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Abstract

:

The aim of the study was to understand the internal relationship between milk quality and lipid metabolism in cow mammary glands. A serial of studies was conducted to assess the molecular mechanism of PRL/microRNA-183/IRS1 (Insulin receptor substrate) pathway, which regulates milk fat metabolism in dairy cows. microRNA-183 (miR-183) was overexpressed and inhibited in cow mammary epithelial cells (CMECs), and its function was detected. The function of miR-183 in inhibiting milk fat metabolism was clarified by triglycerides (TAG), cholesterol and marker genes. There is a CpG island in the 5′-flanking promoter area of miR-183, which may inhibit the expression of miR-183 after methylation. Our results showed that prolactin (PRL) inhibited the expression of miR-183 by methylating the 5′ terminal CpG island of miR-183. The upstream regulation of PRL on miR-183 was demonstrated, and construction of the lipid metabolism regulation network of microRNA-183 and target gene IRS1 was performed. These results reveal the molecular mechanism of PRL/miR-183/IRS1 pathway regulating milk fat metabolism in dairy cows, thus providing an experimental basis for the improvement of milk quality.
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1. Introduction


Researchers have focused on improving the milk yield and quality of dairy cows for several decades. Recently, research focusing on topics from ruminant nutrition to physiological perspectives has been performed with modern molecular techniques, such as microarrays or RNA sequencing. The mammary gland has been extensively studied to illustrate the mechanism of milk synthesis and secretion [1]. Due to the genetic and functional similarities of prolactin (PRL), growth hormone and placental PRL, researchers believe that they evolved from the same progenitor gene [2]. PRL plays an indispensable role in lactation [3]; however, the regulatory genes or mechanism of PRL is still not clarified. In this study, the results showed that PRL downregulated the expression of microRNA-183 (miR-183).



The growth and development of mammary gland tissue and lactation are complex processes that require precise regulation from the body [4,5]. MicroRNAs (miRNAs) regulate gene expression after transcription and participate in major aspects of the life activities of the organism, such as organ development [6,7], cell differentiation [8], cell proliferation and apoptosis [9], cell lipid metabolism [10], sugar metabolism [11] and protein metabolism [12]. In lactation physiology, numerous genes are associated with the growth, development and lactation of mammary gland tissue [13,14]. Previous results showed that the expression of 96 and 133 miRNAs was highly related to mammary and adipose tissues, respectively. Inherently, the copy numbers of miRNAs co-expressed in these two tissues were different [15]. This finding may suggest that miRNAs are involved in fat metabolism in mammary tissues. Previous studies on the regulation of miRNAs in mammary tissue lipid metabolism mainly focused on the analysis of miRNA expression profiles in mammary at different lactation stages by sequencing technology. For example, Avril-Sassen et al. 2009 [16] sequenced, analyzed and compared the expression profiles of miRNAs from the mammary tissues of mice in different lactation stages. Results showed that some miRNA expression levels (e.g., miR-1, miR-200, miR-126 and miR-146) were significantly different at the early and middle lactation stages, indicating that these differentially expressed miRNAs were related to mammary lactation and lactase metabolism. Many miRNA candidates by sequencing animal mammary gland tissue were obtained in previous studies, but there is a lack of in-depth systematic functional verification and mechanistic exploration of these miRNAs, and the roles and molecular mechanisms of some important candidate miRNAs are still unclear. Therefore, the main purpose of this study was to select differentially expressed miR-183 under PRL treatment and explore the function of miR-183 in isolated mammary epithelial cells.




2. Material and Methods


2.1. Cell Culture and Treatment


The basic culture medium of the primary mammary epithelial cells of Holstein cows was composed of DMEM/F12, 10% fetal bovine serum and various cytokines (e.g., 5 g/mL bovine insulin, 10 kU/L cyanine/streptomycin, etc.). Mammary gland epithelial cells recovered at 37 °C, 5% CO2 and suitable humidity for 48 h and were treated with PRL at the following concentrations (0 g/mL, 0.5 g/mL, 1 g/mL, 2 g/mL, and 4 g/mL), 5-aza or PRL +5-aza-dC (10 µM). Cells were collected after 48 h for subsequent evaluation. Cow mammary epithelial cells were cultured with PRL for 48 h. Each treatment contained triplicate samples.




2.2. Extraction and Quality Determination of Total RNA


Total RNA was extracted from mammary tissue and cells by the TRIzol method according to the instructions of the RNA extraction kit (Invitrogen Corp., Carlsbad, CA, USA) [17]. The integrity of total RNA was detected by agarose gel, and the concentration was determined by a nucleic acid protein analyzer. The qualified RNA samples were stored at −80 °C for later use.




2.3. Triglyceride (TAG) Content and Cholesterol Detection


A six-well cell culture plate was used for cell cultivation, and three replicates were set for each sample. The samples were washed with PBS, and then, pyrolysis liquid (150 μL) was added after removing PBS. Cells and pyrolysis liquid were collected in EP tubes (1.5 mL) after 15 min at 4 °C. The cells were then lysed on ice and centrifuged. Ten microliters of supernatant samples were collected for BCA protein detection. TAG and cholesterol kits (Loogen, Beijing, China) were used for TAG and cholesterol content detection according to the method introduced by Xu et al. in 2018 [18].




2.4. Expression Level Detection in Fluorescence Quantitative PCR


Detection of miRNA expression: RNA was extracted from transfected cells, and miRNA in total RNA was reverse transcribed by following the instructions of a miRNA reverse transcription kit (TaKaRa, Osaka, Japan) [19]. Quantitative primers were designed according to the miR-183 sequence based on the miRbase database (http://www.mirbase.org) (Table S1). Detection of mRNA expression: reverse transcription was performed according to the instructions of the reverse transcription kit (TaKaRa, Osaka, Japan) [19]. Fluorescence quantitative PCR primers were designed according to the sequences of bovine IRS1, SCD (Stearoyl-CoA desaturase), ABCG1 (ATP-binding cassette sub-family G member 1), FASN (Fatty acid synthase), ABCA1 (ATP binding cassette subfamily A member 1), HSL (Hormone sensitive lipase), CPT1 (Carnitine palmitoyltransferase 1) and the internal reference gene UXT (Ubiquitously expressed transcript) from NCBI (Table S2).




2.5. Transfection of miR-183 Mimics and Inhibitor in Primary Cow Mammary Epithelial Cells (CMECs)


Preliminary results showed that the optimal transfection concentration of miR-183 mimics was 100 nM and that the miR-183 inhibitor was 300 nM. Specific targeted DNA methyltransferase, which is the amino terminal siRNA, was designed and synthesized. Each sample was set for three replicates (Table S3).




2.6. Western Blot Analysis


Proteins were extracted from the transfected cells after 48 h of transfection with miR-183 mimic and inhibitor. The OD data were measured at 570 nm with a microplate micrograph, and a standard curve was used to calculate the protein concentration of the samples. The test samples were loaded with 20 μL protein samples and 10 μL protein marker per well on separated and concentrated gels. Proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane (Millipore, Boston, MI, USA). Then, the samples were probed with primary monoclonal rabbit anti-IRS1 (Cell Signaling, #2382) and monoclonal mouse antibodies plus anti-β-actin antibody (Proteintech Group, 66009-1-IG, Wuhan, China). The reagents were transferred to the membrane and diluted. The samples were incubated with good resistance at 4 °C overnight. The first diluent was recovered, and the TBST membrane was washed on a shaker 3 times (5 min each time), followed by the secondary antibody. Signals were detected by the chemiluminescent ECL Western blot system (Pierce, Rockford, IL, USA).




2.7. Verification of the Dual Luciferase Reporter Gene Targeting IRS1 by miR-183


miR-183 was selected for further analysis of the relationship between miR-183 and its target genes. Online software TargetScan v6.2 and the miRNA function analysis software DAVID (Functional Annotation Bioinformatics Microarray Analysis) (https://david.ncifcrf.gov/summary) were used. We separately constructed IRS1 gene 3′-UTR wild type and mutant vectors (Table S4), and then vectors were transferred into luciferase report vector to test activity. To determine whether miR-183 targets these sites directly, the 3′-UTR fragment of the IRS1 gene, which contains the target site of miR-183, was synthesized. This fragment (including the target site of miR-183) was transferred to the psi-check2 vector for cloning and identification. Seventy-five microlitres of PBS and luciferase substrate were added to each well of plates, and then, the fluorescence value of luciferase was determined with a microplate assay. Seventy-five microlitres of stop reagent was added to plates, and Renilla luciferase fluorescence was determined by a microplate assay after 10 min of incubation in the dark. The fluorescence ratio was calculated based on the value before and after.




2.8. Bisulphite Sequencing PCR (BSP) of miR-183


The cells were pretreated with PRL (including different times and concentrations) and inoculated in 6-well plates. An Axygen genomic DNA purification and extraction kit (Qiagen, Shanghai, China) was used for cell genomic DNA extraction. Four hundred and fifty ng genomic DNA were purified and recovered after bisulphite modification with the EZ DNA Methylation-Gold TM kit (Qiagen, Shanghai, China). Genomic DNA modified with bisulphite was used as the template, and BSP was used as a primer to amplify the methylated fragment of the miR-183 5′ promoter. The PCR product was cloned into the pmd-19t vector, and the Top10 competent cells were transformed [20]. The mono-clones were collected and sent to Shanghai Yingjun Biotechnology Co., Ltd. for sequencing (Yingjun, Shanghai, China).




2.9. Statistical Analysis


In order to visually exhibit the stability of each candidate gene were used to process the raw Ct values obtained by qRT-PCR. Data for the geNorm and NormFinder algorithms had to be processed by the formula: 2−ΔCt (ΔCt = each corresponding Ct value—the minimum Ct value). Then, by importing 2−ΔCt values into the programs, the stability parameters of each gene could be obtained. On the other hand, the best keeper was used for unification. BestKeeper (UXT) uses a different mechanism to choose the most stable genes. It can intuitively select the internal reference genes more accurately under different external environments. The results also represent relative quantities. The relative concentrations of triglycerides and cholesterol were corrected by protein concentration (BCA protein detection) after detecting their absolute values. SPSS18.0 software was used for statistical analysis, mean standard deviation was used for continuous variables, and one-way ANOVA (Analysis of Variance) was used as a model of analysis. Significance was declared at p < 0.05. GraphPad Prism v5.0 was used to draw the figures; * p < 0.05; ** p < 0.01; *** p < 0.001. All experiments were duplicated and repeated three times. Values are presented as means ± standard deviation.





3. Results


3.1. Screening of the Best PRL Concentration


PRL plays a key role in the process of lactation. Therefore, to select the best concentration, different concentrations of PRL were tested in the mammary epithelial cells of cows in this study. Mammary epithelial cells were treated with PRL at concentrations of 0 μg/mL, 0.5 μg/mL, 1 μg/mL, 2 μg/mL and 4 μg/mL. The levels of TAG concentration are shown in Figure 1A. PRL at concentrations of 0.5 μg/mL (1.20 ± 0.050, p = 0.011), 1 μg/mL (1.42 ± 0.070, p = 0.001), 2 μg/mL (1.51 ± 0.065, p < 0.001) and 4 μg/mL (1.49 ± 0.081, p = 0.001) increased TAG levels compared to NC. Casein beta and CSN2 are both the description for the same gene. Casein beta is a marker gene for milk fat metabolism in CMECs. CSN2 (β-casein) and protein levels (Figure 1C) were determined. The results showed that the optimum concentration of PRL was 2 μg/mL.




3.2. Molecular Mechanism of PRL Regulating miR-183 Expression in Cow Mammary Epithelial Cells


The related indicators of mammary epithelial cells treated with PRL at different concentrations and times. The results showed that the expression of miR-183 was dependent on PRL at a certain concentration and time (Figure 2A,B). Meanwhile, there was a CpG island in the promoter region of the miR-183 5′-flanking region, which inhibited the expression of miR-183 after methylation (Figure 2C).



To confirm the regulation of PRL to miR-183 related to this methylation site, mammary epithelial cells were treated with methylation inhibitors (5-aza-2′-deoxycitidine) compared with the control group (Untreated cells). PRL (0.55 ± 0.043) and 5-aza-dc + PRL (1.18 ± 0.044) were subsequently selected for the experiment. The results showed that 5-aza-dc (1.28 ± 0.047) could partially inhibit the PRL-mediated downregulation of miR-183 compared with PRL with 5-aza-dc + PRL (p < 0.001) (Figure 2D). Moreover, methylation levels of the NC, PRL and PRL + 5-aza-dc groups were detected by the hydrogen sulphite DNA sequencing method, and 5-aza-dc treatment was found to inhibit PRL-induced DNA methylation (Figure 2E).



It was verified how PRL regulates the expression of miR-183 due to DNA methylation, and then how PRL modifies miR-183 should be clarified. It was hypothesized that induction of DNMT1 (DNA (cytosine-5-)-methyltransferase 1) activation by CMECs under PRL stimulation resulted in DNA methylation of the miR-183 5′-flanking region in the CpG island region, resulting in decreased expression of miR-183 at the transcriptional level. To test this hypothesis, two studies were conducted: (1) Detection of expression of DNMT1 at mRNA and protein levels after PRL stimulation. Studies have shown a significant increase in DNMT1 expression (1.48 ± 0.049, p = 0.001) under stimulation of PRL (Figure 3A,B). (2) Endogenous DNMT1 was interfered with siRNA, and expression of miR-183 was detected under PRL treatment. PRL (1.11 ± 0.083) could partially inhibit the downregulation (p < 0.001) of si-DNMT1 (1.67 ± 0.070) on miR-183 (Figure 3C). The above results showed that PRL down-regulates miR-183 by methylation in mammary epithelial cells (p < 0.05).




3.3. Transfection Efficiency of miRNA and siRNA


Figure 4A shows that the expression level of the miR-183 mimic in mammary epithelial cells was 60-fold higher than in the control group (NC-mimic, negative control mimic). Compared with the control group (NC-inhibitor, negative control-inhibitor), the expression level of the miR-183 inhibitor group was decreased by 80% after processing. The transfection efficiency of sirna-irs1 and sirna-dnmnt1 was determined by qRT-PCR for their respective miRNA levels. As shown in Figure 4B, in comparison with the control group, the expression level in the mammary epithelial cells treated with sirna-irs1 was downregulated by 74%, and the expression level of sirna-dnmnt1 was decreased by 68%. Furthermore, the protein expression level obtained from Western blots in mammary epithelial cells treated with sirna-irs1 was significantly downregulated compared with the control group (Figure 4C). The expression level of sirna-dnmnt1 was significantly downregulated compared to the control group (Figure 4D). The results indicated that the transfection efficiency of siRNA was good and could be used in the experiment.




3.4. miR-183 Specifically Targets IRS1 in CMECs


The current results showed that IRS1 mRNA expression was upregulated by miR-183 inhibition, but IRS1 gene expression was downregulated (p = 0.001) by miR-183 overexpression (0.70 ± 0.001) (Figure 5A). Furthermore, as shown in Figure 5C, the 3′-UTR of IRS1 binds to the miR-183 site. The results from luciferase reporter assays showed that overexpression of miR-183 downregulated (p = 0.003) the activity of the wild-type IRS1 gene 3′-UTR (0.41 ± 0.003) (Figure 5B). Moreover, the protein expression level of IRS1 was consistent with the trend of mRNA expression under the overexpression of miR-183 (Figure 5D).



The mRNA expression levels of miR-183 and IRS1 at different lactation stages and tissues of cows were determined in the experiment (Figure 6). The results showed that IRS1 was not only highly expressed during the peak period of lactation but was also highly expressed in mammary tissue. The expression level of miR-183 was opposite to that of IRS1. miR-183 likely binds to the 3′-UTR site of the IRS1 gene and negatively regulates the expression of mRNA and protein levels of the IRS1 gene.




3.5. Functions of miR-183 and IRS1 on CMECs


In this study, the lipid droplets and TAG in mammary epithelial cells under the overexpression and inhibition of miR-183 were assessed. Compared with the control group, the content of TAG and cholesterol level was decreased to 70% and 31% after treatment with miR-183, respectively. In addition, under the inhibition of miR-183, the content of TAG and cholesterol was significantly upregulated by 1.45 times and 1.58 times, respectively (Figure 7A,B). Additionally, the expression of CSN2 was reduced under miR-183 treatment (Figure 7C,D).



The results showed that miR-183 inhibited milk fat metabolism in mammary epithelial cells. miR-183 expression levels were detected in different tissues (Figure 6A) and lactation periods of cows (Figure 6B). The results showed that the expression level of miR-183 in mammary tissue was high, and it was lower during early lactation.



In ruminants, several genes may coordinate the regulation of milk fat and milk protein metabolism [21,22,23]. To understand the function of miR-183 in lipid metabolism, the mRNA levels of multiple genes related to fat metabolism were determined. The results showed that overexpression of miR-183 downregulated the mRNA expression levels of SCD (0.51 ± 0.103, p = 0.019), ABCG1 (0.39 ± 0.002, p < 0.001), FASN (0.70 ± 0.070, p = 0.001) and ABCA1 (0.60 ± 0.002, p = 0.001) (Figure 8A–D). In contrast, mRNA expression levels of HSL (1.41 ± 0.004) and CPT1 (1.71 ± 0.063) were significantly upregulated (p < 0.001) when miR-183 was overexpressed (Figure 8E,F).




3.6. IRS1 Stimulated the Level of TAG and Increased the Accumulation of Lipid Droplets in CMECs


As shown in Figure 9A, the content of TAG was downregulated to 51% with IRS1 siRNA treatment compared to the control group in mammary epithelial cells. After IRS1 siRNA treatment, the cholesterol level was downregulated to 53% (Figure 9B). In addition, the mRNA and protein levels of CSN2 and the marker genes of milk fat metabolism were reduced after IRS1 siRNA treatment (Figure 9C,D).




3.7. siRNA-IRS1 Partially Remedy the Effect of miR-183 on TAG


Previous results found that miR-183 inhibits the synthesis of TAG. In contrast, the target gene of miR-183 (IRS1) promotes TAG synthesis. A “rescue” trial was designed to demonstrate that miR-183 performs its function through IRS1. The results showed that siRNA-IRS1 (1.10 ± 0.049) reduced (p < 0.001) the content of TAG in mammary epithelial cells with the treatment of inhibitor-miR-183 (1.52 ± 0.063). Therefore, the partial reduction in TAG content is likely due to sirna-irs1 (Figure 9E).





4. Discussion


4.1. Functions of miR-183 on CMECs


microRNAs (miRNA) are a class of endogenous non-coding RNA with a length of about 22 nucleotides (nt) and a high interspecies conservation [24]. Previous studies have reported that the human genome can transcribe thousands of miRNAs, and more than 60% of protein-coding genes are regulated by miRNA. Furthermore, miRNAs are regulated by epigenetic mechanisms. The study of the biological functions of miRNA is of specific significance for disease control and understanding biological processes [25,26]. Previous studies have shown that miR-183 plays an important role in the regulation of fetal development, glucose uptake, blood pressure regulation and cancer development [27]. Chen at al. 2012 [28] found that miR-183 was differentially expressed in the back fat of Large White pigs and Chinese Meishan pigs. Further studies showed that miR-183 expression was upregulated during the differentiation of 3T3-L1 cells and could directly bind to the 3′-UTR region of LRP6 to inhibit the activation of the classical Wnt signaling pathway, thereby promoting the differentiation of mouse preadipocytes [29]. However, evidence of the effects of miR-183 in cow mammary epithelial cells is still limited. This study showed the effect of miR-183 on the function of dairy cow mammary epithelial cells, which was explored through overexpression and inhibition. The current also demonstrated the important role of miR-183 in TAG synthesis in CMECs.




4.2. miR-183 Targets the IRS1 3′-UTR Directly


IRS1 is one of the target genes of miR-183, and IRS1 plays an important role in the regulation of milk fat metabolism [30,31]. In addition, insulin activation, carbohydrate and lipid metabolism are mediated and regulated by the IRS1 gene [32,33]. Therefore, IRS1 was selected for functional verification. Some nuclear receptor cofactors have an effect on the regulation of gene expression [34]. Insulin mediates a variety of metabolic responses, including the upregulation of glucose, fatty acids and gene-regulated responses. Phosphorylation of the insulin receptor causes activation of the insulin receptor, which transmits either negative or positive signals within the cell [35]. Previs et al. 2000 [36] reported that the IRS plays an important role in insulin-mediated carbohydrate and lipid metabolism. The binding sites of miR-183 and IRS1 3′-UTR were mapped. To further confirm that IRS1 is the target gene of miR-183, the luciferase double reporter system method was used for validation. Reporter gene analysis system is a simple method to study gene regulation, which can shift spontaneously under host cell gene expression regulation and further visually “reporting” the signal cascade reaction related to gene expression regulation in cells [37]. Segments of IRS1 3′-UTR for miR-183 were also cloned and examined for whether miR-183 potentially effects the activity of IRS1. The results showed that miR-183 significantly inhibited the activity of wild-type IRS1 3′-UTR. Results of a subsequent “rescue” test showed that sirna-irs1 could partially inhibit the effect of inhibitor-miR-183 on the regulation of TAG levels. From the functional point of view, IRS1 is the target gene of miR-183.




4.3. PRL Regulates miR-183 Expression by Methylation Regulation


PRL is an important hormone in initiating and maintaining the physiological process of lactation [38,39]. It acts as regulatory role in DNA methylation. Gangisetty et al. (2015) [40] found that PRL could enhance methylation modification on the D2R gene promoter in human fetal breast and prostate tissues, affecting the expression level of D2R and changing the physiological function of the body]. Milk traits may be regulated by using DNA methylation and histone modification to interfere with the expression of galactolipid-related genes [41]. Chen et al. 2018 [20] reported that PRL could regulate the expression of DNMT1 and affected the body function through the apparent modification, which is consistent with our results. PRL has a certain regulatory effect on genomic DNA methylation, but information on the regulation effect of PRL on breast fatty acids is still limited. In the current study, the results suggest that there is a CpG island in the 5′-flanking promoter area of miR-183, which may inhibit the expression of miR-183 after methylation. Studies have shown that epigenetics regulates miRNA expression mainly through DNA methylation and histone modification [42,43]. microRNAs regulate gene expression by regulating DNA methylation transferase, maintaining DNA methylation level in cells or altering histone modification. Thus, epigenetics can cause significant changes in miRNA expression profiles. Preliminary studies showed that PRL stimulation could promote the expression of DNMT1 in dairy cow mammary epithelial cells and inhibited the expression of miR-183.





5. Conclusions


Based on the above results, the promoted expression of DNMT1 in mammary epithelial cells led to DNA methylation modification in the 5′-lateral CpG island of miR-183 and inhibited the transcriptional expression of miR-183 under the stimulation of PRL. The downregulation of miR-183 leads to the upregulation of the expression of target gene IRS1, which in turn leads to changes in fatty acid metabolism as illustrated (Figure 10).








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4425/11/2/196/s1. Table S1: The sequences used for miR-183. Table S2: The PCR products sequencing data of nine reference genes. Table S3: The sequences used for IRS1-siRNA. Table S4: The sequences used for construction target gene 3′-UTR luciferase reporter vector.





Author Contributions


P.J and Y.Y. contributed equally to this work; Z.C. and X.W. contributed equally to this work. Z.C., X.W. and P.J. conceived and supervised the project; Z.C. designed the experiments; Y.Y., P.J. and M.Z. performed most of the experiments; Y.S., C.W., X.X., Y.Z. and S.W. carried out some of the experiments; Z.C. and P.J. analyzed the data and wrote the manuscript. All authors read and approved the final manuscript.




Funding


This research was supported by the National Natural Science Foundation of China (Grant Nos. 31802035 and Nos. 31902182), the China Postdoctoral Science Foundation (Grant No. 2017M621841).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, H.; Yi, R.; Wang, C.; Zhao, P.; Zhang, M.; Xu, S.; Bao, J. Behavior and physiology of two different sow breeds in a farrowing environment during late 35-day lactation. PLoS ONE 2018, 13, e0197152. [Google Scholar] [CrossRef]

	



Pillay, J.; Davis, T.J. Physiology, Lactation; StatPearls Publishing: Treasure Island, FL, USA, 2019. [Google Scholar]

	



Sriraman, N.K. The Nuts and Bolts of Breastfeeding: Anatomy and Physiology of Lactation. Curr. Probl. Pediatr. Adolesc. Health Care 2017, 47, 305–310. [Google Scholar] [CrossRef]

	



Invernizzi, G.; Naeem, A.; Loor, J.J. Short communication: Endoplasmic reticulum stress gene network expression in bovine mammary tissue during the lactation cycle. J. Dairy Sci. 2012, 95, 2562–2566. [Google Scholar] [CrossRef]

	



Weng, X.; Monteiro, A.P.A.; Guo, J.; Ahmed, B.M.S.; Bernard, J.K.; Tomlinson, D.J.J.; DeFrain, M.; DahI, G.E.; Tao, S. Short communication: Repeated mammary tissue collections during lactation do not alter subsequent milk yield or composition. J. Dairy Sci. 2017, 100, 8422–8425. [Google Scholar] [CrossRef]

	



Horsham, J.L.; Ganda, C.; Kalinowski, F.C.; Brown, R.A.M.; Epis, M.R.; Leedman, P.J. MicroRNA-7: A miRNA with expanding roles in development and disease. Int. J. Biochem. Cell Biol. 2015, 69, 215–224. [Google Scholar] [CrossRef]

	



Zhou, J.; Dong, X.; Zhou, Q.; Wang, H.; Qian, Y.; Tian, W.; Ma, D.; Li, X. microRNA expression profiling of heart tissue during fetal development. Int. J. Mol. Med. 2014, 33, 1250–1260. [Google Scholar] [CrossRef]

	



Huang, J.; Zhao, L.; Xing, L.P.; Chen, D. MicroRNA-204 Regulates Runx2 Protein Expression and Mesenchymal Progenitor Cell Differentiation. Stem Cells 2010, 28, 357–364. [Google Scholar] [CrossRef]

	



Li, Z.M.; Zhang, H.Y.; Wang, Y.X.; Wang, W.B. MicroRNA-137 is downregulated in human osteosarcoma and regulates cell proliferation and migration through targeting FXYD6. J. Drug Target. 2016, 24, 102–110. [Google Scholar] [CrossRef]

	



Fernández-Hernando, C.; Suárez, Y.; Rayner, K.J.; Moore, K.J. MicroRNAs in lipid metabolism. Curr. Opin. Lipidol. 2011, 22, 86–92. [Google Scholar] [CrossRef]

	



Lynn, F.C. Meta-regulation: microRNA regulation of glucose and lipid metabolism. Trends Endocrinol. Metab. 2009, 20, 452–459. [Google Scholar] [CrossRef]

	



Dahlmans, D.; Houzelle, A.; Andreux, P.; Wang, X.; Jorgensen, J.A.; Moullan, N.; Daemen, S.; Kersten, S.; Auwerx, L.; Hoeks, J. MicroRNA-382 silencing induces a mitonuclear protein imbalance and activates the mitochondrial unfolded protein response in muscle cells. J. Cell. Physiol. 2019, 234, 6601–6610. [Google Scholar] [CrossRef]

	



Bu, D.; Bionaz, M.; Wang, M.; Nan, X.; Ma, L.; Wang, J. Transcriptome difference and potential crosstalk between liver and mammary tissue in mid-lactation primiparous dairy cows. PLoS ONE 2017, 12, e0173082. [Google Scholar] [CrossRef]

	



Jiang, M.; Lee, J.N.; Bionaz, M.; Deng, X.Y.; Wang, Y. Evaluation of suitable internal control genes for RT-qPCR in yak mammary tissue during the lactation cycle. PLoS ONE 2016, 11, e0147705. [Google Scholar] [CrossRef]

	



Gu, Z.; Eleswarapu, S.; Jiang, H. Identification and characterization of microRNAs from the bovine adipose tissue and mammary gland. FEBS Lett. 2007, 581, 981–988. [Google Scholar] [CrossRef]

	



Avril-Sassen, S.; Goldstein, L.D.; Stingl, J.; Blenkiron, C.; Le Quesne, J.; Spiteri, I.; Karagavriilidou, K.; Watson, C.J.; Tavare, S.; Miska, E.A.; et al. Characterisation of microRNA expression in post-natal mouse mammary gland development. BMC Genom. 2009, 10, 548. [Google Scholar] [CrossRef]

	



Shi, J.Y.; Chen, C.; Xu, X.; Lu, Q. miR-29a promotes pathological cardiac hypertrophy by targeting the PTEN/AKT/mTOR signalling pathway and suppressing autophagy. Acta Physiol. 2019, 227, e13323. [Google Scholar] [CrossRef]

	



Xu, H.F.; Luo, J.; Ma, G.Z.; Zhang, X.Y.; Yao, D.W.; Li, M.; Loor, J.J. Acyl-CoA synthetase short-chain family member 2 (ACSS2) is regulated by SREBP-1 and plays a role in fatty acid synthesis in caprine mammary epithelial cells. J. Cell. Physiol. 2018, 233, 1005–1016. [Google Scholar] [CrossRef]

	



Wang, H.; Shi, H.P.; Luo, J.; Yi, R.Q.; Yao, D.W.; Zhang, X.Y.; Ma, G.Z.; Loor, J.J. MiR-145 regulates lipogenesis in goat mammary cells via targeting INSIG1 and epigenetic regulation of lipid-related genes. J. Cell. Physiol. 2017, 232, 1030–1040. [Google Scholar] [CrossRef]

	



Chen, Z.; Luo, J.; Zhang, C.; Ma, Y.; Sun, S.; Zhang, T.; Loor, J.J. Mechanism of prolactin inhibition of miR-135b via methylation in goat mammary epithelial cells. J. Cell. Physiol. 2018, 233, 651–662. [Google Scholar] [CrossRef]

	



Hansen, H.O.; Grunnet, I.; Knudsen, J. Triacylglycerol synthesis in goat mammary gland. The effect of ATP, Mg2+ and glycerol 3-phosphate on the esterification of fatty acids synthesized de novo. Biochem. J. 1984, 220, 513–519. [Google Scholar] [CrossRef]

	



Bionaz, M.; Loor, J.J. Gene networks driving bovine milk fat synthesis during the lactation cycle. BMC Genom. 2008, 9, 366. [Google Scholar] [CrossRef]

	



Bionaz, M.; Loor, J.J. Gene networks driving bovine mammary protein synthesis during thelactation cycle. Bioinform. Biol. Insights 2011, 5, 83–98. [Google Scholar] [CrossRef]

	



Kim, V.N. MicroRNA biogenesis: Coordinated cropping and dicing. Nat. Rev. Mol. Cell Biol. 2005, 6, 376–385. [Google Scholar] [CrossRef]

	



Chen, Z.; Chu, S.; Wang, X.; Fan, Y.; Zhan, T.; Arbab, A.A.I.; Li, M.; Zhang, H.; Mao, Y.; Loor, J.J.; et al. MicroRNA-106b regulates milk fat metabolism via ATP binding cassette subfamily A member 1 ( ABCA1) in bovine mammary epithelial cells. J. Agric. Food Chem. 2019, 67, 3981–3990. [Google Scholar] [CrossRef]

	



Chen, Z.; Shi, H.; Sun, S.; Xu, H.; Cao, D.; Luo, J. MicroRNA-181b suppresses TAG via target IRS2 and regulating multiple genes in the Hippo pathway. Exp. Cell Res. 2016, 348, 66–74. [Google Scholar] [CrossRef]

	



Chen, Z.; Shi, H.; Sun, S.; Luo, J.; Zhang, W.; Hou, Y.; Loor, J.J. MiR-183 regulates milk fat metabolism via MST1 in goat mammary epithelial cells. Gene 2018, 646, 12–19. [Google Scholar] [CrossRef]

	



Chen, C.; Deng, B.; Qiao, M.; Zheng, R.; Chai, J.; Ding, Y.; Peng, J.; Jiang, S. Solexa sequencing identification of conserved and novel microRNAs in backfat of Large White and Chinese Meishan pigs. PLoS ONE 2012, 7, e31426. [Google Scholar] [CrossRef]

	



Chen, C.; Xiang, H.; Peng, Y.L.; Peng, J.; Jiang, S.W. Mature miR-183, negatively regulated by transcription factor GATA3, promotes 3T3-L1 adipogenesis through inhibition of the canonical Wnt/β-catenin signaling pathway by targeting LRP6. Cell. Signal. 2014, 26, 1155–1165. [Google Scholar] [CrossRef]

	



Chirita-Emandi, A.; Munteanu, D.; Andreescu, N.; Tutac, P.; Paul, C.; Velea, I.P.; Pusztai, A.M.; Hlistun, V.; Boiciuc, C.; Sacara, V.; et al. No clinical utility of common polymorphisms in IGF1, IRS1, GCKR, PPARG, GCK1 and KCTD1 genes previously associated with insulin resistance in overweight children from Romania and Moldova. J. Pediatr. Endocrinol. Metab. 2019, 32, 33–39. [Google Scholar] [CrossRef]

	



Fettiplace, M.R.; Kowal, K.; Ripper, R.; Young, A.; Lis, K.; Rubinstein, I.; Bonini, M.; Minshall, R.; Weinberg, G. Insulin signaling in bupivacaine-induced cardiac toxicity: Sensitization during recovery and potentiation by lipid emulsion. Anesthesiology 2016, 124, 428–442. [Google Scholar] [CrossRef]

	



Yan, X.; Yang, C.; Lin, G.; Chen, Y.; Miao, S.; Liu, B.; Zhao, C. Antidiabetic potential of green seaweed enteromorpha prolifera flavonoids regulating insulin signaling pathway and gut microbiota in type 2 diabetic mice. J. Food Sci. 2019, 84, 165–173. [Google Scholar] [CrossRef] [PubMed]

	



Mazibuko-Mbeje, S.E.; Dludla, P.V.; Roux, C.; Johnson, R.; Ghoor, S.; Joubert, E.; Louw, J.; Opoku, A.R.; Muller, C.J.F. Aspalathin-enriched green rooibos extract reduces hepatic insulin resistance by modulating PI3K/AKT and AMPK pathways. Int. J. Mol. Sci. 2019, 20, 633. [Google Scholar] [CrossRef]

	



Yu, S.; Reddy, J.K. Transcription coactivators for peroxisome proliferator-activated receptors. Biochim. Biophys. Acta 2007, 1771, 936–951. [Google Scholar] [CrossRef] [PubMed]

	



Bouzakri, K.; Zachrisson, A.; Al-Khalili, L.; Zhang, B.B.; Koistinen, H.A.; Krook, A.; Zierath, J.R. siRNA-based gene silencing reveals specialized roles of IRS-1/Akt2 and IRS-2/Akt1 in glucose and lipid metabolism in human skeletal muscle. Cell Metab. 2006, 4, 89–96. [Google Scholar] [CrossRef]

	



Previs, S.F.; Withers, D.J.; Ren, J.M.; White, M.F.; Shulman, G.I. Contrasting effects of IRS-1 versus IRS-2 gene disruption on carbohydrate and lipid metabolism in vivo. J. Biol. Chem. 2000, 275, 38990–38994. [Google Scholar] [CrossRef] [PubMed]

	



Clement, T.; Salone, V.; Rederstorff, M. Dual Luciferase Gene Reporter Assays to Study miRNA Function. In Small Non-Coding RNAs; Rederstorff, M., Ed.; Humana Press: New York, NY, USA, 2015. [Google Scholar]

	



Beaudry, K.L.; Parsons, C.L.; Ellis, S.E.; Akers, R.M. Localization and quantitation of macrophages, mast cells, and eosinophils in the developing bovine mammary gland. J. Dairy Sci. 2016, 99, 796–804. [Google Scholar] [CrossRef]

	



Brady, N.J.; Chuntova, P.; Schwertfeger, K.L. Macrophages: Regulators of the inflammatory microenvironment during mammary gland development and breast cancer. Mediat. Inflamm. 2016, 2016, 4549676. [Google Scholar] [CrossRef]

	



Gangisetty, O.; Wynne, O.; Jabbar, S.; Nasello, C.; Sarkar, D.K. Fetal alcohol exposure reduces dopamine receptor D2 and increases pituitary weight and prolactin production via epigenetic mechanisms. PLoS ONE 2015, 10, e0140699. [Google Scholar] [CrossRef]

	



Singh, K.; Erdman, R.A.; Swanson, K.M.; Molenaar, A.J.; Maqbool, N.J.; Wheeler, T.T.; Arias, J.A.; Quinn-Walsh, E.C.; Stelwagen, K. Epigenetic regulation of milk production in dairy cows. J. Mammary Gland Biol. Neoplasia 2010, 15, 101–112. [Google Scholar] [CrossRef]

	



Babion, I.; De Strooper, L.M.A.; Luttmer, R.; Bleeker, M.C.G.; Meijer, C.; Heideman, D.A.M.; Wilting, S.M.; Steenbergen, R.D.M. Complementarity between miRNA expression analysis and DNA methylation analysis in hrHPV-positive cervical scrapes for the detection of cervical disease. Epigenetics 2019, 14, 558–567. [Google Scholar] [CrossRef]

	



Merkerova, M.D.; Remesova, H.; Krejcik, Z.; Loudova, N.; Hrustincova, A.; Szikszai, K.; Cermak, J.; Jonasova, A.; Belickova, M. Relationship between Altered miRNA Expression and DNA Methylation of the DLK1-DIO3 Region in Azacitidine-Treated Patients with Myelodysplastic Syndromes and Acute Myeloid Leukemia with Myelodysplasia-Related Changes. Cells 2018, 7, 138. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 11 00196 g001 550] 





Figure 1. Screening for optimal concentration of PRL. (A) TAG levels in cells treated by PRL with different concentration. (B) The mRNA expression level of β-casein. (C) Western blot analyses of the expression of β-casein in the PRL treatment experiments. The effect of PRL on β-casein protein expression was evaluated by Western blot in CMECs. Values are presented as means ± standard deviation, * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 2. PRL affecting miR-183 expression. (A) The expression of miR-183 in CMEC treated with PRL for 48 h. (B) The expression of miR-183 after incubation with 2 μg/mL PRL. (C) CpG islands are present in the miR-183 promoter region. (D) The miR-183 expression levels in CMECs transfected with NC, 5-aza-Dc, PRL, and PRL +5-aza-dC. (E) Bisulfite DNA sequencing of CMECs transfected with NC, PRL, and PRL + 5-aza-dC. Values are presented as means ± standard deviation, * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 3. DNMT1 affecting miR-183 expression. (A) The mRNA expression of DNMT1 was quantified. (B) Western blot of DNMT1 expression in the NC or PRL experiments. (C) The miR-183 expression level in CMECs. Values are presented as means ± standard deviation, ** p < 0.01; *** p < 0.001. 
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Figure 4. The effect of miR-183 and siRNA. (A) miR-183 expression levels in cells transfect with miR-183 mimic or inhibitor; miR-183 expression levels in transfected cells were compared with that of miR-183 controls (n = 6). Red bars represent the negative control; black bars represent miR-183 mimic or inhibitor; (B) The expression of IRS1 or DNMT1 was quantified by RT-qPCR (n = 6); (C,D): Si-IRS1 or DNMT1 protein expression was evaluated by Western blot in CMECs. Values are presented as means ± standard deviation, *** p < 0.001. 
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Figure 5. miR-183 specifically targets IRS1. (A) RT-qPCR quantification of the IRS1 expression (n = 6). Red bars represent the negative control; black bars represent miR-183 mimic or inhibitor; (B,C) Target site of miR-183 in IRS1 3′-UTR and the construction of the luciferase (Luc) expression vector fused with the IRS1 3′-UTR. WT represents the Luc reporter vector with the WT IRS1 3′-UTR (664-671); MU represents the Luc reporter vector with the mutation at the miR-183 site in IRS1 3′-UTR; (D) The effect of miR-183 mimicking and inhibiting IRS1 protein expression was evaluated by Western blot analysis in CMECs. All experiments were duplicated and repeated three times. Values are presented as means ± standard deviation, ** p < 0.01. 
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Figure 6. The expression level of miR-183 and IRS1. (A) miR-183 expression in various tissues of milk cows. (B) miR-183 expression in various periods of milk cows. (C) IRS1 expression in various tissues of milk cows. (D) IRS1 expression in various periods of milk cows. All experiments were duplicated and repeated three times. Values are presented as means ± standard deviation. 
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Figure 7. Functional evaluation of miR-183. (A) TAG levels in cells transfect with miR-183 mimic or inhibitor; TAG levels in transfected cells were compared with that of miR-183 controls (n = 6). Red bars represent the negative control; black bars represent miR-183 mimic or inhibitor; (B) Cholesterol levels in transfected cells were compared with that of control (n = 6). Red bars represent the negative control; black bars represent miR-183 mimic or inhibitor; (C) The expression of β-casein was quantified by RT-qPCR (n = 6); (D) The effect of miR-183 mimic or inhibitor on β-casein protein expression was evaluated by Western blot in CMECs. Total protein was harvested 48h post-treatment, respectively. All experiments were duplicated and repeated three times. Values are presented as means ± standard deviation, ** p < 0.01; *** p < 0.001. 
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Figure 8. Expression of fatty acid metabolism-related genes. (A) The mRNA expression of SCD; (B) The mRNA expression of ABCG1; (C) The mRNA expression of FASN; (D) The mRNA expression of ABCA1; (E) The mRNA expression of HSL; (F) The mRNA expression of CPT1. The mRNA expression of SCD, ABCG1, FASN, ABCA1, HSL and CPT1 were quantified by RT-qPCR (n = 6). Red bars represent the miR-183 mimic; black bars represent the miR-183 inhibitor; All experiments were duplicated and repeated three times. Values are presented as means ± standard deviation, * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 9. Functional evaluation of IRS1. (A) TAG levels in cells transfected with Si-NC or SiRNA- IRS1; TAG levels in transfected cells were compared with Si-NC (n = 6). Red bars represent the negative control; black bars represent SiRNA- IRS1; (B) Cholesterol levels in transfected cells were compared with controls (n = 6). Red bars represent the negative control; black bars represent the siRNA- IRS1; (C) The expression of β-casein was quantified by RT-qPCR (n = 6); (D) The effect of si-NC (60 nM) or siRNA- IRS1 (60 nM) on β-casein protein expression was evaluated by Western blot in CMECs; (E) TAG levels in cells transfected with control inhibitor (50 nM) + control siRNA (50 nM), inhibitor 183 (50 nM) + control siRNA (50 nM) and inhibitor 183 (50 nM) + siRNA- IRS1 (50 nM); TAG levels were compared with that of controls (n = 6). Values are presented as means ± deviation, ** p < 0.01; *** p < 0.001. 
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Figure 10. Mechanism of the PRL/miR-183/IRS1 pathway regulating milk fat metabolism in CMECs. 
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