoding RNAs such as roX1 and roX2 can trans-regulated gene transcription (Kristensen et al., 2019). CircRNAs mainly enhance the expression of their parental genes in cis. On the one hand, circRNAs can facilitate the binding of RNA-binding proteins to each other, affecting the expression of parental gene mRNAs. On the other hand, competitive complementary pairing between introns during circRNA formation can lead to a balanced linear RNA population, thereby influencing the expression of mRNAs and even protein translation (Figure 4C).
Interaction With Proteins
Studies have shown that circRNAs, which play a role in RBP assembly or allosteric regulation, can bind RNA-binding proteins (RBPs) and then exert biological functions. For example, circMbl has a strong direct relationship with the MBL protein. Interactions with various subtypes of the MBL protein can promote the production of circMBl through its own exons (Zang et al., 2020). MBL protein expressed in excess leads to a reduction of its own mRNA output by promoting the production of circMBI. In addition, circMBl can also remove excess MBL protein by binding to the MBL protein. Another exon-derived circRNA can interact with the AGO protein and RNA polymerase Ⅱ, thereby acting as a sponge of microRNA and participating in transcriptional regulation. Thus, circRNAs can combine with different protein molecules to enhance interactions between DNA, RNA, and RBPs to promote their biological functions (Figure 4B).
Research Methods for circRNA
Obtaining massive circRNA data is the basic prerequisite for further analysis and research on the characteristics, functions, and regulatory mechanisms. Currently, there are two main methods for circRNA high-throughput sequencing of specific tissues or cells. One method is to remove linear RNA molecules by nuclease treatment according to the closed loop characteristics of circRNA and then sequence the circRNA molecules after they are specifically enriched. The other method is to sequence RNA directly without nuclease treatment and then screen potential circRNAs through bioinformatics (Hoffmann et al., 2014; Jeck and Sharpless, 2014).
Because circRNA has a stable circular structure and linear RNAs do not have this feature, treatments such as 5′-end exonuclease can degrade most linear RNAs, while circRNAs are not degraded. Thus, circRNA can be initially distinguished from linear RNA. Furthermore, divergent primers and convergent primers used for circRNA amplification can also be designed for cDNA and whole-genome DNA (gDNA). Running a gel can confirm that circRNA can be amplified from cDNA with divergent primers but not from gDNA (Barrett and Salzman, 2016). This outcome is a result of divergent primers promoting formation of the circRNA loop, which can only be formed from single-stranded cDNA; thus, double-stranded gDNA cannot be used to form a loop. There are many validation methods for circRNA functions, such as RIP, which can be used to study the binding of circRNA to protein in cells (Memczak et al., 2013; Li et al., 2015b). Enrichment results of coimmunoprecipitation of AGO2 protein can be used to verify that circRNA binds to target miRNAs. FISH, which can be used to sublocalize circRNA, can interfere with the expression of circRNA because it uses siRNA and antisense oligonucleotides to verify the function of circRNA.
Regulation of Ruminant Milk Lipids by circRNA
CircRNAs are more stable in nature due to their closed-loop structure, and are generated by reverse splicing and have characteristics of “molecular sponges”. They contain a large number of nucleic acid- and protein-binding sites and can adsorb a large number of regulators, such as miRNAs. Thus, circRNAs can play regulatory roles that exceed the potential of a single miRNA species. As the research on circRNA increases, a large number of findings have shown that circRNAs play important roles in almost every process of milk fat synthesis. There have also been some studies on the roles of circRNAs in ruminants.
Mammary epithelial cell functionality form basis of lactation in ruminants. The number and activity of mammary epithelial cells are closely related to lactation capacity, and these cells play important roles in mammary gland development (Boutinaud et al., 2004). Thus, a better understanding of the molecular mechanisms of mammary epithelial cell development is essential to obtain economic benefits. It has been observed that circRNAs can regulate proliferation and viability of goat mammary epithelial cells through their corresponding miRNAs (Liu et al., 2020a; Zhu et al., 2020). Analogous studies (Liu et al., 2020b) on the effect of circHIPK3 on the proliferation and differentiation of BMECs have been performed with cattle. It was experimentally demonstrated that circHIPK3 promoted proliferation of BMECs, and it was found that the expression of circHIPK3 was significantly reduced in cells treated with prolactin and STAT5 inhibitors. The mechanism of interaction between the STAT5 signaling pathway and circRNAs has been elucidated (Wang et al., 2021), but the mechanism of action between prolactin and circRNAs is not yet clear. Thus in-depth studies would be valuable.
Fatty acid composition plays an essential role in regulating the flavor and quality of dairy products. Chen et al. (2020b) using bovine mammary tissue at different stages reported that these tissues exhibited significantly different circ09863 expression levels. By constructing a circ09863/miR-27a-3p/FASN regulatory network, it was found that overexpression of circ09863 significantly increased TAG and unsaturated fatty acids content, particularly C16:1 and C18:1. Previous findings have demonstrated that FASN expression is correlated with fatty acid content in the mammary glands of ruminants (Roy et al., 2006; Zhu et al., 2014). No study of circRNA and FASN interactions has been performed in sheep. Thus, further studies on circRNA and FASN may provide a breakthrough that researchers can leverage to improve the mechanism of circRNA action in ruminants.
Milk proteins were mentioned previously in the micRNA section, and corresponding studies have also been reported on circRNAs. For example, Zhu et al. (2020) investigated the function and molecular mechanism of circRNA8220 in GMECs and found that there is a circRNA8220/miR-8516/STC2 pathway that promotes the synthesis of ß-casein. Liu et al. (2020a) conducted similar studies that suggested that circ016910 acts as a sponge for miR-574-5p and reduces ß-casein secretion by GMECs.
Overall, circRNAs in ruminants have important regulatory roles that affect the functions of miRNAs. However, there are still relatively few studies on circRNAs in ruminant milk fat regulation, and the specific mechanism of action remains to be studied in detail.
COMPETITIVE ENDOGENOUS RNA MECHANISMS OF ACTION
The ceRNA mechanism represents a newly discovered gene expression regulatory mechanism (Ebert et al., 2007; Ala et al., 2013). The competitive endogenous RNA mechanism (ceRNA) causes miRNA to bind to mRNA to silence genes, and ceRNA can competitively bind microRNA through response elements (microRNA response elements, MREs) to regulate target gene expression (Smillie et al., 2018). From the biological function of ceRNAs, RNA transcripts dilute the concentration of intracellular free miRNAs by competitively binding miRNAs to coding RNAs, reduce the inhibition of coding RNAs by miRNAs, and then increase the expression of target genes. Overall, ceRNAs have the same miRNA binding sites and ceRNAs are all regulated by miRNAs, and there is a mutual regulatory relationship between ceRNAs, and the trend of expression levels is consistent (Cesana et al., 2011).
There are many types of ceRNAs, such as lncRNAs and pseudogenes. Yue et al. (2019) used high-throughput sequencing data to construct a lncRNA–miRNA–mRNA network based on the ceRNA mechanism theory to perform functional annotation and exploration of lncRNA ceRNAs. As a result, they found a scale-free feature of the network that has an effect on the development of bovine skeletal muscle. With high functional specificity, this study provided insights into the function and mechanism of lncRNA-mediated ceRNA in bovine skeletal muscle development. As another example, Yu et al. (2017) conducted experiments on mRNA, miRNA, and lncRNA in breast mammary at two time points (early and mature) during lactation in goats. The results showed that ceRNA (lncRNA-mRNA) may be involved in the lactation process, and plays an important role in different stages of lactation. Compared with reports on humans, especially related to cancer, reports dealing with ruminants are quite few. For example, researchers at Beth Israel Deaconess Medical Center (BIDMC) found that the pseudogene BRAF acts as a ceRNA and induces an aggressive lymphoma-like disease. This study showed that pseudogenes may play an important role in various diseases.
Recently, circRNAs have also been suggested to constitute a subpopulation of ceRNAs that can act similar to a sponge and absorb miRNAs by base complementary pairing, thereby regulating the expression of miRNA target genes. For example, Zhang et al. (2018) found in the prereceptive endometrium of dairy goats that ciR3175 can reduce the level of miR-182 by acting as a sponge of miRNA, and miR-182 can downregulate TES in endometrial epithelial cells (EECs) through the target site, as predicted, in vitro. In this way, ciR3175 acts as a ceRNA that isolates miR-182, thereby protecting TES transcripts from miR-182-mediated EEC inhibition in vitro.
RNA transcripts regulate each other through their shared MREs. The greater the number of shared MREs is, the greater the degree of MRE communication or coregulation. Thus, ceRNAs can form a large-scale transcriptional regulatory network to promote interactions among lncRNAs, miRNAs, and circRNAs through MREs and thus, constitute a complete and complex ceRNA molecular regulatory network by competing for MREs.
Compared with the microRNA regulatory network, the ceRNA network, as a novel gene expression regulation model, is more sophisticated and complex and involves more RNA molecules (Figure 6). The interaction between lncRNAs and miRNAs plays an important role in many diseases. There are more lncRNAs than mRNAs, and they are more cell-specific than mRNAs. In addition to directly participating in the regulation of the occurrence and development of diseases, lncRNAs can also interact with other macromolecular substances, such as DNA, RNA, and proteins, to jointly participate in the regulation of the occurrence and development of diseases. In addition to protein scaffolds and gene interaction mechanisms, ceRNAs have been proposed to be participants in novel LncRNA mechanisms.
[image: Figure 6]FIGURE 6 | ceRNA mechanisms.
CircRNAs with miRNA-binding sites can function as ceRNAs. CircRNAs compete with other RNAs through RNA-binding proteins (RBPs) or miRNAs. The circRNA sequence is significantly enriched in conserved nucleotides and can resist exonucleases. Degradation of the very abundant endogenous circRNA molecules is an effective method of miRNA “sponging” to enrich the regulatory functions of gene expression.
DISCUSSION
As an increasing number of researchers pay attention to and work in the field of ncRNA research, our understanding of ncRNAs is becoming increasingly more profound. Not only do ncRNAs perform their biological functions in organisms through a variety of mechanisms, but their dysfunction is related to the occurrence and development of a variety of diseases (Mattick and Makunin, 2006; Mercer et al., 2009; Matsui and Corey, 2017; Anastasiadou et al., 2018; Slack and Chinnaiyan, 2019). After the ceRNA mechanism was proposed, noncoding RNA have been associated with this process. Using miRNAs as bases, circRNAs and lncRNAs bind to microRNA response elements (MREs) to form signaling pathways or axes that affect gene expression. Compared with the miRNA regulatory network, the ceRNA mechanism that leads to increased circRNA or lncRNA levels is more sophisticated and complex and involves more RNA molecules (Figure 7). This novel gene expression regulation mode is expected to produce a new research hotpot. The study of the ceRNA mechanism is gradually expanding, and more problems that have puzzled humans for a long time are being solved, including those related to cancer treatment, gene-editing technology improvement, and plague prevention. Additional new technologies have been developed that facilitate research and also enrich people’s lives.
[image: Figure 7]FIGURE 7 | MiRNAs under normal and competing endogenous conditions.
Of course, while we are constantly studying new mechanisms, we must not forget to continue to explore miRNAs, lncRNAs, and circRNAs. Due to the diversity and complexity of the mechanisms of ncRNAs, the current understanding of their functions encompasses only the tip of the iceberg and has not been fully utilized; the potential of ncRNAs has not yet been fully tapped.
Although studies based on established methods such as CRISPR/Cas9 and other technologies have proven that miRNAs can improve milk fat percentage, and these findings have been applied to ruminant research through in vitro experiments, the difficulty in operating and the high cost render the “use of miRNAs to improve milk fat in ruminants” challenging. Thus, we still need to develop new technologies to translate existing results into production to truly bring economic benefits to the breeding industry and provide consumers with better milk products. Furthermore, many new technical methods have recently emerged including high-throughput miRNA microarrays, but there are few relevant research reports. In the authors’ opinion, using the latest miRNA technology as well as in-depth studies of the relationship between diseases will be very helpful in understanding gene expression regulatory networks in higher eukaryotes. Similarly, on the basis of research, if the relevant results can be invested in practical applications, great progress will be made in multiple fields such as the application of miRNA-based blood or urine tests to protect cancer patients from the pain of invasive exploration.
Currently, a breakthrough has been made in the mechanism, classification, and identification of lncRNAs and circRNAs. However, there are few reports on their transcriptional regulation, functional mechanisms, and signal transduction, and experimental validation strategies still need to be further explored. However, it can be clarified that, in the regulation of milk fat metabolism, lncRNAs and circRNAs act indirectly on lipogenic genes through miRNAs and have a positive effect on the expression of genes, which is of great biological significance in regulating the process of milk fat metabolism.
Existing studies on the functions of circRNA in regulating milk fat metabolism in ruminants mainly focus on circRNAs acting as sponges of miRNAs and thus regulating downstream target genes or pathways. However, other functions have not been studied in depth, such as the translational function of circRNAs and their translation products. The authors believe that the relationship between circRNA and milk fat metabolism should be studied next and that the further elucidation of the interaction mechanisms will help in understanding the mutual regulatory relationship between circRNA and milk fat. These studies will also contribute to the development of biomarkers and treatment targets for the improvement of milk fat.
In contrast to that of circRNAs, the understanding of most ruminant lncRNAs remains elusive thus far. The authors believe that the reason for this situation is mainly that lncRNAs are highly specific, and the role of lncRNAs may be observed only under specific conditions. Most lncRNAs are poorly conserved between species, and the research results of many existing species are not the same as those obtained for ruminants. LncRNAs are heterogeneous and able to bind to sequences of regulatory DNA, which makes it difficult to assess their specific functions. Thus, more effective methods and techniques need to be established to more deeply and rapidly explore the biological functions of lncRNAs in ruminants and find similarities and differences in lncRNAs between different species and among ruminants. Then, a more complete exploration and understanding of the substantial roles of lncRNAs in the regulation of milk fat metabolism in ruminants and the mechanisms by which they play these roles can be achieved.
We can affirm that there are still gaps in the research of miRNA, lncRNA, circRNA, and ceRNA mechanisms in the regulation of milk fat. Additionally, the specific mechanism of action remains to be more deeply studied and explored to fully comprehend milk fat metabolism mechanisms in ruminant livestock. Furthermore, milk fat content is not only epigenetically regulated by ncRNAs but also greatly affected by feeding and management levels, body hormone secretion levels, and dietary nutrient quality. Thus, combining these factors with ncRNAs to determine the inevitable link among them will be important for making genuine improvements in milk fat production. Clearly, there is no doubt that the newly discovered circRNAs must not be the last members in the family of ncRNA to be studied; there will be more biological mysteries waiting for us to explore.
AUTHOR CONTRIBUTIONS
QL, ZC, DJ, YM, QJ, ZY, and JL wrote the paper. All authors contributed to the article and approved the submitted version.
FUNDING
This research was supported by the independent innovation in Jiangsu Agriculture Science and Technology Innovation Fund (CX (21) 3119), the National Natural Science Foundation of China (Grant Nos. 31802035, 31702095, and 31872324) and Jiangsu Natural Science Fund (BK20181221); Yangzhou Liangde Antibody BioTech., Yangzhou, 225000, Jiangsu, China.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Achón, M., Úbeda, N., García-González, Á., Partearroyo, T., and Varela-Moreiras, G. (2019). Effects of Milk and Dairy Product Consumption on Pregnancy and Lactation Outcomes: A Systematic Review. Adv. Nutr. 10, S74–s87. doi:10.1093/advances/nmz009
 Ala, U., Karreth, F. A., Bosia, C., Pagnani, A., Taulli, R., Léopold, V., et al. (2013). Integrated Transcriptional and Competitive Endogenous RNA Networks Are Cross-Regulated in Permissive Molecular Environments. Proc. Natl. Acad. Sci. 110, 7154–7159. doi:10.1073/pnas.1222509110
 Aldridge, S., and Hadfield, J. (2012). Introduction to miRNA Profiling Technologies and Cross-Platform Comparison. Methods Mol. Biol. 822, 19–31. doi:10.1007/978-1-61779-427-8_2
 Anastasiadou, E., Jacob, L. S., and Slack, F. J. (2018). Non-coding RNA Networks in Cancer. Nat. Rev. Cancer 18, 5–18. doi:10.1038/nrc.2017.99
 Auyeung, V. C., Ulitsky, I., McGeary, S. E., and Bartel, D. P. (2013). Beyond Secondary Structure: Primary-Sequence Determinants License Pri-miRNA Hairpins for Processing. Cell 152, 844–858. doi:10.1016/j.cell.2013.01.031
 Barrett, S. P., and Salzman, J. (2016). Circular RNAs: Analysis, Expression and Potential Functions. Development 143, 1838–1847. doi:10.1242/dev.128074
 Bian, Y., Lei, Y., Wang, C., Wang, J., Wang, L., Liu, L., et al. (2015). Epigenetic Regulation of miR-29s Affects the Lactation Activity of Dairy Cow Mammary Epithelial Cells. J. Cel. Physiol. 230, 2152–2163. doi:10.1002/jcp.24944
 Boutinaud, M., Guinard-Flament, J., and HélèneJammes, H. (2004). The Number and Activity of Mammary Epithelial Cells, Determining Factors for Milk Production. Reprod. Nutr. Dev. 44, 499–508. doi:10.1051/rnd:2004054
 Cai, X., Liu, Q., Zhang, X., Ren, Y., Lei, X., Li, S., et al. (2017). Identification and Analysis of the Expression of microRNA from Lactating and Nonlactating Mammary Glands of the Chinese Swamp buffalo. J. Dairy Sci. 100, 1971–1986. doi:10.3168/jds.2016-11461
 Carthew, R. W., and Sontheimer, E. J. (2009). Origins and Mechanisms of miRNAs and siRNAs. Cell 136, 642–655. doi:10.1016/j.cell.2009.01.035
 Cesana, M., Cacchiarelli, D., Legnini, I., Santini, T., Sthandier, O., Chinappi, M., et al. (2011). A Long Noncoding RNA Controls Muscle Differentiation by Functioning as a Competing Endogenous RNA. Cell 147, 358–369. doi:10.1016/j.cell.2011.09.028
 Chang, H., Lim, J., Ha, M., and Kim, V. N. (2014). TAIL-seq: Genome-wide Determination of Poly(A) Tail Length and 3′ End Modifications. Mol. Cel 53, 1044–1052. doi:10.1016/j.molcel.2014.02.007
 Chang, L., Guo, R., Yuan, Z., Shi, H., and Zhang, D. (2018). LncRNA HOTAIR Regulates CCND1 and CCND2 Expression by Sponging miR-206 in Ovarian Cancer. Cell Physiol Biochem 49, 1289–1303. doi:10.1159/000493408
 Chao, C. W., Chan, D. C., Kuo, A., and Leder, P. (1998). The Mouse Formin (Fmn) Gene: Abundant Circular RNA Transcripts and Gene-Targeted Deletion Analysis. Mol. Med. 4, 614–628. doi:10.1007/bf03401761
 Chen, K., Hou, J., Song, Y., Zhang, X., Liu, Y., Zhang, G., et al. (2018). Chi-miR-3031 Regulates Beta-Casein via the PI3K/AKT-mTOR Signaling Pathway in Goat Mammary Epithelial Cells (GMECs). BMC Vet. Res. 14, 369. doi:10.1186/s12917-018-1695-6
 Chen, L.-L. (2016). Linking Long Noncoding RNA Localization and Function. Trends Biochem. Sci. 41, 761–772. doi:10.1016/j.tibs.2016.07.003
 Chen, L., Song, J., Cui, J., Hou, J., Zheng, X., Li, C., et al. (2013). microRNAs Regulate Adipocyte Differentiation. Cell Biol Int 37, 533–546. doi:10.1002/cbin.10063
 Chen, S., Zhao, H., Yan, X., Zhang, Z., Hu, K., Gao, H., et al. (2020). 5-Hydroxy-l-tryptophan Promotes the Milk Calcium Level via the miR-99a-3p/ATP2B1 Axis in Goat Mammary Epithelial Cells. J. Agric. Food Chem. 68, 3277–3285. doi:10.1021/acs.jafc.9b07869
 Chen, Z., Qiu, H., Ma, L., Luo, J., Sun, S., Kang, K., et al. (2016). miR-30e-5p and miR-15a Synergistically Regulate Fatty Acid Metabolism in Goat Mammary Epithelial Cells via LRP6 and YAP1. Int. J. Mol. Sci. 17, 1909. doi:10.3390/ijms17111909
 Chen, Z., Chu, S., Wang, X., Fan, Y., Zhan, T., Arbab, A. A. I., et al. (2019). MicroRNA-106b Regulates Milk Fat Metabolism via ATP Binding Cassette Subfamily A Member 1 (ABCA1) in Bovine Mammary Epithelial Cells. J. Agric. Food Chem. 67, 3981–3990. doi:10.1021/acs.jafc.9b00622
 Chen, Z., Chu, S., Wang, X., Sun, Y., Xu, T., Mao, Y., et al. (2019). MiR-16a Regulates Milk Fat Metabolism by Targeting Large Tumor Suppressor Kinase 1 (LATS1) in Bovine Mammary Epithelial Cells. J. Agric. Food Chem. 67, 11167–11178. doi:10.1021/acs.jafc.9b04883
 Chen, Z., Luo, J., Ma, L., Wang, H., Cao, W., Xu, H., et al. (2015). MiR130b-Regulation of PPARγ Coactivator- 1α Suppresses Fat Metabolism in Goat Mammary Epithelial Cells. PLoS One 10, e0142809. doi:10.1371/journal.pone.0142809
 Chen, Z., Luo, J., Sun, S., Cao, D., Shi, H., and Loor, J. J. (2017). miR-148a and miR-17-5p Synergistically Regulate Milk TAG Synthesis via PPARGC1A and PPARA in Goat Mammary Epithelial Cells. RNA Biol. 14, 326–338. doi:10.1080/15476286.2016.1276149
 Chen, Z., Shi, H., Sun, S., Luo, J., Zhang, W., Hou, Y., et al. (2018). MiR-183 Regulates Milk Fat Metabolism via MST1 in Goat Mammary Epithelial Cells. Gene 646, 12–19. doi:10.1016/j.gene.2017.12.052
 Chen, Z., Shi, H., Sun, S., Xu, H., Cao, D., and Luo, J. (2016). MicroRNA-181b Suppresses TAG via Target IRS2 and Regulating Multiple Genes in the Hippo Pathway. Exp. Cel Res. 348, 66–74. doi:10.1016/j.yexcr.2016.09.004
 Chen, Z., Zhou, J., Wang, M., Liu, J., Zhang, L., Loor, J. J., et al. (2020). Circ09863 Regulates Unsaturated Fatty Acid Metabolism by Adsorbing miR-27a-3p in Bovine Mammary Epithelial Cells. J. Agric. Food Chem. 68, 8589–8601. doi:10.1021/acs.jafc.0c03917
 Chu, M., Zhao, Y., Yu, S., Hao, Y., Zhang, P., Feng, Y., et al. (2018). miR-15b Negatively Correlates with Lipid Metabolism in Mammary Epithelial Cells. Am. J. Physiology-Cell Physiol. 314, C43–c52. doi:10.1152/ajpcell.00115.2017
 Coussens, L. M., and Pollard, J. W. (2011). Leukocytes in Mammary Development and Cancer. Cold Spring Harb Perspect. Biol. 3. doi:10.1101/cshperspect.a003285
 Cui, Y., Sun, X., Jin, L., Yu, G., Li, Q., Gao, X., et al. (2017). MiR-139 Suppresses β-casein Synthesis and Proliferation in Bovine Mammary Epithelial Cells by Targeting the GHR and IGF1R Signaling Pathways. BMC Vet. Res. 13, 350. doi:10.1186/s12917-017-1267-1
 Ebert, M. S., Neilson, J. R., and Sharp, P. A. (2007). MicroRNA Sponges: Competitive Inhibitors of Small RNAs in Mammalian Cells. Nat. Methods 4, 721–726. doi:10.1038/nmeth1079
 Gäken, J., Mohamedali, A. M., Jiang, J., Malik, F., Stangl, D., Smith, A. E., et al. (2012). A Functional Assay for microRNA Target Identification and Validation. Nucleic Acids Res. 40, e75. doi:10.1093/nar/gks145
 Gebauer, S. K., Chardigny, J.-M., Jakobsen, M. U., Lamarche, B., Lock, A. L., Proctor, S. D., et al. (2011). Effects of Ruminant Trans Fatty Acids on Cardiovascular Disease and Cancer: a Comprehensive Review of Epidemiological, Clinical, and Mechanistic Studies. Adv. Nutr. 2, 332–354. doi:10.3945/an.111.000521
 Gil, Á., and Ortega, R. M. (2019). Introduction and Executive Summary of the Supplement, Role of Milk and Dairy Products in Health and Prevention of Noncommunicable Chronic Diseases: A Series of Systematic Reviews. Adv. Nutr. 10, S67–s73. doi:10.1093/advances/nmz020
 Haug, A., Høstmark, A. T., and Harstad, O. M. (2007). Bovine Milk in Human Nutrition - a Review. Lipids Health Dis. 6, 25. doi:10.1186/1476-511x-6-25
 He, L., and Hannon, G. J. (2004). Correction: MicroRNAs: Small RNAs with a Big Role in Gene Regulation. Nat. Rev. Genet. 5, 631. doi:10.1038/nrg1415
 Hoffmann, S., Otto, C., Doose, G., Tanzer, A., Langenberger, D., Christ, S., et al. (2014). A Multi-Split Mapping Algorithm for Circular RNA, Splicing, Trans-splicing and Fusion Detection. Genome Biol. 15, R34. doi:10.1186/gb-2014-15-2-r34
 Hu, W., Alvarez‐Dominguez, J. R., and Lodish, H. F. (2012). Regulation of Mammalian Cell Differentiation by Long Non‐coding RNAs. EMBO Rep. 13, 971–983. doi:10.1038/embor.2012.145
 Huang, Y., Zhang, J., Hou, L., Wang, G., Liu, H., Zhang, R., et al. (2017). LncRNA AK023391 Promotes Tumorigenesis and Invasion of Gastric Cancer through Activation of the PI3K/Akt Signaling Pathway. J. Exp. Clin. Cancer Res. 36, 194. doi:10.1186/s13046-017-0666-2
 Jeck, W. R., and Sharpless, N. E. (2014). Detecting and Characterizing Circular RNAs. Nat. Biotechnol. 32, 453–461. doi:10.1038/nbt.2890
 Ji, Z., Chao, T., Liu, Z., Hou, L., Wang, J., Wang, A., et al. (2020). Genome-wide I-ntegrated A-nalysis D-emonstrates W-idespread F-unctions of lncRNAs in M-ammary G-land D-evelopment and L-actation in D-airy G-oats. BMC Genomics 21, 254. doi:10.1186/s12864-020-6656-3
 Ji, Z., Dong, F., Wang, G., Hou, L., Liu, Z., Chao, T., et al. (2015). miR-135a Targets and Regulates Prolactin Receptor Gene in Goat Mammary Epithelial Cells. DNA Cel Biol. 34, 534–540. doi:10.1089/dna.2015.2904
 Jiao, B. L., Zhang, X. L., Wang, S. H., Wang, L. X., Luo, Z. X., Zhao, H. B., et al. (2019). MicroRNA-221 Regulates Proliferation of Bovine Mammary Gland Epithelial Cells by Targeting the STAT5a and IRS1 Genes. J. Dairy Sci. 102, 426–435. doi:10.3168/jds.2018-15108
 Kadegowda, A. K. G., Bionaz, M., Piperova, L. S., Erdman, R. A., and Loor, J. J. (2009). Peroxisome Proliferator-Activated Receptor-γ Activation and Long-Chain Fatty Acids Alter Lipogenic Gene Networks in Bovine Mammary Epithelial Cells to Various Extents. J. Dairy Sci. 92, 4276–4289. doi:10.3168/jds.2008-1932
 Kramer, M. F. (2011). Stem-loop RT-qPCR for miRNAs. Curr. Protoc. Mol. Biol. Chapter 15:Unit 15.10. doi:10.1002/0471142727.mb1510s95
 Kristensen, L. S., Andersen, M. S., Stagsted, L. V. W., Ebbesen, K. K., Hansen, T. B., and Kjems, J. (2019). The Biogenesis, Biology and Characterization of Circular RNAs. Nat. Rev. Genet. 20, 675–691. doi:10.1038/s41576-019-0158-7
 Kuhnt, K., Degen, C., and Jahreis, G. (2016). Evaluation of the Impact of RuminantTransFatty Acids on Human Health: Important Aspects to Consider. Crit. Rev. Food Sci. Nutr. 56, 1964–1980. doi:10.1080/10408398.2013.808605
 Li, D., Xie, X., Wang, J., Bian, Y., Li, Q., Gao, X., et al. (2015). MiR-486 Regulates Lactation and Targets the PTEN Gene in Cow Mammary Glands. PLoS One 10, e0118284. doi:10.1371/journal.pone.0118284
 Li, R., Jiang, J., Shi, H., Qian, H., Zhang, X., and Xu, W. (2020). CircRNA: a Rising star in Gastric Cancer. Cell. Mol. Life Sci. 77, 1661–1680. doi:10.1007/s00018-019-03345-5
 Li, R. W., and Capuco, A. V. (2008). Canonical Pathways and Networks Regulated by Estrogen in the Bovine Mammary Gland. Funct. Integr. Genomics 8, 55–68. doi:10.1007/s10142-007-0055-6
 Li, X., Jiang, P., Yu, H., Yang, Y., Xia, L., Yang, R., et al. (2019). miR-21-3p TargetsElovl5and Regulates Triglyceride Production in Mammary Epithelial Cells of Cow. DNA Cel Biol. 38, 352–357. doi:10.1089/dna.2018.4409
 Li, Z., Huang, C., Bao, C., Chen, L., Lin, M., Wang, X., et al. (2015). Exon-intron Circular RNAs Regulate Transcription in the Nucleus. Nat. Struct. Mol. Biol. 22, 256–264. doi:10.1038/nsmb.2959
 Lian, S., Guo, J. R., Nan, X. M., Ma, L., Loor, J. J., and Bu, D. P. (2016). MicroRNA Bta-miR-181a Regulates the Biosynthesis of Bovine Milk Fat by Targeting ACSL1. J. Dairy Sci. 99, 3916–3924. doi:10.3168/jds.2015-10484
 Lin, X.-z., Luo, J., Zhang, L.-p., Wang, W., Shi, H.-b., and Zhu, J.-j. (2013). MiR-27a Suppresses Triglyceride Accumulation and Affects Gene mRNA Expression Associated with Fat Metabolism in Dairy Goat Mammary Gland Epithelial Cells. Gene 521, 15–23. doi:10.1016/j.gene.2013.03.050
 Liu, J., Zhang, M., Li, D., Li, M., Kong, L., Cao, M., et al. (2020). Prolactin-Responsive Circular RNA circHIPK3 Promotes Proliferation of Mammary Epithelial Cells from Dairy Cow. Genes (Basel) 11, 11. doi:10.3390/genes11030336
 Liu, M., Li, B., Peng, W., Ma, Y., Huang, Y., Lan, X., et al. (2019). LncRNA‐MEG3 Promotes Bovine Myoblast Differentiation by Sponging miR‐135. J. Cel Physiol 234, 18361–18370. doi:10.1002/jcp.28469
 Liu, Y., Hou, J., Zhang, M., Seleh‐Zo, E., Wang, J., Cao, B., et al. (2020). circ‐016910 Sponges miR‐574‐5p to Regulate Cell Physiology and Milk Synthesis via MAPK and PI3K/AKT-mTOR Pathways in GMECs. J. Cel Physiol 235, 4198–4216. doi:10.1002/jcp.29370
 Ma, L., Qiu, H., Chen, Z., Li, L., Zeng, Y., Luo, J., et al. (2018). miR-25 Modulates Triacylglycerol and Lipid Accumulation in Goat Mammary Epithelial Cells by Repressing PGC-1beta. J. Anim. Sci Biotechnol 9, 48. doi:10.1186/s40104-018-0262-0
 Macias, H., and Hinck, L. (2012). Mammary Gland Development. Wires Dev. Biol. 1, 533–557. doi:10.1002/wdev.35
 Mali, P., Yang, L., Esvelt, K. M., Aach, J., Guell, M., DiCarlo, J. E., et al. (2013). RNA-guided Human Genome Engineering via Cas9. Science 339, 823–826. doi:10.1126/science.1232033
 Matsui, M., and Corey, D. R. (2017). Non-coding RNAs as Drug Targets. Nat. Rev. Drug Discov. 16, 167–179. doi:10.1038/nrd.2016.117
 Mattick, J. S., and Makunin, I. V. (2006). Non-coding RNA. Hum. Mol. Genet. 15 (1), R17–R29. doi:10.1093/hmg/ddl046
 Mattick, J. S. (2009). The Genetic Signatures of Noncoding RNAs. Plos Genet. 5, e1000459. doi:10.1371/journal.pgen.1000459
 Melnik, B. C., and Schmitz, G. (2017). MicroRNAs: Milk's Epigenetic Regulators. Best Pract. Res. Clin. Endocrinol. Metab. 31, 427–442. doi:10.1016/j.beem.2017.10.003
 Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al. (2013). Circular RNAs Are a Large Class of Animal RNAs with Regulatory Potency. Nature 495, 333–338. doi:10.1038/nature11928
 Mendes, N. D., Freitas, A. T., and Sagot, M.-F. (2009). Current Tools for the Identification of miRNA Genes and Their Targets. Nucleic Acids Res. 37, 2419–2433. doi:10.1093/nar/gkp145
 Mercer, T. R., Dinger, M. E., and Mattick, J. S. (2009). Long Non-coding RNAs: Insights into Functions. Nat. Rev. Genet. 10, 155–159. doi:10.1038/nrg2521
 Mo, J. S., Park, H. W., and Guan, K. L. (2014). The Hippo Signaling Pathway in Stem Cell Biology and Cancer. EMBO Rep. 15, 642–656. doi:10.15252/embr.201438638
 Mobuchon, L., Le Guillou, S., Marthey, S., Laubier, J., Laloë, D., Bes, S., et al. (2017). Sunflower Oil Supplementation Affects the Expression of miR-20a-5p and miR-142-5p in the Lactating Bovine Mammary Gland. PLoS One 12, e0185511. doi:10.1371/journal.pone.0185511
 Mohan, M. S., O’Callaghan, T. F., Kelly, P., and Hogan, S. A. (2021). Milk Fat: Opportunities, Challenges and Innovation. Crit. Rev. Food Sci. Nutr. 61, 2411–2443. doi:10.1080/10408398.2020.1778631
 Noh, J. H., Kim, K. M., McClusky, W. G., Abdelmohsen, K., and Gorospe, M. (2018). Cytoplasmic Functions of Long Noncoding RNAs. WIREs RNA 9, e1471. doi:10.1002/wrna.1471
 Oftedal, O. T. (2002). The Mammary Gland and its Origin during Synapsid Evolution. J. Mammary Gland Biol. Neoplasia 7, 225–252. doi:10.1023/a:1022896515287
 Ørom, U. A., Derrien, T., Guigo, R., and Shiekhattar, R. (2010). Long Noncoding RNAs as Enhancers of Gene Expression. Cold Spring Harbor Symposia Quantitative Biol. 75, 325–331. doi:10.1101/sqb.2010.75.058
 Parodi, P. W. (1997). Cows' Milk Fat Components as Potential Anticarcinogenic Agents. J. Nutr. 127, 1055–1060. doi:10.1093/jn/127.6.1055
 Qiaoqiao, C., Li, H., Liu, X., Yan, Z., Zhao, M., Xu, Z., et al. (2019). MiR‐24‐3p Regulates Cell Proliferation and Milk Protein Synthesis of Mammary Epithelial Cells through Menin in Dairy Cows. J. Cel Physiol 234, 1522–1533. doi:10.1002/jcp.27017
 Rinn, J. L., and Chang, H. Y. (2012). Genome Regulation by Long Noncoding RNAs. Annu. Rev. Biochem. 81, 145–166. doi:10.1146/annurev-biochem-051410-092902
 Roy, R., Ordovas, L., Zaragoza, P., Romero, A., Moreno, C., Altarriba, J., et al. (2006). Association of Polymorphisms in the Bovine FASN Gene with Milk-Fat Content. Anim. Genet. 37, 215–218. doi:10.1111/j.1365-2052.2006.01434.x
 Sandhu, G. K., Milevskiy, M. J. G., Wilson, W., Shewan, A. M., and Brown, M. A. (2016). Non-coding RNAs in Mammary Gland Development and Disease. Adv. Exp. Med. Biol. 886, 121–153. doi:10.1007/978-94-017-7417-8_7
 Shen, B., Yang, Z., Han, S., Zou, Z., Liu, J., Nie, L., et al. (2019). Bta-miR-124a Affects Lipid Metabolism by Regulating PECR Gene. Biomed. Res. Int. 2019, 2596914. doi:10.1155/2019/2596914
 Shen, B., Han, S., Wang, Y., Yang, Z., Zou, Z., Liu, J., et al. (2019). Bta‐miR‐152 Affects Intracellular Triglyceride Content by Targeting the UCP3 Gene. J. Anim. Physiol. Anim. Nutr. 103, 1365–1373. doi:10.1111/jpn.13162
 Shen, B., Pan, Q., Yang, Y., Gao, Y., Liu, X., Li, W., et al. (2017). miR-224 Affects Mammary Epithelial Cell Apoptosis and Triglyceride Production by Downregulating ACADM and ALDH2 Genes. DNA Cel Biol. 36, 26–33. doi:10.1089/dna.2016.3540
 Slack, F. J., and Chinnaiyan, A. M. (2019). The Role of Non-coding RNAs in Oncology. Cell 179, 1033–1055. doi:10.1016/j.cell.2019.10.017
 Smillie, C. L., Sirey, T., and Ponting, C. P. (2018). Complexities of post-transcriptional Regulation and the Modeling of ceRNA Crosstalk. Crit. Rev. Biochem. Mol. Biol. 53, 231–245. doi:10.1080/10409238.2018.1447542
 Tang, K. Q., Wang, Y. N., Zan, L. S., and Yang, W. C. (2017). miR-27a Controls Triacylglycerol Synthesis in Bovine Mammary Epithelial Cells by Targeting Peroxisome Proliferator-Activated Receptor Gamma. J. Dairy Sci. 100, 4102–4112. doi:10.3168/jds.2016-12264
 Tucker, H. A. (2000). Hormones, Mammary Growth, and Lactation: a 41-year Perspective. J. Dairy Sci. 83, 874–884. doi:10.3168/jds.s0022-0302(00)74951-4
 Turck, D. (2013). Cow's Milk and Goat's Milk. World Rev. Nutr. Diet. 108, 56–62. doi:10.1159/000351485
 Wang, F., Wang, X., Li, J., Lv, P., Han, M., Li, L., et al. (2021). CircNOL10 Suppresses Breast Cancer Progression by Sponging miR-767-5p to Regulate SOCS2/JAK/STAT Signaling. J. Biomed. Sci. 28, 4. doi:10.1186/s12929-020-00697-0
 Wang, H., Luo, J., Chen, Z., Cao, W. T., Xu, H. F., Gou, D. M., et al. (2015). MicroRNA-24 Can Control Triacylglycerol Synthesis in Goat Mammary Epithelial Cells by Targeting the Fatty Acid Synthase Gene. J. Dairy Sci. 98, 9001–9014. doi:10.3168/jds.2015-9418
 Wang, Y., Guo, W., Tang, K., Wang, Y., Zan, L., and Yang, W. (2019). Bta-miR-34b Regulates Milk Fat Biosynthesis by Targeting mRNA Decapping Enzyme 1A (DCP1A) in Cultured Bovine Mammary Epithelial Cells1. J. Anim. Sci. 97, 3823–3831. doi:10.1093/jas/skz230
 Yang, B., Jiao, B., Ge, W., Zhang, X., Wang, S., Zhao, H., et al. (2018). Transcriptome Sequencing to Detect the Potential Role of Long Non-coding RNAs in Bovine Mammary Gland during the Dry and Lactation Period. BMC Genomics 19, 605. doi:10.1186/s12864-018-4974-5
 Yang, W., Zhao, J., Zhao, Y., Li, W., Zhao, L., Ren, Y., et al. (2020). Hsa_circ_0048179 Attenuates Free Fatty Acid-Induced Steatosis via hsa_circ_0048179/miR-188-3p/GPX4 Signaling. Aging 12, 23996–24008. doi:10.18632/aging.104081
 Yu, S., Zhao, Y., Lai, F., Chu, M., Hao, Y., Feng, Y., et al. (2017). LncRNA as ceRNAs May Be Involved in Lactation Process. Oncotarget 8, 98014–98028. doi:10.18632/oncotarget.20439
 Yue, B., Li, H., Liu, M., Wu, J., Li, M., Lei, C., et al. (2019). Characterization of lncRNA-miRNA-mRNA Network to Reveal Potential Functional ceRNAs in Bovine Skeletal Muscle. Front. Genet. 10, 91. doi:10.3389/fgene.2019.00091
 Zang, J., Lu, D., and Xu, A. (2020). The Interaction of circRNAs and RNA Binding Proteins: An Important Part of circRNA Maintenance and Function. J. Neurosci. Res. 98, 87–97. doi:10.1002/jnr.24356
 Zhang, J. W., Luo, Y., Wang, Y. H., He, L. J., Li, M. Z., and Wang, X. (2015). MicroRNA Regulates Animal Adipocyte Differentiation. Yi Chuan 37, 1175–1184. doi:10.16288/j.yczz.15-233
 Zhang, L., Liu, X., Ma, X., Liu, Y., Che, S., Cui, J., et al. (2018). Testin Was Regulated by circRNA3175‐miR182 and Inhibited Endometrial Epithelial Cell Apoptosis in Pre‐receptive Endometrium of Dairy Goats. J. Cel Physiol 233, 6965–6974. doi:10.1002/jcp.26614
 Zhang, M.-Q., Gao, J.-L., Liao, X.-D., Huang, T.-H., Zhang, M.-N., Wang, M.-Q., et al. (2019). miR-454 Regulates Triglyceride Synthesis in Bovine Mammary Epithelial Cells by Targeting PPAR-γ. Gene 691, 1–7. doi:10.1016/j.gene.2018.12.048
 Zhang, X.-O., Dong, R., Zhang, Y., Zhang, J.-L., Luo, Z., Zhang, J., et al. (2016). Diverse Alternative Back-Splicing and Alternative Splicing Landscape of Circular RNAs. Genome Res. 26, 1277–1287. doi:10.1101/gr.202895.115
 Zhang, Y., Wu, Q., Liu, J., An, X., and Cao, B. (2021). Circ-140/chi-miR-8516/STC1-MMP1 Regulates αs1-/β-Casein Secretion and Lipid Formation in Goat Mammary Epithelial Cells. Genes (Basel) 12, 671. doi:10.3390/genes12050671
 Zhang, Y., Liu, J., Li, W., Cao, F., Niu, G., Ji, S., et al. (2020). A Regulatory Circuit Orchestrated by Novel-miR-3880 Modulates Mammary Gland Development. Front. Cel Dev. Biol. 8, 383. doi:10.3389/fcell.2020.00383
 Zhu, C., Jiang, Y., Zhu, J., He, Y., Yin, H., Duan, Q., et al. (2020). CircRNA8220 Sponges MiR-8516 to Regulate Cell Viability and Milk Synthesis via Ras/MEK/ERK and PI3K/AKT/mTOR Pathways in Goat Mammary Epithelial Cells. Animals (Basel) 10, 10. doi:10.3390/ani10081347
 Zhu, J. J., Luo, J., Wang, W., Yu, K., Wang, H. B., Shi, H. B., et al. (2014). Inhibition of FASN Reduces the Synthesis of Medium-Chain Fatty Acids in Goat Mammary Gland. Animal 8, 1469–1478. doi:10.1017/s1751731114001323
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Lu, Chen, Ji, Mao, Jiang, Yang and Loor. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-12-733925-g005.gif





OPS/images/fgene-12-733925-g006.gif





OPS/images/fgene-12-733925-g003.gif
2

NANNNNNAN






OPS/images/fgene-12-733925-g004.gif





OPS/images/fgene-12-733925-t002.jpg
miRNA

miR-454
miR-34b
miR-181a
miR-27a
miR-130b
miR-183
miR-25

Species

Bovine
Bovine
Bovine
Bovine
Goat
Goat
Goat

Target genes

PPAR-y
DCP1A
ACSL1
PPAR-y
PGCla
MST1
PGC1p

Functions

Inhibition of lipid droplet accumulation
Inhibition of lipid droplet accumulation
Inhibition of lipid droplet synthesis

Inhibition of lipid droplet accumulation
Inhibition of lipid droplet accumulation
Inhibition of lipid droplet accumulation
Inhibition of lipid droplet accumulation

References

Zhang et al. (2019)
Wang et al. (2019)
Lian et al. (2016)
Tang et al. (2017)
Chen et al. (2015)
Chen et al. (2018a)
Ma et al. (2018)





OPS/images/fgene-12-733925-g007.gif





OPS/images/fgene-12-733925-t001.jpg
miRNA

miR-108b
miR-29s
miR-181b
miR-152
miR-124a
miR-21-3p
miR-142-5p
miR-15b
miR-24
miR-17-5p
miR-148a

Species

Bovine
Bovine
Goat
Bovine
Bovine
Bovine
Goat
Goat
Goat
Goat
Goat

Target genes

ABCA1
PPAR-y
INS2
Vo]
PECR
ELOVLS
CTNNB1
FASN
FASN
PGCla
PPARa

Functions

Resuilts in decreased TAG content
Results in decreased TAG content
Resuilts in decreased TAG content
Promotes the synthesis of TAG
Promotes the synthesis of TAG
Promotes the synthesis of TAG
Promotes the synthesis of TAG
Promotes the synthesis of TAG
Promotes the synthesis of TAG
Promotes the synthesis of TAG
Promotes the synthesis of TAG

References

Chen et al. (2019a)
Bian et al. (2015)
Chen et al. (20162)
Shen et al. (2019a)
Shen et al. (2019b)
Lietal. (2019)
Mobuchon et al. (2017)
Chu et al. (2018)
Wang et al. (2015)
Chen et al. (2017)
Chen et al. (2017)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Progress on the Regulation of Ruminant Milk Fat by Noncoding RNAs and ceRNAs		Introduction

		MicroRNAs		Mechanism of miRNA Action

		Methods Used to Research miRNAs

		Regulation of Ruminant Milk Lipid Synthesis and Utilization by miRNAs





		Long Non-Coding RNAs		Mechanism of Action of LncRNAs

		LncRNA Research Methods

		Regulation of Ruminant Milk Lipids by lncRNA





		Circular RNAs		Mechanisms of Action of circRNAs

		Research Methods for circRNA

		Regulation of Ruminant Milk Lipids by circRNA





		Competitive Endogenous RNA Mechanisms of Action

		Discussion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
‘ frontiers
in Genetics

Progress on the Regulation of
Ruminant Milk Fat by Noncoding
RNAs and ceRNAs





OPS/images/fgene-12-733925-g001.gif





OPS/images/fgene-12-733925-g002.gif





OPS/images/fgene-12-733925-t003.jpg
miRNA

miR-139
chi-miR-8516
chi-miR-3031
miR-135a
miR-09a-3p
novel-miR-3880
miR-24-3p
miR-486
miR-103
miR-224

Species

Bovine
Goat
Goat
Goat
Goat
Goat
Bovine
Bovine
Bovine
Bovine

Target genes

GHR, IGF1IR
STC1, MMP1
IGFBPS
PPLR
ATP2B1
ELF2

MEN1

PTEN
PKAN3
ACADM

Functions

Inhibition of B-casein synthesis and prolferation

Inhibition of B-casein synthesis and proliferation

Increased expression of B-casein

Regulation of prolactin secretion

Promotes mik calcium levels

Reduces B-casein expression and increases -casein secretion
Regulates the synthesis of milk proteins

Regulation of Phosphoacyl Alcohol Signal Transduction
Accelerate de novo synthesis of fatty acids

Increased apoptosis rate

References

Cui et al. (2017)
Zhang et al. (2021)
Chen et al. (2018b)
Jietal. (2015)

Chen et al. (20202)
Zhang et al. (2020)
Qiaogiao et al. (2019)
Liet al. (2015a)
Caietal. (2017)
Shen et al. (2017)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
1N Genetics





