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Editorial on the Research Topic 
Genetic regulation of meat quality traits in livestock species


The increasing demand of the animal origin food for ever-expanding human population is an alarming call for the sustainable development in livestock productivity with high-quality animal proteins. In recent years, the application of modern technologies including advanced sequencing technologies, genome editing, genotype analysis, and genome profiling has promoted important changes in livestock genetic and breeding programs. These factors still fall short of accounting for the optimal level of variation that is required to achieve continued improvements in livestock productivity. The epigenome, which responds to internal and external environmental cues, is less explored but contains additional levels of variation that could be exploited for livestock traits of economic importance. Meat production and quality traits are strictly controlled by genetic factors, however their molecular mechanism is still needs to be explored. Intramuscular fat is a real challenge for the experts of animal science to improve meat quality traits. Research on the mechanism of adipogenesis provides invaluable information for the improvement of meat quality traits. In livestock species, the IM fat is considered one of the most important factors that determines carcass quality traits. Therefore, approaches for the improvement of Intramuscular fat deposition are crucial for the development of meat quality (Junjvlieke et al., 2020; Raza et al., 2020). Increasing the intramuscular fat content will increase the marbled texture of beef, and the tenderness and flavor of beef will become more palatable. Therefore, increasing the degree of fat deposition especially intramuscular fat in beef cattle is important research contents in the current beef cattle industry. Fat content is closely related to the number of fat cells and the volume of fat cells, and is regulated by the transcriptional expression of a large number of genes during the proliferation and differentiation of fat cells. At present, research on key regulatory genes in adipocyte differentiation and lipid metabolism is a focus of attention (Guo et al., 2018a; Guo et al., 2018b; Hongfang et al., 2022). Therefore, the current Research Topic was planned and researchers around the globe were invited to explore the mechanism of genetic regulation of meat quality traits in livestock species. All important molecular mechanisms such as transcriptional and post-transcriptional regulation of adipogenic marker genes. RNAs, transcription factors, candidate genes, SNPs, sequencing, DNA methylation, DNA-Protein interaction for the improvement of meat quality traits were considered in this Research Topic. The Research Topic was published in 24 February 2022 with the titled “Genetics regulation of meat quality traits in livestock species”, and closed on 31st of August 2022. A total of 09 manuscripts were published by 73 authors around the globe. Keeping in view the importance of molecular regulation of meat quality traits of meat obtained from different livestock species, we received manuscripts regarding cattle, buffalo, yak, sheep, pig and donkeys. We can summarize the published articles with the following description against each group of manuscript based on the target species of livestock.
In the first category, the manuscript related with beef quality from cattle were published in this Research Topic. The first manuscript explored the role of N6-methyladenosine (m6A) in bovine skeletal myoblast differentiation. They ascertained mRNA m6A methylation exhibited declined changes during bovine skeletal myoblast differentiation, and both MEF2C mRNA expression and m6A levels were significantly increased during myoblast differentiation. They also found that MEF2C with mutated m6A sites significantly inhibited myoblast differentiation compared with wild-type MEF2C. METTL3 promoted MEF2C protein expression through posttranscriptional modification in an m6A-YTHDF1-dependent manner. Moreover, MEF2C promoted the expression of METTL3 by binding to its promoter. These results revealed that there is a positive feedback loop between these molecules in myoblast differentiation. This manuscript provided new insights into skeletal muscle differentiation and fusion, which may provide an RNA methylation-based approach for molecular genetics and breeding in livestock as well as for the treatment of muscle-related diseases (Yang et al.). The second manuscript used bioinformatics tools for the exploration of differential genes in the regulation of adipogenesis. The authors downloaded the GSE116775 microarray dataset from Gene Expression Omnibus (GEO). The weighted gene co-expression network (WGCNA) was used to analyze the gene expression profile, and the key gene modules with the highest correlation with subcutaneous adipose tissue were identified, and the functional enrichment of the key modules was analyzed. Then, the “real” Hub gene was screened by in-module analysis and protein–protein interaction network (PPI), and its expression level in tissue samples and adipocytes was verified. The study showed that a total of nine co-expression modules were identified, and the number of genes in these modules ranged from 101 to 1,509. Among them, the blue module is most closely related to subcutaneous adipose tissue, containing 1,387 genes. These genes were significantly enriched in 10 gene ontologies including extracellular matrix organization, biological adhesion, and collagen metabolic process, and were mainly involved in pathways including ECM-receptor interaction, focal adhesion, cAMP signaling pathway, PI3K-AKT signaling pathway, and regulation of lipolysis in adipocytes. In the PPI network and coexpression network, five genes (CAV1, ITGA5, COL5A1, ABL1, and HSPG2) were identified as “real” Hub genes. Analysis of Hub gene expression by dataset revealed that the expression of these Hub genes was significantly higher in subcutaneous adipose tissue than in other tissues. In addition, real-time fluorescence quantitative PCR (qRT-PCR) analysis based on tissue samples and adipocytes also confirmed the above results. In this study, five key genes related to subcutaneous adipose tissue were discovered, which laid a foundation for further study of the molecular regulation mechanism of subcutaneous adipose tissue development and adipose deposition (Sheng et al.).
In this Research Topic two manuscripts were published regarding exploration of molecular mechanism in buffalo meat quality. In the first manuscript, the authors explore the role of Fatty acid transport 1 (FATP1) in intramuscular adipogenesis in buffalo. They investigated the effects of FATP1 on the differentiation and proliferation of adipocytes in five types of cells derived from muscle and adipose tissue and estimated the effects of FATP1 on intramuscular fat (IMF) deposition. This manuscript explored that FATP1 is mainly expressed in heart and muscle tissue in buffaloes as well as cells undergoing adipogenic differentiation. Interestingly, they found that FATP1 promoted the adipogenic differentiation of muscle-derived cells (buffalo myocytes and intramuscular preadipocytes and mouse C2C12 cells) but did not affect, or even inhibited, that of adipose-derived cells (buffalo subcutaneous preadipocytes and mouse 3T3-L1 cells, respectively). They concluded that FATP1 promotes IMF deposition and enhance the proliferative activity of all the assessed cells, except murine 3T3-L1 cells. These results provide new insights into the potential effects of FATP1 on IMF deposition, especially regarding its positive effects on meat quality in buffaloes and other livestock species (Huanget al.). In the second manuscript regarding buffalo meat quality, the authors used the bioinformatics tools along with the in-vivo and in-vitro analysis for the exploration of molecular mechanism in buffalo meat. In this study, weighted gene co-expression network analysis (WGCNA) was used to construct a circRNA co-expression network and revealed a candidate circRNA that may affect the IMF deposition of buffalo as determined by RT-qPCR, semiquantitative PCR and gain-of-function experiments. In this manuscript, the WGCNA determined that one module (turquoise module) is significantly associated with the growth and development stages of buffalo. Further analysis revealed a total of 191 overlapping circRNAs among differentially expressed (DE) circRNAs and the co-expression module. A candidate circRNA was found, 21:6969877|69753491 (circRNA_ID), with a reported involvement in lipid metabolism. This circRNA is stably expressed and originates from the MARK3 gene, hence the name circMARK3. The circMARK3 is highly expressed in adipose tissue and mature adipocytes and is located in the cytoplasm. Gain-of-function experiments demonstrated that circMARK3 promoted adipogenic differentiation of buffalo adipocytes and 3T3-L1 cells by up-regulating the expression levels of adipogenic marker genes PPARG, C/EBPα and FABP4. They concluded that circMARK3 is a potential factor that promotes fat deposition by regulating adipocyte differentiation and adipogenesis in buffalo (Feng et al.).
In the third group of manuscripts, the articles related to donkey meat quality were included. One manuscript published in this category explored a total of 585,555 spectra from the six muscle samples. In total, 20,583 peptides were detected, including 15,279 unique peptides, and 2,540 proteins were identified. They, analyzed differentially abundant proteins (DAPs) between longissimus dorssi (LD) muscles of donkeys with high (H) and low (L) IMF content. They identified 30 DAPs between the H and L IMF content groups, of which 17 were upregulated and 13 downregulated in the H IMF group. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis of these DAPs revealed many GO terms (e.g., bone morphogenetic protein (BMP) receptor binding) and pathways (e.g., Wnt signaling pathway and Hippo signaling pathway) involved in lipid metabolism and adipogenesis. The construction of protein–protein interaction networks identified 16 DAPs involved in these networks. Our data provide a basis for future investigations into candidate proteins involved in IMF deposition and potential new approaches to improve meat quality in the donkey (Tan et al.).
The fourth group of published articles in this Research Topic included molecular regulation of mutton quality traits obtained from sheep. In one manuscript the authors characterized the miRNA transcriptome of the longissimus thoracis et lumborum muscle at several developmental time points such as at gestational d 85 (PN1), 110 (PN2), 133 (PN3), postnatal d 42 (PW1), 65 (PW2), and 243 (MAT) during muscle hypertrophy in lambs. They also examined the miR-29a expression and found that it is differentially regulated across development, loss of function on satellite cell proliferation and differentiation. Muscle fiber characteristics showed drastic increases (p < 0.0001) in fiber size and alterations in muscle fiber type occur during pre and postnatal development. miRNA sequencing comparisons were performed in developmental order (PN1 vs. PN2, PN2 vs. PN3, PN3 vs. PW1, PW1 vs. PW2, PW2 vs. MAT). There were 184 differentially expressed (Padj <0.05) miRNA, 142 unique miRNA, from all 5 comparisons made. The transitional stage (PN3 vs. PW1) had the largest number (115) of differentially expressed miRNA. Inhibition of miR-29a in satellite cell culture increased (p < 0.05) cell proliferation and differentiation capacity. Characterization of the miRNA transcriptome provides valuable insights into the miRNA involved in muscle fiber hypertrophy and the potential importance of the transitional period (Greene et al.). In another manuscript, in this category of sheep mutton quality the authors used high-throughput RNA sequencing to assess the expression profiles of coding and non-coding RNAs in muscle tissue of Tan sheep and Dorper sheep. To investigate the molecular processes involved in the formation of muscle fibers, they collected two different muscle tissues, longissimus dorsi and biceps femoris, from Tan sheep and Dorper sheep. The longissimus dorsi of Tan sheep and Dorper sheep displayed significantly differential expression levels for 214 lncRNAs, 25 mRNAs, 4 miRNAs, and 91 circRNAs. Similarly, 172 lncRNAs, 35 mRNAs, 12 miRNAs, and 95 circRNAs were differentially expressed in the biceps femoris of Tan sheep and Dorper sheep according to the expression profiling. GO and KEGG annotation revealed that these differentially expressed genes and non-coding RNAs were related to pathways of the formation of muscle fiber, such as the Ca2+, FoxO, and AMPK signaling pathways. Several key genes are involved in the formation of muscle fibers, including ACACB, ATP6V0A1, ASAH1, EFHB, MYL3, C1QTNF7, SFSWAP, and FBXL5. RT-qPCR verified that the expression patterns of randomly selected differentially expressed transcripts were highly consistent with those obtained by RNA sequencing. A total of 10 lncRNAs, 12 miRNAs, 20 circRNAs, and 19 genes formed lncRNA/circRNA-miRNA-gene networks, indicating that the formation of muscle fiber in Tan sheep is controlled by intricate regulatory networks of coding and non-coding genes. Our findings suggested that specific ceRNA subnetworks, such as circ_0017336-miR-23a-FBXL5, may be critical in the regulation of the development of muscle fibers, offering a valuable resource for future study of the development of muscle fibers in this animal species. These findings increase our understanding of the variety in how muscle fibers originate in various domestic animals and lay the groundwork for future research into new systems that regulate the development of muscle (Cui et al.).
In this Research Topic the fifth category of published articles was regarding the exploration of molecular mechanism of pig meat quality. The first article the circRNA expression profiles between Huainan pigs (Chinese indigenous pigs, fat-type, HN) and Large White pigs (Western commercial pigs, lean-type, LW) in the longissimus dorsi (LD) muscle at 38, 58, and 78 days post conception (dpc) were compared by sequencing. In total, 39,887 circRNAs were identified in 18 samples, and 60, 78, and 86 differentially expressed circRNAs (DECs) were found at the three stages mentioned above between these two breeds. The parent genes of DECs were enriched in myogenesis, proliferation, adipogenesis and muscle fiber-type transition. The circRNA-miRNA interaction networks included 38 DECs and 47 miRNAs, and these miRNAs were involved in muscle development and lipid metabolism. Two shared DECs (circ_0030593 and circ_0032760) of these three stages were selected, their head-to-tail junction sites were validated by Sanger sequencing, and RT‒qPCR results suggested that these two DECs might be involved in intramuscular fat deposition. These findings provide a basis for understanding the role of circRNAs in meat quality (Wang et al.). In the second manuscript under this category, the authors analyzed lncRNAs in longissimus thoracis (LT) and semitendinosus (ST) muscles, being different in meat quality, with RNA-sequencing technology. A total of 500 differentially expressed lncRNAs (DELs) and 2,094 protein-coding genes (DEGs) were identified. Through KEGG analysis on DELs, they first made clear that fat deposition might be the main reason resulting in the differential phenotype of LT and ST, for which cGMP–PKG and VEGF signaling pathways were the most important ones. In total, forty-one key DELs and 50 DEGs involved in the differential fat deposition were then characterized. One of the key genes, cAMP-response element binding protein 1, was selected to confirm its role in porcine adipogenesis with molecular biology methods and found that it promotes the differentiation of porcine preadipocytes, consistent with its higher expression level and intramuscular fat contents in LT than that in ST muscle. Furthermore, through integrated analysis of DELs and DEGs, transcription factors important for differential fat deposition were characterized among which BCL6 has the most target DEGs while MEF2A was targeted by the most DELs. The results provide candidate genes crucial for meat quality, which will contribute to improving meat quality with molecular-breeding strategies (Sun et al.).
AUTHOR CONTRIBUTIONS
RK conceived the idea, wrote the manuscript, AL and SR edited the draft.
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
 Guo, H., Khan, R., Raza, S. H. A., Ning, Y., Wei, D., Wu, S., et al. (2018a). KLF15 promotes transcription of KLF3 gene in bovine adipocytes. Gene 659, 77–83. doi:10.1016/j.gene.2018.03.049
 Guo, H., Raza, S. H. A., Schreurs, N. M., Khan, R., Wei, D., Wang, L., et al. (2018b). Genetic variants in the promoter region of the KLF3 gene associated with fat deposition in Qinchuan cattle. Gene 672, 50–55. doi:10.1016/j.gene.2018.06.022
 Hongfang, G., Khan, R., Raza, S. H. A., Nurgulsim, K., Suhail, S. M., Rahman, A., et al. (2022). Transcriptional regulation of adipogenic marker genes for the improvement of intramuscular fat in Qinchuan beef cattle. Anim. Biotechnol. 33 (4), 776–795. doi:10.1080/10495398.2020.1837847
 Junjvlieke, Z., Khan, R., Mei, C., Cheng, G., Wang, S., Raza, S. H. A., et al. (2020). Effect of ELOVL6 on the lipid metabolism of bovine adipocytes. Genomics 112 (3), 2282–2290. doi:10.1016/j.ygeno.2019.12.024
 Raza, S. H. A., Khan, S., Amjadi, M., Abdelnour, S. A., Ohran, H., Alanazi, K. M., et al. (2020). Genome-wide association studies reveal novel loci associated with carcass and body measures in beef cattle. Arch. Biochem. Biophys. 694, 108543. doi:10.1016/j.abb.2020.108543
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 © 2023 Khan, Li and Raza. 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.









	
	ORIGINAL RESEARCH
published: 28 April 2022
doi: 10.3389/fvets.2022.900924






[image: image2]

MEF2C Expression Is Regulated by the Post-transcriptional Activation of the METTL3-m6A-YTHDF1 Axis in Myoblast Differentiation

Xinran Yang1, Yue Ning1,2, Sayed Haidar Abbas Raza1, Chugang Mei1,3 and Linsen Zan1,3*


1College of Animal Science and Technology, Northwest A&F University, Xianyang, China

2College of Chemistry and Chemical Engineering, Xianyang Normal University, Xianyang, China

3National Beef Cattle Improvement Center, Northwest A&F University, Xianyang, China

Edited by:
Honglin Jiang, Virginia Tech, United States

Reviewed by:
Ayman Hassan Abd El-Aziz, Damanhour University, Egypt
 Rui-Si Hu, University of Electronic Science and Technology of China, China

*Correspondence: Linsen Zan, zanlinsen@163.com

Specialty section: This article was submitted to Livestock Genomics, a section of the journal Frontiers in Veterinary Science

Received: 21 March 2022
 Accepted: 06 April 2022
 Published: 28 April 2022

Citation: Yang X, Ning Y, Abbas Raza SH, Mei C and Zan L (2022) MEF2C Expression Is Regulated by the Post-transcriptional Activation of the METTL3-m6A-YTHDF1 Axis in Myoblast Differentiation. Front. Vet. Sci. 9:900924. doi: 10.3389/fvets.2022.900924



N6-methyladenosine (m6A) plays an essential role in regulating gene expression. However, the effect of m6A on skeletal myoblast differentiation and the underlying mechanisms are still unclear. Here, we ascertained mRNA m6A methylation exhibited declined changes during bovine skeletal myoblast differentiation, and both MEF2C mRNA expression and m6A levels were significantly increased during myoblast differentiation. We found that MEF2C with mutated m6A sites significantly inhibited myoblast differentiation compared with wild-type MEF2C. METTL3 promoted MEF2C protein expression through posttranscriptional modification in an m6A-YTHDF1-dependent manner. Moreover, MEF2C promoted the expression of METTL3 by binding to its promoter. These results revealed that there is a positive feedback loop between these molecules in myoblast differentiation. Our study provided new insights into skeletal muscle differentiation and fusion, which may provide an RNA methylation-based approach for molecular genetics and breeding in livestock as well as for the treatment of muscle-related diseases.

Keywords: N6-methyladenosine, myoblast differentiation, MEF2C, METTL3, cattle


INTRODUCTION

Research on the mechanisms underlying the growth, development and regeneration of skeletal muscle is of great significance to livestock meat production and meat quality improvements (1). The growth and development of skeletal muscle are extremely complex biological processes, which successively include directional differentiation of progenitor cells, myoblast proliferation, differentiation, and fusion of myocytes, and finally, formation of multinucleated muscle fibers with contractile function (2). Epigenetic changes such as DNA methylation and histone methylation, in addition to some myogenic-specific transcription factors, are known to play a key role in skeletal myogenesis (3, 4). Nonetheless, molecular selection breeding in beef cattle mostly focused on the exploration of some key genes, and rarely improved the breeding process from the perspective of RNA.

RNA methylation accounted for more than 60% of all identified chemical RNA modifications (5). Among these types of modification, N6-methyladenosine (m6A) is considered the most common mRNA modification in eukaryotes (6–12). m6A is a dynamic and reversible posttranscriptional methylation modification, that is catalyzed by m6A writer proteins (methyltransferase complexes composed of METTL3, METTL14, and WTAP) and is demethylated by m6A eraser proteins (FTO and ALKBH5) (13–17). The m6A modification is functionally interpreted by m6A “reader” proteins, such as the widely studied YTH-domain family proteins (18, 19). m6A modification plays a variety of roles in mRNA metabolism, including mRNA translation efficiency, stability and splicing (19–23). A growing body of evidence suggested that m6A influences a variety of biological processes, such as multiple cancer processes, mESC differentiation, antitumor immunity, cell fate determination, and adipogenesis (23–27). A series of recent studies, including ours, have published transcriptome profiles of m6A modifications in muscle development in farm animals such as pigs, cattle, sheep and geese, revealing the important role of m6A methylation modifications in skeletal muscle growth and development (28–36). However, the m6A levels in the process of skeletal muscle myoblast differentiation and the detailed molecular mechanism underlying its role in this process are still unclear. Moreover, there are few reports on the biological functions of m6A modification in cattle.

In the present study, we investigated the abundance, function and mechanism of m6A modifications during myogenic differentiation in bovine myoblast. First, we found significant changes in the levels of m6A modification in the mRNA of myoblasts and myotubes. We screened and identified the mechanism by which MEF2C expression was regulated by the METTL3-m6A-YTHDF1 axis, and these findings were verified by MeRIP-seq, RNA-seq, and experiments. Then, it was found that MEF2C promotes the expression of METTL3 by directly binding to its promoter region. Our study identified the interaction of MEF2C and m6A modification via a feedback loop during bovine skeletal muscle differentiation in vitro. Our findings make the mechanism of m6A modification in skeletal myogenesis increasingly clear and provide an important basis for improving the molecular breeding of livestock from the perspective of RNA modification.



MATERIALS AND METHODS


Culture and Differentiation of Bovine Myoblasts

The cells used in this study were skeletal myoblasts of Qinchuan beef cattle preserved in our laboratory (36, 37). The myoblasts were cultured to 80–90% confluence in growth medium (GM), and then, myogenic differentiation was induced with differentiation medium (DM). The culture conditions were a humidified incubator (Thermo Fisher Scientific, MA, USA) containing 5% carbon dioxide at 37°C. The myoblast growth medium was composed of DMEM/F12 (HyClone, UT, USA), 20% fetal bovine serum (FBS, GIBCO, NY, USA) and 1% penicillin/streptomycin. The myoblast differentiation medium consisted of DMEM/F12 containing 2% horse serum (HS, GIBCO) and 1% penicillin/streptomycin. The medium was changed every 2 days.



RNA Isolation, CDNA Synthesis, and Real-Time Fluorescence Quantitative PCR (RT-QPCR)

RNAiso reagent (Takara, Dalian, China) was used to lyse proliferating myoblasts (named GM; 90% confluence, cultured in GM) and differentiated myotubes (named DM; cultured in DM for 4 d), and isolate the total RNA. PrimeScript RT reagent kit (Takara) was used to synthesize cDNA. The residual genomic DNA was removed at 42°C for 2 min, and then, the reverse transcription reaction was conducted at 37°C for 15 min and then at 85°C for 5 s. RT-qPCR was performed using the TB Green Premix Ex Taq II Kit (Takara) in the CFX Connect qPCR Detection System (BIO-RAD, CA, USA). Bovine GAPDH was used as the internal reference to standardize the data. Each sample analyzed by RT-qPCR was subjected to at least three biological repeats. Primers used for RT-qPCR are listed in Supplementary Table 1. Relative mRNA expression was calculated using the 2−ΔΔCt method (38).



Analysis of the m6A Levels in MRNA Using LC-MS/MS

Total RNA was purified using a PolyATtract mRNA Isolation Systems kit (Promega, WI, USA) following the manufacturer's protocols. About 200 ng of mRNA was digested in 25 μl buffer with nuclease P1 (2U; M0660S, NEB, MA, USA), 2.5 mM ZnCl2 and 25 mM NaCl at 42°C for 2 h. Then alkaline phosphatase (0.5 U; Thermo Fisher, MA, USA) and NH4HCO3 (1 M, 3 ml) were added and incubated at 37°C for 2 h. Next, the sample was diluted 5-fold and filtered (pore size 0.22 mm; MilliporeSigma, MA, USA). A total of 5 μl of the solution was injected into an LC-MS/MS instrument. The total amount of m6A in mRNA was assessed using an Agilent 1290 Infinity II-6470 (Agilent Technology, CA, USA) system as previously reported (15). The concentration of m6A and A was calculated according to the standard curve, and then m6A/A (%) was obtained.



Dot Blotting

The purified mRNA was diluted to to a concentration of 100 ~ 200 ng/μl, denatured at 95°C for 3 min, and immediately put on ice. Approximately 1 μl mRNA or total RNA was spotted on a Hybond-N+ membrane (GE Healthcarea, IL, USA) and UV-crosslinked for 15 min. After blocking with 5% non-fat milk for 2 h, the membranes were incubated with anti-m6A antibody (202003, Synaptic Systems, Germany) overnight at 4°C. Then, the membranes and secondary antibodies incubation 2 h at room temperature. The membranes were imaged using the chemiluminescence method and the ChemiDoc XRS+ Imaging System (BIO-RAD, CA, USA). The developed membranes were stained with 0.02% methylene blue (MB) for 30 min to ensure equal of RNA loading.



Plasmid Construction, RNA Interference and Transfection

The coding sequences (CDS) of bovine FTO (NM_001098142), METTL3 (NM_001102238), and YTHDF1 (NM_001191416) were synthesized via PCR and cloned into the pcDNA3.1 expression plasmid. The bovine MEF2C (ENSBTAT00000086206.1) CDS was synthesized and cloned into the pcDNA3.1-3xFlag-EGFP-C expression plasmid to generate the wild-type construct (MEF2C-WT). Nucleotide 1248 of the MEF2C CDS within the m6A consensus sites was mutated from adenosine to cytosine (5′-GGACT-3′ → 5′-GGCCT-3′), and this sequence was synthesized by Sangon Biotech (Shanghai, China). All the primers are listed in Supplementary Table 1. Genepharma (Shanghai, China) synthesized all siRNAs for this study, and the sequences are shown in Supplementary Table 2.

To construct the wild-type MEF2C reporter plasmid, the entire sequence of MEF2C coding region was cloned into a psiCHECK2 vector (Promega) carrying Renilla luciferase and Firefly luciferase. Simultaneously, the adenosine (A) bases in the predicted m6A common site were replaced with cytosine (C) bases to generate the MEF2C mutant reporter plasmid. Moreover, the amplified fragments of the METTL3 promoter region containing the wild-type or mutated MEF2C-binding site were subcloned into a pGL3-promoter vector (Promega).

When the myoblasts reached 80-90% confluence, the cells were seeded in 6-well plates. The instantaneous transfection procedure was performed according to the protocol of the Lipofectamine 3000 transfection reagent (Invitrogen, CA, USA), and three replicate wells were transfected each time.



MRNA Stability Measurement

The cells were treated with actinomycin D (5 μg/ml, Selleck Chemicals, TX, USA) for 0, 3, 6, and 9 h before collection. Then total RNA was extracted, cDNA was synthesized, and the mRNA level was detected by RT-qPCR.



MeRIP-QPCR of Target Genes

m6A immunoprecipitation assays were performed as previously described (39). In brief, 48 h after transfection, RNA from the cells was chemically digested into 200-nt fragments, and more than 200 μg of total RNA was subjected to immunoprecipitation with affinity-purified m6A-specific antibody (202003, Synaptic Systems). The RNA fragments that bound to m6A were separated by TRIzol reagent. Then the Input RNA and IP RNA were reverse transcribed, and the enriched sequences were detected by RT-qPCR. The ΔΔCt between the 10% input and the IP RNA was measured, and the relative fold change was calculated as 2−ΔΔCt. Supplementary Table 1 lists the primers for amplification of the m6A peak sequences.



Western Blotting

Cells were collected and lysed on ice in Western and IP cell lysis buffer (Beyotime Biotech, Shanghai, China) containing 1% PMSF (Solabio Life Sciences, Beijing, China) and 10% phosphatase inhibitor cocktail (Roche, Germany) for 30 min. The lysates were collected with a cell scraper and centrifuged at 14,000 g for 10 min at 4°C to collect the proteins in the supernatants. Then, the protein concentrations were determined by a BCA protein analysis kit (Beyotime Biotechnology). All the cell proteins were incubated at 100°C for 10 min in SDS-PAGE sample buffer. The proteins were separated by SDS-PAGE and transferred to PVDF membranes for immunoblotting. The membranes were incubated overnight with primary antibodies at 4°C and then with secondary antibodies at room temperature for 1.5 h. Western blotting was performed using the chemiluminescence method (ECL Plus detection system) and the band intensities were quantified by ImageJ (NIH, MD, USA) software. The antibodies are listed in Supplementary Table 3.



Immunofluorescence

Cultured myoblasts and myotubes were washed briefly with PBS and fixed with 4% paraformaldehyde at room temperature for 20 min, and then permeabilized with PBS containing 0.5% Triton X-100 for 15 min. The cells were subsequently washed three times with PBS. The cells were blocked with 0.3 M glycine, 10% donkey serum and 1% BSA in PBS for 1 h. Then, the cells were incubated with primary antibodies overnight at 4°C. After washing 3 times with PBS, the cells were incubated with fluorescent dye-conjugated secondary antibodies for 1.5 h at room temperature, and this step was performed in the dark. The cells were washed 3 times with PBS, stained with 0.1% DAPI (Sigma-Aldrich, MO, USA) for 15 min and then visualized under a fluorescence microscope [Olympus IX71 (Olympus Corporation, Japan) or Evos-fl-auto2 fluorescence microscopy imaging system (Thermo Fisher)]. The antibodies are listed in Supplementary Table 3.



Luciferase Reporter Assay

293A cells were inoculated in 24-well plates and transfected with a luciferase reporter, the pRL-TK Renilla luciferase vector (Promega), and the METTL3 or MEF2C expression vectors. At least three biological replicates were set for each group. The relative luciferase activities were measured 48 h after transfection using a Dual-Luciferase Reporter Assay Kit (Promega).



RNA Immunoprecipitation Assay

RIP was performed as previously described (19). Bovine skeletal myoblasts transfected with pcDNA3.1-YTHDF1 or the negative control were collected with cell scrapers (two 15-cm culture dishes for each group). Cell lysis and RNA immunoprecipitation and purification were performed according to the protocol of the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Sigma-Aldrich). The input mRNA and IP RNA of each sample were reverse transcribed, and enrichment was determined by RT-qPCR.



Chromatin Immunoprecipitation Assay

ChIP was performed using SimpleChIP Plus Sonication Chromatin IP Kit (Cell Signaling Technology, MA, USA) following the protocol of the manufacturer. In short, bovine skeletal myoblasts transfected with MEF2C expression vectors or empty vectors were fixed with 1% formaldehyde and then Quenching buffer was added to terminate the crosslinking reaction. The chromatin was sheared using a Covaris M220 focused-ultrasonicator (Woburn, MA, USA). The chromatin was incubated with either an anti-MEF2C polyclonal antibody (10056-1-AP, Proteintech, Wuhan, China) or an anti-IgG overnight at 4°C, and the IPs were bound to Protein G magnetic beads. Next, the chromatin was eluted from the antibody/protein G beads and de-crosslinked. The purified DNA and enriched DNA sequences were detected using RT-qPCR with the primers listed in Supplementary Table 1. The data were expressed as a percentage of input.



Statistical Analysis

All results were displayed as the means ± standard deviation (SD) of at least three biological repetitions. Student's t-test (between two groups) or ANOVA (among multiple groups) were used to compare the significance of the means. p < 0.01 or p < 0.05 were considered the differences to be very significant or significant, respectively. GraphPad Prism 7.00 (GraphPad Software, CA, USA) software was used to analyze the results and produce images.




RESULTS


Identification of Bovine Skeletal Myoblasts and Detection of m6A Levels During Differentiation

Myogenic differentiation and myogenesis are complex biological process. To verify whether the cells isolated from bovine longissimus dorsi muscles can undergo myogenic differentiation, we seeded the isolated cells in culture dishes, grew them to 80–90% confluence, and passaged them to a 6-well plate for further culture. After 48 h in growth medium, immunofluorescence showed that PAX7 and MYOD1 were simultaneously expressed, while the expression of MYOD1 was relatively low (Figure 1A), so we preliminarily identified the isolated cells as myoblasts. The myoblasts were cultured in growth medium to 90% confluence, and induce myogenic differentiation was induced with differentiation medium. Microscopic observation and fluorescence detection of the MYHC protein revealed that the myotubes formed by myoblast fusion gradually increased and became longer as the number of days of differentiation increased (Figure 1B). We evaluated the differentiation status of the myoblasts by detecting the mRNA levels of MYOD1, MYOG, MYH3 (myosin heavy chain 3), and MYMK (myomaker, myoblast fusion factor), which are widely recognized marker genes of differentiated myoblasts and fused myotubes (40). The levels of MYOG, MYH3, and MYMK gradually increased during myogenic differentiation, while the levels of MYOD1 peaked on D2 (Figure 1C). These findings were consistent with previous studies showing that MyoD1 plays a vital role in the proliferation and early differentiation of myoblasts (41). The trends in the expression of these pivotal genes were consistent with the differentiation stage. These results suggested that the isolated bovine skeletal myoblasts could undergo myogenic differentiation, and these cells can be used as a model for our follow-up study on myogenic differentiation. Meanwhile, we found the mRNA expression of FTO and ALKBH5 increased during bovine myoblasts differentiation, while the levels of METTL3 peaked on D2 (Figure 1D). Furthermore, using an LC-MS/MS assay, we detected the m6A levels on days 0, 2, and 4 of myogenic differentiation (Figure 1E, Supplementary Figures 1A,B) and found that the levels of m6A on D4 were significantly lower than those before differentiation (D0). The result may be related to the increased expression of FTO and ALKBH5. Alternatively, elevated METTL3 expression did not lead to the increase of m6A level in myoblast differentiation, implying that the regulation of m6A modification in bovine myoblasts may be complex. The results of dot blotting also confirmed these same results (Figure 1F). Interestingly, dot blotting analysis showed that there was no obvious difference in the levels of m6A on the total RNA (Figure 1F). These results indicated that m6A modification may play a potential role in skeletal myogenic differentiation.
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FIGURE 1. Identification of bovine skeletal myoblasts and detection of m6A levels during myogenic differentiation. (A) Identification of myoblasts based on PAX7 and MYOD1 expression in GM (scale bar: 50 μm, Olympus IX71). (B) Identification of differentiated myotubes based on MYHC expression after culture in DM for 0, 2, and 4 days (scale bar: 200 μm, Evos-fl-auto2 microscopy imaging system). (C) Relative mRNA expression of myogenic genes (MYOD1, MYOG, MYH3, and MYMK) during bovine skeletal myoblast differentiation. (D) Relative mRNA expression of METTL3, FTO and ALKBH5 during myoblast differentiation. The results are presented as the means ± SD. (E) LC-MS/MS assay showed the amount of mRNA m6A during myoblast differentiation. Data are presented as mean ± SD (n = 5). (F) Dot blotting was used to detect the m6A modification of mRNA and total RNA at D0, D2, and D4 during bovine skeletal myoblasts differentiation. Methylene blue (MB) staining was used as a loading control. (C–E) *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance.




MeRIP-Seq and RNA-Seq Identify Potential Targets of m6A Modification in Bovine Myoblasts Differentiation

To determine the role of m6A in the process of myoblast differentiation, we extracted mRNA from pre-differentiation (GM, myoblasts, D0) and post-differentiation (DM, myotubes, D4) cells for MeRIP-seq and RNA-seq analyses (36). m6A abundance has been reported to affect mRNA levels (9, 19, 42). To evaluate whether there was a potential correlation between m6A mRNA methylation and gene transcript levels during myoblast differentiation, we compared the differentially expressed genes (DEGs) with the list of transcripts with altered m6A levels. On the one hand, we found that among the 3,891 transcripts with higher m6A levels in the DM group than in the GM group, only 119 transcripts showed higher expression levels while 94 transcripts exhibited lower expression levels (Figure 2A, Supplementary Table 4). On the other hand, among the 1,751 transcripts whose m6A levels were decreased in the DM group compared to the GM group, 58 and 55 transcripts exhibited higher and lower expression levels, respectively (Figure 2B, Supplementary Table 5). The results suggested that the regulation of m6A modification on gene expression during bovine myoblast differentiation may be complex. Gene overlap analysis in RNA-seq and MeRIP-seq data showed that 5,327 genes were modified with m6A (Figure 2C). Among these 5,327 genes, the expression of 1,777 was upregulated. The skeletal muscle formation is known to be accompanied by the expression of many regulatory factors (43). Therefore, the genes with upregulated mRNA expression during myogenic differentiation were likely potential targets. Two genes, KLF5 and MEF2C, that exhibited significantly increased expression in DM [p < 0.05, log2(FC) ≥ 2] and are related to skeletal muscle cell differentiation were selected as potential candidates (Figure 2C). Finally, we selected MEF2C with increased m6A level, as the target for our follow-up molecular mechanism research. Significant differences in the m6A peaks were observed in MEF2C, as shown by IGV software (Figure 2D). MeRIP-qPCR was then used to verify the difference in the m6A levels of MEF2C mRNA between the GM and DM groups. As expected, the m6A level of MEF2C mRNA exhibited a significant increase in the DM group after myogenic differentiation (Figure 2E).
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FIGURE 2. m6A methylome profiles of bovine skeletal muscle myoblasts (GM) and myotubes (DM). (A,B) Distribution of genes with significant differences in the both m6A level and gene expression level between the GM and DM. (C) Venn diagram showed the overlapping genes identified by MeRIP-seq and RNA-seq, and bioinformatic analysis identified MEF2C as a target gene of m6A modification during bovine skeletal myoblast differentiation. (D) IGV tracks displayed the distribution of m6A peaks in the MEF2C transcript in all 6 groups. (E) Validations of the m6A enrichment of MEF2C mRNA by MeRIP-qPCR. Data were presented as means ± SD. ***p < 0.001; Student's t-test.




MEF2C Promotes the Myogenic Differentiation of Bovine Skeletal Myoblast

MEF2C has been reported to play an indispensable role in skeletal myogenesis and myoblast differentiation (44, 45). The expression of MEF2C was significantly increased in myoblast differentiation (Figure 3A). To verify the effects of MEF2C on bovine skeletal myoblast differentiation, siMEF2C for loss-of-function assays and MEF2C-WT for MEF2C overexpression were synthesized and constructed (Supplementary Figure 2A). MEF2C knockdown apparently inhibited myotube formation and fusion index at day 4 of myogenic differentiation in myoblast (Figures 3B,C). Meanwhile, MEF2C knockdown suppressed the mRNA expression of skeletal muscle-specific myogenic factors, such as MYOD1, MYOG, MYH3, and MYMK, and decreased the protein expression of MYH3 and MYOG (Figures 3D–F). In contrary, the overexpression of MEF2C obviously increased the mRNA and protein expression of these genes, and promoted myotubes formation and fusion index (Figures 3H–L, Vector and MEF2C-WT groups). Taken together, these results demonstrated that MEF2C plays a positive role in myogenic differentiation, which was consistent with expectations.
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FIGURE 3. MEF2C promotes bovine skeletal myoblast differentiation, and its expression and function in myoblast differentiation are regulated by m6A modification. (A) Relative mRNA expression of MEF2C during bovine skeletal myoblast differentiation. (B–F) After myoblasts were transfected with siRNA for 24 h, myogenic differentiation was induced. (B) Myotube formation was observed on the 4th day of differentiation (scale bar: 200 μm). (C) The fusion index was calculated as the percentage of nuclei in fused myotubes out of the total nuclei. (D) Relative mRNA expression levels of MYOD1, MYOG, MYH3, and MYMK were measured on the fourth day of differentiation. (E) The protein expression of MEF2C, MYH3, MYOG, and GAPDH on the 4th day after myogenic induction. (F) Semi-quantitative analysis of the protein expression. (G) Synonymous mutations at the m6A motif in the MEF2C CDS. (H–L) After transfection of the empty control, MEF2C-WT and MEF2C-MUT plasmids for 24 h, myoblasts were induced to differentiate. (H) Myotubes with MYHC expression on the 4th day after differentiation (scale bar: 200 μm). (I) The fusion index was counted. (J) Relative mRNA expression levels of MYOD1, MYOG, MYH3, and MYMK were measured. (K,L) The protein expression of MEF2C, MYH3, MYOG, GFP, and GAPDH after myogenic induction for 4 days. (D,F,J,L) The results were normalized to GAPDH levels and are presented as the means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance.




m6A Modification Facilitates MEF2C Protein Expression

In this study, we confirmed that the expression of MEF2C upregulated during myogenic differentiation, and the level of MEF2C mRNA m6A modification was also significantly increased. Therefore, we speculated that m6A modification was involved in the regulation of MEF2C expression. Considering the MeRIP-seq data and the m6A peak map of MEF2C, we found that the m6A-modified motif in MEF2C mRNA was in exon 10 (Figures 2D, 3G). Subsequently, we replaced the N6-methylated adenosine (A) in the m6A peaks sequence of MEF2C mRNA (exon 10 of the CDS) with cytosine (C) to establish a synonymous mutant MEF2C that cannot be modified by m6A (Figure 3G). Figures 3H,I show that MEF2C-MUT significantly inhibited the MEF2C-WT-induced myotube formation. Consistently, compared with MEF2C-WT, MEF2C-MUT markedly reduced the mRNA expression of MYOD1, MYOG, MYH3, and MYMK and decreased the protein expression of MYH3 and MYOG, but the mRNA expression of MYOD1 in the MEF2C-MUT group was still higher than that of the control group (Figures 3J–L). It should be noted that MEF2C-MUT significantly increased the protein expression of MEF2C compared with the control, but decreased the protein expression of MEF2C compared with MEF2C-WT (Figures 3K,L). These results indicate that synonymous mutation of the m6A motif in the MEF2C CDS inhibits the protein expression of MEF2C.

To further investigate how m6A methylation modification regulates the expression of MEF2C, we performed loss-of-function and gain-of-function assays with both m6A methyltransferase METTL3 and m6A demethylase FTO (Supplementary Figures 2B–D). Myoblasts with FTO expression knocked down demonstrated significant upregulation of MEF2C protein expression, whereas FTO overexpression in myoblasts resulted in a reduction in the MEF2C protein levels (Figures 4A,B). In contrary, METTL3 knockdown inhibited the protein expression of MEF2C, while overexpression of METTL3 promoted the protein expression of MEF2C (Figures 4C,D). Additionally, MEF2C protein level was substantially decreased after 24 and 48 h of treatment with a global methylation inhibitor, 3-deazaadenosine (DAA) (4 μM, 86583-19-9, TargetMOI, MA, USA), without affecting its mRNA expression (Figures 4E,F, Supplementary Figure 2E). Together, these findings suggest that the m6A modification of mRNA regulates MEF2C gene expression post-transcriptionally.
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FIGURE 4. The protein expression of MEF2C is regulated by m6A modification. (A,B) MEF2C and FTO protein levels after FTO knockdown and overexpression on the 4th day after differentiation. (C,D) MEF2C and METTL3 protein levels after METTL3 knockdown and overexpression for 4th day post differentiation. (E,F) Treatment with a global methylation inhibitor, 3-Deazaadenosine (DAA), for 24 and 48 h led to the downregulation of the MEF2C protein levels in bovine skeletal myoblasts. The results are presented as the means ± SD (*p < 0.05, **p < 0.01, ***p < 0.001, siNC vs. siRNA samples and DMSO vs. DAA at 24h; #p < 0.05, ###p < 0.001, empty vector vs. overexpression plasmid samples and DMSO vs. DAA at 48h), using Student's t test.




METTL3 Upregulates the Protein Expression of MEF2C in an m6A-YTHDF1-Dependent Manner

Our results have shown that METTL3 could promote the protein expression of MEF2C (Figures 4C,D). Therefore, it is plausible to hypothesize that METTL3, an m6A methyltransferase, could catalyze the methylation of MEF2C mRNA due to the increased m6A level of MEF2C in DM after myogenic differentiation (Figure 2E). Similarly, in the luciferase assay, we replaced N6-methylated adenosine with cytosine to synthesize a mutant MEF2C, and we ligated this sequence into the psiCHECK-2 dual-fluorescence vector. The relative luciferase activities of 293A cells transfected with the mutant MEF2C reporter were not significantly different when the cells were co-transfected with siMETTL3 or OE-METTL3. However, with the condition of the existence of the wild-type MEF2C-fused reporter, METTL3 knockdown and overexpression resulted in decreased and increased luciferase activity, respectively (Figures 5A,B). Thus, METTL3 was considered to regulate the m6A level of MEF2C.
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FIGURE 5. METTL3 increases MEF2C protein expression in an m6A-YTHDF1-dependent manner. (A,B) Relative dual-luciferase reporter activity of WT (MEF2C-WT) or mutated (MEF2C-MUT) reporters in METTL3 knockdown or overexpression 293A cells. (C) Representative mRNA profile of MEF2C in MEF2C-WT and MEF2C-MUT myoblasts at indicated time points after actinomycin D treatment. (D,E) MEF2C protein levels after YTHDF1 knockdown and overexpression on the 4th day after differentiation. *p < 0.05, **p < 0.01, siNC vs. siYTHDF1 samples; #p < 0.05, empty Vector vs. OE-YTHDF1 samples, using Student's t-test. (F,G) MEF2C, YTHDF1, MYH3, GFP, and GAPDH protein levels in MEF2C-WT or MEF2C-MUT with YTHDF1 expression knocked down after myogenic induction for 4 days. (H) Myotube formation in MEF2C-WT or MEF2C-MUT with YTHDF1 expression knocked down after myogenic induction for 4 days (scale bar: 200 μm). (I) The fusion index was counted. (J) Relative dual-luciferase reporter activity of MEF2C-WT or MEF2C-MUT reporters in YTHDF1 overexpression 293A cells. (K) RIP-qPCR detection of the binding of YTHDF1 to the transcript of MEF2C in myoblasts transfected with the empty vector and MEF2C-WT. The results are presented as the means ± SD. ***p < 0.001, using Student's t-test. (A–C,G,I,J) *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance, using one-way ANOVA with Tukey's correction for multiple comparisons.


As the most widely studied m6A readers, the m6A-dependent functions of the members of the YTH protein family include, but are not limited to, the regulation of mRNA translation efficiency, stability and splicing (17). There was no difference in the half-life of MEF2C mRNA between the myoblasts in the MEF2C-WT and MEF2C-MUT groups at 0, 3, 6, and 9 h after actinomycin D treatment (Figure 5C), indicating that YTHDF2 did not regulate the stability of MEF2C mRNA. Moreover, YTHDF1 has been recognized to enhance the translation of m6A-modified mRNAs and promote gene expression without changing the mRNA levels (22). To investigate whether MEF2C was modulated by YTHDF1, we examined the mRNA and protein levels of MEF2C after YTHDF1 knockdown and overexpression (Supplementary Figures 3A,B). Consistent with the reported functions of YTHDF1, overexpressing YTHDF1 improved the protein expression of MEF2C without affecting its mRNA level in myoblasts 4 days after the induction of differentiation. However, both the protein and mRNA levels of MEF2C were reduced after YTHDF1 expression was knocked down (Figures 5D,E, Supplementary Figures 3C,D). To further determine whether YTHDF1 functions as a direct m6A reader of MEF2C, Western blotting was performed, and the results showed that the expression of MEF2C was significantly decreased after YTHDF1 expression was knocked down in myoblasts expressing MEF2C-WT, whereas no significant change was observed in the myoblasts expressing MEF2C-MUT (Figures 5F,G). Moreover, knockdown of YTHDF1 in the MEF2C-MUT group could reversed the inhibition of MYH3 observed in the MEF2C-WT group (Figures 5F,G). The results of immunofluorescence staining of myotubes with a MYHC antibody were also consistent with the protein expression of MEF2C in the 4 groups. Among these groups, the myotube formation in the MEF2C-WT single treatment group was the most obvious, while the formation of myotubes was significantly inhibited after YTHDF1 expression was knocked down or in the MEF2C-MUT group (Figures 5H,I). Next, YTHDF1 overexpression resulted in increased luciferase activity in the presence of the wild-type MEF2C-fused reporter (Figure 5J). RIP using an antibody against YTHDF1 and anti-IgG followed by qPCR revealed that the m6A motif region in the MEF2C mRNA was effectively immunoprecipitated from bovine myoblasts overexpressing YTHDF1 (Figure 5K, Supplementary Figure 3E). These results indicated that YTHDF1 directly binds to MEF2C mRNA by recognizing the m6A modification site to promote MEF2C expression at the translational level.

Some studies have reported that METTL3 regulated myogenesis (28, 33, 46). Our results shown that METTL3 markedly enhanced the differentiation of bovine skeletal myoblasts by promoting the expression of some key myogenic factors (such as MYOD1, MYOG, MYH3, and MYMK) (Supplementary Figures 4A–D). After knocking down METTL3 expression, the formation of multinuclear myotubes was also significantly inhibited (as assessed by the fluorescence of MYHC protein) (Supplementary Figures 4E,F). The results suggested that METTL3 may regulate myogenic differentiation by promoting the expression of MEF2C in an m6A-YTHDF1-dependent manner. In general, these results indicate that METTL3 may increase the MEF2C protein levels by m6A-YTHDF1-dependent mRNA translation.



MEF2C Promotes METTL3 Expression by Direct Binding Promoter DNA

As shown in Figure 6A, METTL3 mRNA expression was enhanced on the 2nd and 4th days after the induction of differentiation in MEF2C overexpressing myoblasts. Western blotting showed that a significant decrease or increase in the METTL3 protein levels was observed in the MEF2C knockdown or overexpression cells, respectively (Figures 6B,C). Immunofluorescence staining revealed that knockdown of MEF2C expression reduced the m6A levels in the total RNA of bovine myoblasts (Figures 6D,E). Meanwhile, Dot blot and LC-MS/MS showed that m6A levels were decreased on day 3 of myogenic differentiation in siMEF2C myoblasts (Figures 6F,G).
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FIGURE 6. Protein expression of METTL3 is regulated by MEF2C via direct DNA-binding. (A) Overexpression of MEF2C promotes the expression of METTL3 mRNA on the 2nd and 4th days after differentiation. (B,C) METTL3 protein levels after MEF2C knockdown and overexpression on the 4th day after differentiation. *p < 0.05, **p < 0.01, siNC vs. siMEF2C samples; ##p < 0.01, empty Vector vs. MEF2C-WT samples; Student's t-test. (D) Knockdown of MEF2C expression decreased the m6A level of total RNA in bovine skeletal myoblasts after siRNA transfection for 3 days (scale bar: 100 μm). (E) Using Celleste Image Analysis Software (Invitrogen, USA), the average optical density was calculated as the cumulative optical density of m6A red fluorescence divided by the number of nuclei, n = 3. (F,G) Dot blot and LC-MS/MS assays showed the level of m6A after siMEF2C for 3 days. (H,I) The consensus MEF2C-binding site is indicated, and a schematic diagram illustrates two potential MEF2C-binding sites in the METTL3 promoter and the corresponding mutant sequences. (J,K) Luciferase assay with the wild-type or mutant sequences of METTL3 binding sites verified the activity of sites 1 and 2 in MEF2C knockdown or overexpression myoblasts. (L) ChIP and PCR analyses of myoblasts revealed the binding of MEF2C to two sites in the METTL3 promoter. (M) ChIP-qPCR detection of the binding of MEF2C to the 2 sites in the METTL3 promoter in myoblasts transfected with the empty vector and MEF2C-WT. (A,E,G,J,K,M) The results are presented as the means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, using Student's t-test.


MEF2C is a transcription factor that promotes the transcription of genes by recognizing and binding to transcription factor-binding sites (TFBS) of downstream target genes (44, 47). Two potential MEF2C-binding sites in the METTL3 promoter were identified by genomic analysis and predicted with the JASPAR (48) and AnimalTFDB (49) online tools, and these results revealed the mechanisms underlying function of MEF2C (Figures 6H,I). Then, we designed two pairs of primers covering the two MEF2C-binding sites (Figure 6I) and performed a luciferase assay in 293A cells transfected with siMEF2C or the MEF2C expression vector (OE-MEF2C). MEF2C expression increased the luciferase activities of cells expressing both wild-type promoters, while these effects were eliminated by a mutation in site 1 or site 2 (Figures 6J,K). To further confirm whether MEF2C can directly bind to the METTL3 promoter, ChIP assays were carried out. As shown in Figures 6L,M the ChIP-qPCR results demonstrated that MEF2C bound to both sites. Collectively, these results provide evidence that MEF2C directly binds to the METTL3 promoter as a transcription factor to increase METTL3 expression.




DISCUSSION

In recent years, the two extraordinary discoveries, i.e., the methylation modification of RNA is as reversible as DNA methylation (15) and the establishment of m6A-specific methylated RNA immunoprecipitation coupled with next-generation sequencing (MeRIP-seq) (39, 50), have accelerated advances in research on m6A modification in various fields. Meanwhile, a series of mechanisms in myogenic differentiation are also being uncovered uninterruptedly. However, the potential and detailed molecular mechanism underlying m6A modification in myogenic differentiation is largely unknown. In the present study, we found that the level of m6A decreased after myogenic differentiation in bovine skeletal myoblast, which was consistent with the results in C2C12 cells and sheep myoblasts (33, 34). To investigate the molecular mechanisms by which m6A methylation influences myogenic differentiation, we further analyzed our previous sequencing data and found that the mRNA expression of MEF2C was up-regulated in myogenic differentiation, while the m6A level was also significantly up-regulated. Further experiments demonstrated that MEF2C is regulated by METTL3-m6A-YTHDF1 axis and METTL3 may promote myogenic differentiation by mediating the expression of MEF2C. In turn, MEF2C directly binds to the METTL3 promoter, promoting METTL3 transcription and thus affecting m6A levels (Figure 7).
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FIGURE 7. MEF2C promotes the differentiation of bovine myoblasts by posttranscriptional activation of the METTL3-m6A-YTHDF1 axis. METTL3 catalyzes the N6-methylation of MEF2C mRNA, and YTHDF1 recognizes this modification site to promote the translation of MEF2C. Then, MEF2C can directly bind to the promoter region of METTL3 to activate its expression, suggesting that there is a positive feedback loop underlying the process of bovine skeletal myoblast differentiation.


MEF2C, the member of the MEF2 family that is expressed first in skeletal muscle development, plays a positive role in skeletal muscle differentiation and regeneration (44, 45, 47, 51). We verified that MEF2C promoted the myogenic differentiation of bovine skeletal myoblasts by knockdown and overexpression assays, which was consistent with the findings of previous reports (44, 47). Furthermore, through synonymous mutation of the m6A motif in the MEF2C coding region, we found that the m6A modification was necessary for MEF2C protein expression and myotube formation. Then, we performed loss-of-function and gain-of-function assays to analyze the effects of active m6A methyltransferase (METTL3) and demethylase (FTO), respectively, and found that the effects of METTL3 and FTO on the protein expression of MEF2C were opposite of those RNA methylation modification. Similarly, the protein expression of MEF2C was also affected by a methylation inhibitor (DAA). Multiple lines of evidence indicated that the protein expression of MEF2C was positively correlated with the level of m6A. We then found that METTL3 regulates MEF2C expression by mediating m6A methylation in myoblast differentiation. Some studies have found that METTL3 not only acts as m6A writer, but also recognizes and binds m6A sites to promote protein translation, and yet this generally occurs in the 3'UTR of the target transcripts (17), whereas the differentially methylated peaks of MEF2C are positioned in the CDS. Therefore, we speculated that YTHDF1, an m6A reader protein, may be responsible for the increased expression of MEF2C. Our results demonstrated that YTHDF1 promoted the protein expression of MEF2C, and RIP assays indicated that YTHDF1 directly bound to MEF2C mRNA. Thus, multiple lines of evidence support our hypothesis that the MEF2C transcript was directly targeted by YTHDF1 and that METTL3 leads to high protein expression of MEF2C in an m6A-YTHDF1-dependent manner in myoblast differentiation. Consistent with our findings, the previously reported next-generation sequencing data of m6A, CLIP and RIP from the m6A2Target Database (http://m6a2target.canceromics.org/#/search/MEF2C) also identified MEF2C mRNA as a potential target of m6A writers, erasers, and readers in humans and mice (GSE46705, GSE79577, GSE56010, GSE90914, GSE102493, GSE94098, GSE94148, and GSE100528). Furthermore, we aligned the m6A modified sequence of bovine MEF2C mRNA with that of other species (including humans, mice, pigs and sheep) and found that the coding region and m6A motif sequence of MEF2C were very conserved (Supplementary Figure 5). These findings suggest a possible general regulatory role of m6A modifications in muscle development. Besides, we found a consequent alteration in METTL3 expression while conducting MEF2C knockdown and overexpression assays. As a well-known transcription activator, MEF2C was found to facilitate the expression of METTL3 by directly binding to the METTL3 promoter during myogenic differentiation in our study.

Strikingly, the m6A demethylase FTO also affected the expression of MEF2C, and two protein bands of similar size appeared in MEF2C at day 4 of myogenic differentiation after knockdown of FTO (Figure 4A). Previous studies have found that m6A demethylase FTO can regulate the splicing of the target transcripts (52, 53), so we speculated that FTO may regulate the translation of two different transcripts of MEF2C, which needs to be confirmed by subsequent studies. It could also be a protein modification that changes the weight of the protein.

Uniquely, our results showed that both m6A methyltransferase (METTL3) and m6A demethylases (FTO and ALKBH5) exhibited increased expression after the onset of differentiation. Simultaneously, overall m6A levels were reduced, but METTL3 promoted myogenic differentiation of bovine myoblasts. These seemingly contradictory results imply that m6A methylation modifications in skeletal myogenesis are dynamically changing and there may be a complex regulatory network of m6A methylation. The combined analysis of MeRIP-seq and RNA-seq data showed no significant correlation between differential gene expression and differential m6A abundance (Figure 2A), which is consistent with the N6-methyladenosine methylome profile in porcine muscle development (54), whereas the m6A modification profiles of goose embryonic muscle shown that m6A methylation was negatively correlated with transcript level (55). These results indicate that the regulation of mRNA transcription by m6A modification during myogenic differentiation was complicated.

Similarly, METTL3 is essential for MyoD mRNA expression in proliferating C2C12 myoblasts for skeletal muscle differentiation (28), is required for skeletal muscle regeneration (56) in mice and regulates the transitions of muscle stem cells/myoblasts (33). A recent study shown that METTL3 regulates skeletal muscle specific miRNAs at both the transcriptional and posttranscriptional levels (46). As suggested by these previous studies, METTL3 plays a critical role in skeletal muscle homeostasis and myogenic differentiation as a result of its function as a methyltransferase. However, some investigators identified that METTL3 inhibited differentiation of the C2C12 cells and primary mouse skeletal muscle cells (33, 35, 56). We analyzed the reasons for these differential results and found an intriguing result. Apart from the difference in the origin and type of cells, the different media used in cell culture are likely to be responsible for the opposite results of METTL3 regulation of myogenic differentiation. METTL3 promoted myogenic differentiation of cells cultured using growth medium with 20% FBS, including C2C12 cells (28) and the primary bovine skeletal myoblasts we used. The opposite result was obtained for studies using 10% or 15% FBS, i.e., METTL3 inhibited myogenic differentiation of C2C12 cells or primary mouse skeletal myoblasts (33, 35, 56). It is also important to mention that the differentiation medium used in all these studies during myogenic differentiation of cells was 2% horse serum. These results implies that there is still a lot of work to be explored and developed in the field of RNA methylation.

In conclusion, we found that the protein expression of MEF2C was positively regulated by the METTL3-m6A-YTHDF1 axis in myoblast differentiation. In addition, MEF2C promoted the expression of METTL3 by binding to its promoter, thus there may be a positive feedback loop between these molecules in myoblast differentiation (Figure 7). Our findings could provide new Q15insights into skeletal muscle development and livestock breeding. Moreover, it is becoming increasingly clear that the mechanisms of RNA methylation in skeletal myogenesis.
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Background: Fat deposition is an important economic trait in livestock and poultry production. However, the relationship between various genes and signal pathways of fat deposition is still unclear to a large extent. The purpose of this study is to analyze the potential molecular targets and related molecular pathways in bovine subcutaneous adipose tissue.

Results: We downloaded the GSE116775 microarray dataset from Gene Expression Omnibus (GEO). The weighted gene co-expression network (WGCNA) was used to analyze the gene expression profile, and the key gene modules with the highest correlation with subcutaneous adipose tissue were identified, and the functional enrichment of the key modules was analyzed. Then, the “real” Hub gene was screened by in-module analysis and protein–protein interaction network (PPI), and its expression level in tissue samples and adipocytes was verified. The study showed that a total of nine co-expression modules were identified, and the number of genes in these modules ranged from 101 to 1,509. Among them, the blue module is most closely related to subcutaneous adipose tissue, containing 1,387 genes. These genes were significantly enriched in 10 gene ontologies including extracellular matrix organization, biological adhesion, and collagen metabolic process, and were mainly involved in pathways including ECM-receptor interaction, focal adhesion, cAMP signaling pathway, PI3K-AKT signaling pathway, and regulation of lipolysis in adipocytes. In the PPI network and coexpression network, five genes (CAV1, ITGA5, COL5A1, ABL1, and HSPG2) were identified as “real” Hub genes. Analysis of Hub gene expression by dataset revealed that the expression of these Hub genes was significantly higher in subcutaneous adipose tissue than in other tissues. In addition, real-time fluorescence quantitative PCR (qRT-PCR) analysis based on tissue samples and adipocytes also confirmed the above results.

Conclusion: In this study, five key genes related to subcutaneous adipose tissue were discovered, which laid a foundation for further study of the molecular regulation mechanism of subcutaneous adipose tissue development and adipose deposition.

Keywords: fat deposition, WGCNA, Hub gene, focal adhesion, PI3K-AKT


INTRODUCTION

Adipose tissue is an active metabolic organ that secretes numerous protein factors, such as resistin and lipocalin, which are essential for lipid accumulation, energy expenditure, glucose, and insulin metabolism, and hormonal regulation, and have a profound role in regulating the body's glucolipid metabolic homeostasis and maintaining energy homeostasis (1, 2). However, due to the complex molecular mechanism of adipose tissue formation and deposition, there are relatively few studies on adipose deposition-related genes in cattle, which need to be further explored.

Adipose tissue not only plays a necessary role in the development of individuals but also plays an important role in the study of beef quality. Adipose tissue is classified as intramuscular fat, visceral fat, intermuscular fat, and subcutaneous fat according to its distribution. Among them, intramuscular fat (IMF) plays an indispensable role in meat quality, which affects meat taste, juicy, shear force, and so on (3, 4). Subcutaneous adipose tissue is an important source of essential fatty acids and plays a role in the transport of fat-soluble vitamins, which constitute the main source of energy and insulating substances for the animal's body. Studies have shown that fat deposition in backfat is related to body fat percentage, carcass cross-sectional fat area ratio, intramuscular fat, and flavor and juiciness of beef (5, 6). In Japanese Wagyu cattle, IMF content in the longest dorsal muscle was found to be positively correlated with the percentage of subcutaneous fat and maturity in vivo (7, 8). Therefore, the identification of key genes related to subcutaneous adipose tissue by a new method is an important strategy for carcass and meat quality genetic improvement.

Weighted gene coexpression network analysis (WGCNA) is an efficient and accurate method for bioinformatics and biological data mining (9). It helps to create free-scale gene co-expression networks to identify associations between different gene collections or between gene collections and clinical features (10). At present, it is widely used in genetics, cancer, and brain imaging research and analysis (11). By using WGCNA, we can create a coexpression network to identify differentially related gene clusters and analyze gene specificity (12).

This study constructed a gene co-expression network using transcriptome data from multiple tissues and identified the modules of gene co-expression related to subcutaneous adipose tissue. The interested module was analyzed by gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and the Hub gene in the module was determined. Then the expression of the Hub gene was analyzed, and the accuracy of selection was preliminarily verified. This study provides a starting point for further exploration of the molecular regulatory mechanism of fat deposition.



MATERIALS AND METHODS


Data Collection and Preprocessing

We downloaded the GSE116775 microarray dataset from the Gene Expression Omnibus (GEO) database (Supplementary Table 1), which consists of approximately 1.2 Tb of high-quality RNA-Seq transcriptome data from four key metabolic tissues (rumen epithelium, liver, muscle, and subcutaneous fat) and data on the content of 49 fatty acids in backfat, to explore the molecular regulatory mechanisms of these tissues in fatty acid formation in cattle (13). In our study, the GSE116775 dataset was used to construct co-expression networks and identify hub genes associated with bovine subcutaneous adipose tissue. The data set provides gene expression profiles of 185 samples containing four tissue types of three breeds of cattle. All the datasets were normalized independently using Robust Multiarray Average (RMA) followed by log2 transformation and quantile normalization.



Construction of Co-Expression Network

Phenotype-correlated gene modules associated with adiposity were identified by WGCNA. The top 10,000 genes with the highest expression levels were used to construct the WGCNA network using the WGCNA package in R. Firstly, a similarity matrix was constructed by calculating the Pearson's correlation coefficient to measure the similarity between all samples. Then, based on the free-scale topological criterion, the similarity matrix is transformed into an adjacency matrix, and a scale-free co-expression network based on the soft threshold parameter β is constructed by using the adjacency matrix. In this study, the free-scale topology was R2 = 0.80 with a soft threshold equal to 12. The topological overlap matrix (TOM) was used to define modules based on dissimilarity (1-TOM). The minimum number of genes in each module is 30. For module grouping, the partition threshold used is 0.25. Finally, a color is assigned to each gene module, and genes that are not assembled into any module are grouped into gray modules (14).



Identification of the Module of Interest and Functional Annotation

In order to clarify the potential biological significance of genes in key modules and further explore the functions of genes in the most related modules of subcutaneous adipose tissue, we analyzed GO terms and KEGG pathways using the “clusterProfiler” software package in R software. In addition, only when the p.adjust of the GO or KEGG terms is >0.01, they are considered important.



Hub Genes Identification

The degree of module members (MM) is defined as the correlation between gene expression profiles and module eigengenes (Mes). Gene significance (GS) is defined as the absolute value of the correlation between genes and external traits. Genes with both high MM and high GS are considered to be candidate central genes. Then, all the genes in the interested module are uploaded to the STRING website to create a PPI network, and the CytoHubba plug-in of Cytoscape software is used to identify the central genes in the PPI network. Hub genes that co-occurred in the co-expression network and Cytoscape software analysis were considered as “real” Hub genes and were selected for subsequent analysis (15, 16).



Validation of the Hub Genes

The expression levels of Hub genes in the dataset were analyzed by differential expression patterns. At the same time, qRT-PCR was used to further verify the expression level of Hub gene in bovine subcutaneous adipose tissue and bovine preadipocytes at different induction stages. The R package ggpubr was used to calculate difference significance and visualization.



Sample Collection and Cell Culture

The tissue samples (rumen epithelium, liver, muscle, and subcutaneous fat) and bovine subcutaneous adipocytes were provided by the Key Laboratory of Ruminant Molecular Cell breeding of Ningxia University. All the experiments were carried out in strict accordance with the recommendations in the guidelines for Animal Protection and Utilization of Ningxia University and approved by the Animal Welfare Committee of Ningxia University (IACUC-NXU1098). The isolated cells were cultured in a growth medium containing 90% Dulbecco's modified Eagle medium (DMEM, Gibco) and 10% fetal bovine serum (FBS, Gibco) until cell density reached approximately 80%. Then 90% DMEM, 10% FBS, 3.5 mg/ml insulin (Sigma), 0.01% dexamethasone (Sigma), 1% Isobutylmethylxanthine (Sigma) and 0.01% rosiglitazone (Sigma) were mixed together to form a differentiation medium to induce cell differentiation. After 2 days of differentiation, the cells were cultured in maintenance medium (95% DMEM, 5% FBS, 3.5 mg/mL insulin, 0.01% rosiglitazone).



Oil Red O Staining

Oil red O was used to observe the morphology of bovine preadipocytes after 0 and after 10 days of differentiation. The storage solution of oil red O (oil red O + isopropanol) was diluted into a working solution at 2:3 with Phosphate-Buffered Saline (PBS), and the cells were sfixed with 10% formalin and stained (17).



RNA Extraction and qRT-PCR

Total RNA was extracted from tissue samples and cultured cells using TRIZOL reagent (Invitgen, USA). PrimeScript II first strand cDNA synthesis kit (Takara, Dalian, China) was used to prepare first strand cDNA. QRT-PCR was performed using All-in-One™ qRT-PCR Mix (Genocopoeia, Guangzhou, China) in a LightCycler® 96 Instrument (Roche, Germany) to detect the expression level of mRNAs. All the primers used are listed in Supplementary Table 2.



Statistical Analysis

According to the characteristics of data distribution, a nonparametric test or t-test was used to analyze the statistical significance of gene expression in four tissues. Tissue and cellular qRT-PCR experiments were performed using mRNA of β-actin as an endogenous control at basal levels, and the relative expression levels of genes were calculated using the 2−ΔΔCt method and were considered statistically significant when the p < 0.05.




RESULTS


Construction of Weighted Gene Co-Expression Network

This study performed a WGCNA analysis based on the GSE116775 dataset. The clustering analysis of the selected samples is shown in Figure 1. A total of 185 samples were divided into four independent clusters, each corresponding to a tissue type, indicating that different tissue types were the main reason for the differences between samples, and thus the results of the analysis are expected to uncover modules and Hub genes specific to bovine subcutaneous adipose tissue. When 0.8 is used as the correlation coefficient threshold, the soft threshold power is selected as 12 (Figure 2A). Then, on the basis of the determined soft threshold, the weighted gene co-expression network is constructed, the co-expression modules are divided by dynamic cutting and module merging, and finally, nine co-expression modules are obtained. The modules with the most genes were turquoise modules (1,509), followed by blue modules (1,387), brown modules (1,157), and yellow modules (1,058) (Figure 2B). In addition, we have drawn adjacency heat maps of all the analyzed genes, which show that these modules are independent of other modules (Figure 2C).


[image: Figure 1]
FIGURE 1. Sample dendrogram and trait heatmap in GSE116775.



[image: Figure 2]
FIGURE 2. Gene co-expression networks in subcutaneous adipose tissue (GSE116775). (A) Analysis of the scale-free fit index for soft-thresholding powers (left) and the mean connectivity for various soft-thresholding powers (right); (B) Gene expression clustering tree and recognition module in co-expression network; (C) Network heatmap plot in the co-expression modules.




Identification of Key Modules

We calculated the correlation coefficient and the corresponding statistical significance between modular feature genes and clinical traits and displayed the results with a heat map (Figure 3A). According to the aim of the study, we found the highest correlation between the blue module and bovine subcutaneous adipose tissue (r = 0.88, p = 3e-61). Figure 3B shows that the genes in the blue module are of great significance for the study of subcutaneous fat (Supplementary Table 4). Figure 3C shows that the expression level of genes related to subcutaneous adipose tissue in the blue module is significantly higher than that in other tissues, so the blue module is selected for further analysis.


[image: Figure 3]
FIGURE 3. Module-trait correlations analysis in subcutaneous adipose tissue (GSE116775). (A) The correlation heat map between the module and subcutaneous adipose tissue (each unit contains the correlation coefficient and the corresponding P value); (B) The significance of genes related to subcutaneous adipose tissue in the blue module (a dot represents the genes in the blue module); (C) Module eigengene (y-axis) across samples (x-axis) from the blue module (associated to Subcutaneous fat tissue).




Functional Annotation of the Key Co-Expression Module

We carried out GO and KEGG pathway enrichment analysis of the genes in the blue module in order to find out the main biological processes and signal pathways of enrichment. Figure 4 shows the first 10 terms for GO-BP and KEGG enrichment analysis (all enriched terms and explanations for the first 10 terms can be found in Supplementary Tables 5, 6). GO-BP functional enrichment analysis showed that the genes in the blue module were mainly enriched in extracellular matrix tissue, bioadhesion, and collagen metabolism (Figure 4A). KEGG analysis showed that ECM receptor interaction, focal adhesions, cAMP signal pathway, PI3K-AKT signal pathway and the regulation of lipolysis of adipocytes were the obvious ways of gene enrichment in the blue module (Figure 4B).


[image: Figure 4]
FIGURE 4. The visualization results of (A) partial GO biological function analysis and (B) partial KEGG analysis of the blue module. The top 10 significant enriched pathways were shown.




Excavation of the Hub Gene

In this study, 56 genes with high clinical trait relationships (GS ≥ 0.88) and high linkage (MM ≥ 0.92) in the blue module were selected as pivotal genes for WGCNA (Supplementary Table 7; Figure 5). According to the STRING database, all the genes in the module are used to build the PPI network using Cytoscape software (Supplementary Table 8; Figure 6A), and the 20 genes with the highest connectivity are defined as the Hub genes in the PPI network. Then, the five common genes (CAV1, ITGA5, COL5A1, ABL1, and HSPG2) in the co-expression network and PPI network are defined as “real” Hub genes (Figure 6B).


[image: Figure 5]
FIGURE 5. Correlation of the top 56 genes with high MM and GS in the blue module.



[image: Figure 6]
FIGURE 6. Identification of Hub gene. (A) The top 20 genes with the highest connectivity identified by Cytoscape software; (B) Identify the common genes in the co-expression network and PPI network.




Induction of Differentiation of Bovine Subcutaneous Adipocytes

By inducing the differentiation of bovine subcutaneous adipocytes, qRT-PCR and oil red O staining were used to detect the sequential expression of adipogenic marker genes in the induced cells for 0–10 days. The results showed that compared with that before induction, the expression levels of PPARγ, C/EBPβ, and FABP4 increased significantly after induction (p < 0.01) (Figure 7C), and the content of lipid droplets in cells increased significantly (p < 0.01) (Figures 7A,B), indicating that the model of inducing differentiation of bovine subcutaneous adipocytes was successfully established.


[image: Figure 7]
FIGURE 7. Induction of primary adipocyte differentiation. (A) Bovine adipocytes were stained with oil red O at 0 d (left) and 10 d (right) after adipogenic differentiation; (B) Absorbance measurements at 510 nm. Control: isopropyl alcohol, 0 d: adipocyte extracts from 0 day of induced differentiation, 10 d: adipocyte extracts from 10 day of induced differentiation; (C) Expression of adipogenic marker genes in the process of adipogenic differentiation. Compared with the control, “*” means significant difference (p < 0.05), and “**” means extremely significant difference (p < 0.01).




Validation of the Hub Genes

We discussed the differential expression level of Hub gene in the data set. The results showed that Hub gene expression was significantly higher in subcutaneous adipose tissue than in rumen epithelium, liver, and muscle tissue (p < 0.01) (Figure 8). QRT-PCR was used to detect the expression level of the Hub gene in tissues and induced subcutaneous adipocytes. The results showed that the Hub gene was highly expressed in adipose tissue (Figure 9); and compared with that before induction, the expression level of the Hub gene increased significantly after cell induction (p < 0.01) (Figure 10). These results suggest that these Hub genes play an important role in the study of adipose tissue development.


[image: Figure 8]
FIGURE 8. Expression of Hub genes in dataset GSE116775. (A–E) Expression levels of (A) CAV1, (B) ITGA5, (C) ABL1, (D) HSPG2, and (E) COL5A1 were significantly increased in Subcutaneous fat tissue.



[image: Figure 9]
FIGURE 9. The expression level of Hub gene in different tissue samples. (A–E) Compared with other tissues, the expression levels of (A) CAV1, (B) ITGA5, (C) ABL1, (D) HSPG2, and (E) COL5A1 in subcutaneous adipose tissue were significantly increased. Compared with the control, “*” means significant difference (p < 0.05), “**” means extremely significant difference (p < 0.01), and “N.S.” indicates non-significant difference.



[image: Figure 10]
FIGURE 10. The expression level of Hub gene in different differentiation stages of adipocytes. (A–E) Compared with that before induction, the expression levels of (A) CAV1, (B) ITGA5, (C) ABL1, (D) HSPG2, and (E) COL5A1 were significantly increased after induction. Compared with the control, “*” means significant difference (p < 0.05), “**” means extremely significant difference (p < 0.01), and “N.S.” indicates non-significant difference.





DISCUSSION

Fat deposition is a qualitative trait typically regulated by multiple genes that function by interacting with each other. In traditional unidimensional studies, it is difficult to find the key genes for this trait and their mechanisms of action. However, WGCNA is a powerful statistical method based on gene correlation that can be used to construct gene networks, detect modules, identify pivotal genes, and screen candidate genes as biomarkers (10). In the statistical process, WGCNA focuses on dealing with a group of gene modules rather than individual genes, which avoids the disadvantage of only dealing with single genes and neglecting molecular transcriptional networks. Therefore, using WGCNA to study the co-expression network of multiple tissue phenotypes can identify the marker genes in subcutaneous adipose tissue and provide a research basis for exploring the molecular mechanism of fat deposition.

In this study, we downloaded 185 samples belonging to the GSE116775 dataset from the GEO database, and obtained nine modules by using the WGCNA method. According to the correlation study of the topological overlap matrix (TOM) graph (Figure 2), each module is proved to be independent of the other modules. In addition, after trait-module correlation analysis, the blue module was identified as the key module positively related to subcutaneous adipose tissue, which means that the gene expression in this module is closely related to subcutaneous adipose tissue. Subsequent GO analysis showed that the genes in fat-related modules were mainly enriched in the extracellular matrix organization, biological adhesion, collagen metabolic process, and other biological functions. KEGG enrichment showed that these genes were mainly involved in ECM receptor interaction, focal adhesions, cAMP signal pathway, PI3K-AKT signal pathway, and the regulation of lipolysis of adipocytes. In addition, adipose tissue-related “real” Hub genes (CAV1 and ITGA5) are mainly involved in KEGG pathways related to extracellular matrix organization and cell surface receptor signaling transduction pathways (Figure 11). Through literature research, we found that the composition and distribution of the extracellular matrix changed in the process of adipocyte differentiation, suggesting that organizing the components of the extracellular matrix into a suitable structure is a necessary condition for adipocyte differentiation and maintenance. Among the extracellular matrix components, the extracellular network of fibronectin (FN) is the first to form but gradually degrades as adipocytes differentiate. The type I collagen network is the last to form and remains well organized during the later stages of adipocyte differentiation. The extracellular network of type III, V, and VI collagen was formed in the middle stage of adipocyte differentiation and maintained until the late stage of adipocyte differentiation. The reticular structures of type IV collagen and laminin were degraded during differentiation and located on the surface of globular cells (18). And with regard to adipose tissue regeneration, appropriate ECM may be needed to support cell attachment, proliferation, and differentiation until adipocytes can secrete their own ECM (19). In addition, ECM is also an important part of the focal adhesions pathway and PI3K-AKT pathway. Focal adhesions are cell-matrix adhesion structures mediated by integrins whose functions include anchoring the ends of actin filaments, promoting strong attachment to the matrix, and functioning as an integrin signaling platform (20). A PI3K-AKT signaling pathway is involved in many biological processes, including cell cycle, apoptosis, angiogenesis, and glucose metabolism, which is essential for cell proliferation and apoptosis (21, 22). And the cAMP signaling pathway has been reported to play an important role in the regulation of energy homeostasis with its involvement in adipogenesis and lipid metabolic processes (23–26).


[image: Figure 11]
FIGURE 11. Circos plot to indicate the relationship between hub genes and KEGG pathways.


With regard to the identified central genes, the functional studies of CAV1, ITGA5, COL5A1, ABL1, and HSPG2 in the process of fat deposition are insufficient. Caveolae are small flask-shaped invaginations of the plasma membrane that are found with remarkable abundance in endothelial cells, myotubes, and adipocytes (27). They are considered a subset of the so-called lipid raft domains and segregate a number of membrane-related processes (28). The Caveolae protein family has three highly related members (caveolin-1 through-3). In adipocytes, Caveolin-1 expression was found to be a key step in increasing caveolae density, increasing the ability of adipocytes to accommodate larger lipid droplets, and promoting cell expansion through increased glucose utilization (29). COL5A1 and ITGA5 are important constituents of ECM. COL5A1 is differentially expressed before and after bariatric surgery, which may be a new candidate gene for regulating adipose tissue function (30). ITGA5 is expressed in different degrees in mesenchymal stem cells isolated from adipose tissue and white mature adipocytes, which is related to the Hippo pathway, while the Hippo pathway controls tissue growth and regulates cell proliferation, differentiation, and cell death (31–33). ABL1 is highly expressed in the subcutaneous fat of obese humans and high-fat diet-induced obese mice, and it is able to regulate diet-induced obesity by improving insulin sensitivity in subcutaneous fat (34). HSPG2 is a heparan sulfate proteoglycan, which is a component of the basement membrane and participates in a variety of biological activities. It was found that the mass and cell size of white adipose tissue in HSPG2 knockout mice were smaller than those in the control group, which may regulate the catabolism of lipids and glucose by transforming the composition of muscle fibers into oxidized fibers (35).

Adipose tissue is mainly composed of adipocytes and matrix components around the cells. Peroxisome proliferator-activated receptor gamma (PPARγ) and CCAAT enhanced binding protein (C/EBP) have been proved to be the main regulatory factors involved in adipocyte differentiation. Adipocytes rapidly induce the expression of C/EBPβ and C/EBPδ proteins within 4 h of induced differentiation and then activate the transcription of PPARγ and CEBPα (36). The expression of PPARγ and C/EBPα regulates a variety of genes in coordination, which determines the phenotype of cell differentiation (37). Fatty acid binding protein 4 (FABP4) gene is highly expressed during adipocyte differentiation and can bind and transport long-chain fatty acids, which plays an important role in the synthesis and decomposition of triglycerides. In this study, by constructing the differentiation model of bovine subcutaneous adipocytes, the expression level of the adipogenic marker gene and the formation of lipid droplets were detected by the qRT-PCR technique. The results showed that compared with that before induction, the expression levels of adipogenic marker genes PPARγ, C/EBPα and FABP4 in induced subcutaneous adipocytes were all at a high level, and the number of lipid droplets increased significantly after induction, which proved that we successfully established the induced differentiation model of bovine subcutaneous adipocytes. Subsequently, the expression of Hub gene (CAV1, ITGA5, COL5A1, ABL1, and HSPG2) in bovine subcutaneous adipocytes was detected, and it was found that the expression level of five Hub genes increased significantly after cell induction, especially on the second day of induction, which was consistent with the expression of adipogenic marker genes, which may be due to the effect of changing induction medium to stimulate adipocyte differentiation. It is suggested that these five Hub genes may play the same role as adipogenic marker genes in the process of adipocyte differentiation.

In summary, CAV1, ITGA5, COL5A1, ABL1, and HSPG2 from the blue module are candidate genes related to subcutaneous adipose tissue, and their expression levels are related to adipocyte proliferation and differentiation, which may regulate adipose tissue growth and development by mediating extracellular matrix tissue and cell surface receptor signal transduction pathway. Although many studies have reported that these genes play an important role in fat development, the specific mechanism is not clear. Finally, we verified our results using tissue samples and adipocyte samples obtained by real-time fluorescence quantitative PCR and found that these Hub genes were highly expressed in adipose tissue and induced differentiated adipocytes. Therefore, these five candidate genes can be regarded as new biomarkers of subcutaneous adipose tissue. The results of this study will provide a new perspective on adipose tissue development and adipose deposition.
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Background: Buffalo meat is increasingly widely accepted for consumption as it shares several quality attributes with cattle meat (beef). Hence, there is a huge opportunity for growth in the buffalo meat industry. However, buffalo meat has relatively low intramuscular fat (IMF) content, affecting its flavor, tenderness and juiciness. As there is a dearth of information on factors that control fat deposition, this study was undertaken to provide new candidate factor associated with buffalo fat deposition. Circular RNA (circRNA) is a novel class of non-coding RNA with a closed-loop structure, and play an important role in fat deposition.

Methods: In this study, weighted gene co-expression network analysis (WGCNA) was used to construct a circRNA co-expression network and revealed a candidate circRNA that may affect the IMF deposition of buffalo as determined by RT-qPCR, semiquantitative PCR and gain-of-function experiments.

Results: Herein, WGCNA determined that one module (turquoise module) is significantly associated with the growth and development stages of buffalo. Further analysis revealed a total of 191 overlapping circRNAs among differentially expressed (DE) circRNAs and the co-expression module. A candidate circRNA was found, 21:6969877|69753491 (circRNA_ID), with a reported involvement in lipid metabolism. This circRNA is stably expressed and originates from the MARK3 gene, hence the name circMARK3. circMARK3 is highly expressed in adipose tissue and mature adipocytes and is located in the cytoplasm. Gain-of-function experiments demonstrated that circMARK3 promoted adipogenic differentiation of buffalo adipocytes and 3T3-L1 cells by up-regulating the expression levels of adipogenic marker genes PPARG, C/EBPα and FABP4.

Conclusion: These results indicate that circMARK3 is a potential factor that promotes fat deposition by regulating adipocyte differentiation and adipogenesis in buffalo.

Keywords: buffalo, circRNA, WGCNA, adipocytes, adipogenesis


INTRODUCTION

Beef (cattle meat) is the third most widely consumed meat worldwide. It is a consumer favorite because of its “flavor,” “tenderness,” “juiciness,” and “rich in nutrition” properties (1). Buffalo meat has the same nutritional values as beef (2), but it is not widely accepted by consumers because of its low intramuscular fat (IMF) content which negatively affects its flavor, tenderness, and juiciness (3). Since China is the most populous country in the world, beef is often in short supply. Therefore, enhancing IMF deposition in buffalo meat has become one of the major goals in current buffalo breeding activity.

Adipogenesis is a well-orchestrated multistep process that involves the action of a large number of transcription factors (4–6), and in particular the PPAR (PPARγ, PPARα) (4, 7–10) and C/EBP family (C/EBPα, C/EBPβ, and C/EBPδ) (4, 9, 11) are enriched for adipogenesis regulated transcription factors in many animals species. Among them, PPARG (PPARγ) and C/EBPα, as key transcription factors in adipogenesis, are involved in a single pathway of adipocyte development with PPARγ being the proximal effector of adipogenesis (12). The master regulatory factors affecting adipogenesis have been widely studied, but it is far from enough to analyze the molecular regulatory mechanism of fat deposition only by transcription factors. Currently, several new factors are being proposed as regulators or influencers of adipogenesis. For example, sterol regulatory element binding protein (SREBP) transcription factor (13), phosphoenolpyruvate carboxykinase1 (PCK1) (3, 14), and fatty acid binding protein (FABP4) (9). In addition, non-coding RNAs (miRNAs, lncRNAs, and circRNAs) also play an important role in regulating the economic traits of livestock and poultry, and they interact with coding RNAs to form a regulatory network to jointly regulate fat deposition (15).

circRNAs, a type of endogenous non-coding RNA with covalently closed loop structure (16, 17), have become a research hotspot in recent years. They have been recently reported to be involved in multiple biological processes, such as cancer (18–20), ontogenesis (21, 22) and adipogenesis (23, 24). RNA sequencing technology has been instrumental to show that circRNAs modulate fat deposition in livestock animals (25–27). In pig, the potential lncRNAs/circRNAs-miRNAs-mRNAs regulatory networks shared MYOD1, PPARD, miR-423-5p and miR-874, which were associated with skeletal muscle muscular proliferation, differentiation/regeneration, and adipogenesis (28). In chicken, several reference circRNAs, such as circLCLAT1, circFNDC3AL, circCLEC19A, and circARMH1, potentially affect adipogenesis by regulating miRNAs via PPAR and fatty acid metabolism-related pathways (26). Recent studies have shown that circINSR inhibits preadipocyte adipogenesis in bovine by alleviating inhibition of miR-15/16 against target genes (29, 30). In this study, a candidate circRNA 21:6969877|69753491(circMARK3) was found through weighted gene co-expression network analysis (WGCNA), and further gain-of-function experiments demonstrated that circMARK3 promoted the adipogenic differentiation of buffalo adipocytes by up-regulating the adipogenesis relative gene. In summary, we propose a potential circRNA that plays an important role in buffalo fat deposition, which provides a molecular basis for beef quality improvement.



MATERIALS AND METHODS


Animal Ethics

Six Chinese swamp buffaloes were bred for commercial use, rather than for experimental reasons, and they were slaughtered according to the food industry-approved halal food quality certified protocol by a Muslim cleric according to the law of Islam. Thus, no ethics approval was required by a specific committee (31).



Animals and Tissue Samples

Six Chinese swamp buffaloes were raised at the Xinyang buffalo farm (Xinyang, Henan, China) with equivalent forage and feeding management conditions. Animals were weaned at 6 months of age and slaughtered at 30 months of age. Tissues, i.e., heart, liver, spleen, lung, kidney, longissimus dorsi muscle, and back subcutaneous fat, were sampled immediately after slaughter and were frozen in liquid nitrogen for RT-qPCR experiments. For primary adipocyte isolation, fresh back subcutaneous fat tissue was sampled, kept in phosphate buffer saline (PBS) with 1% streptomycin and penicillin, and taken back to the lab for isolation and culture of adipose tissue-derived mesenchymal stem cells.



CircRNA Bioinformatics Analysis

The circRNAs expression matrix and DE circRNAs obtained from RNA-seq analysis have been reported previously (31). The WGCNA package in R4.1.0 provides a comprehensive set of functions for performing weighted correlation network analysis (32), and phenotypic information used in WGCNA is shown in Supplementary Table S1. The overlapping circRNAs among DE circRNAs and co-expression modules were analyzed using VENNY 2.1(https://bioinfogp.cnb.csic.es/tools/venny/index.html).



Weighted Gene Co-expression Network Analysis

The co-expression network of the circRNAs was constructed base-on-base using the circRNAs expression matrix (33) and traits characteristic data (Supplementary Table S1). To allow direct comparison between sample, circRNAs in each sample were normalized as the number of back-spliced reads per million mapped reads (RPM) (31, 34, 35). The soft threshold for co-expression network construction was determined and the adjacency matrix was defined. The adjacency matrix was subsequently converted to a topological overlap matrix (TOM) and the corresponding dissimilarity TOM (dissTOM) was calculated. For modules with high TOM, the adaptive dynamic pruning algorithm was used to merge the modules. The soft-free network was constructed using the module function, after which module partition analysis was performed to identify the gene co-expression modules. Gene significance (GS) and module membership (MM) values were calculated. MM is the correlation coefficient between a gene and the genes for trait characteristics within the module and can be used to screen for important genes in the module. When GS and MM values of a gene in a module show significant correlation, it suggests that the gene may be a hub gene that is highly correlated with the target trait.



RNA Isolation and cDNA Synthesis

Total RNA was isolated by TRIzol (Invitrogen, Carlsbad, CA, United States) according to the manufacturer's instructions. RNA quality was measured with NanoDrop 2000 (Nanodrop, Wilmington, DE, USA) and 1.5% agarose gels. RNA with 1.8 < 260/280 value < 2.0 was used for further analysis. Elimination of linear RNA was performed by Lucigen RNR07250 Ribonuclease R kit (RNase R, Lucigen-Simplifying Genomics). RNase R reaction system according to the manufacturer's instructions. Isolation of nuclear and cytoplasmic RNA was performed using the PARIS kit (Life Technologies, Carlsbad, CA, United States) according to the manufacturer's instructions. The total RNA was transcribed into cDNA using the PrimeScriptTM RT Master Mix (Takara, Dalian, China).



RT-qPCR Analysis

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin were used as reference genes. Furthermore, β-actin was used as a cytoplasmic marker in both nucleus and cytoplasm for cell localization. RT-qPCR was performed using TB GreenTM Premix Ex TaqTM II (Dalian, China, Takara Bio) and LightCycler® 96 (Switzerland, Roche) with two-step reactions according to the manufacturer's recommended protocol. The 2ΔΔCt method was used to calculate the relative expression level of circRNA. Three replicates were run per sample and the RT-qPCR experiment was performed three times. Among them, primers were designed using the “pick primers” function from NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and Primer 5.0 (Supplementary Table S2).



Vector Construction and Adenovirus Packaging

For 3T3-L1 cells, mouse-circMARK3 (mouse-source sequence) overexpression was achieved by using pCD2.1-ciR vector. Mouse pCD2.1-circRNA was amplified from cDNA of mouse adipose tissue. The sequence of mouse circRNA (Supplementary Text S1) was cloned into the KpnI and BamHI restriction sites of the pCD2.1-ciR vector. However, due to the fact that buffalo primary adipocytes are difficult to efficiently transfect, the overexpression of buffalo-circMARK3 (buffalo-source sequence) was achieved by adenovirus packaging experiments (36). Adenovirus packaging was performed at Hanbio Biotechnology Co., Ltd. (Shanghai, China). Briefly, full length buffalo-circRNAs (Supplementary Text S1) were synthesized and ligated to the AdMax system to obtain Ad-circRNA. EGFP was used as an indicator for transduction efficiency and Ad-EGFP was used as a negative control.



Cell Transfection, Adenovirus Transduction, Oil Red O Staining and Quantification

For 3T3-L1 preadipocytes, transfection with mouse pCD2.1-circRNA was performed using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States) when cells reached 80% confluence, following the manufacturer's protocol. Forty-eight hours after transfection, 3T3-L1 primary adipocytes were treated for 2 days with inducing medium containing 1 μM dexamethasone (Sigma, USA), 0.5 mM IBMX, 10 μg/mL insulin and 1 μM rosiglitazone (Sigma, Milwaukee, WI, USA). Then, 3T3-L1 cells were treated with a maintenance medium containing 10 μg/mL insulin and 1 μM rosiglitazone. The maintenance medium was replaced every 2 days for a total of 6 days, until induction of differentiation. Similar to cell transfection, adenovirus transfection buffalo Ad-circRNA was performed when buffalo adipocytes reached 80% confluence according to the adenovirus transduction manufacturer's protocol. Two days after transfection, buffalo adipose-derived mesenchymal stem cells were treated with inducing medium for 2 days. For a further 4 days, they were treated with maintenance medium, which was changed every 2 days. After inducing with adipogenic agents for 6 days, Oil Red O staining and quantification were performed as described (36).



Statistical Analysis

Comparisons were analyzed using SPSS software. P-value < 0.05 was considered to indicate statistical significance. Results are represented as the mean ± SD (n = 3) and plotted with GraphPad Prism7 software.




RESULTS


Weighted Gene Co-expression Network Analysis

WGCNA analyzed 5,141 circRNAs obtained from RNA-seq (31) and was used to construct 21 co-expression modules (Figure 1A). Among them, the soft-thresholding power we chose was 9 as the correlation coefficient threshold, and 30 was chosen as the minimum number of circRNA in modules. To merge possible similar modules, we defined 0.25 as the threshold for cut height. The modules comprising most genes were turquoise, followed by blue, brown, and yellow (Supplementary Table S3). Moreover, the dissTOM obtained was subjected to hierarchical clustering, resulting in a hierarchical clustering tree (5,000 circRNAs), and these modules were independent of other modules (Figure 1B). Module-trait correlation analysis showed that the turquoise module was related to month and weight (Figure 1C). The significance of these circRNAs in the turquoise module is shown in Figure 1D and Supplementary Table S4. We found 191 overlapping circRNAs between the DE circRNAs list (31) and the turquoise module (Supplementary Table S5; Figure 1E). Among these, circRNA 21:6969877|69753491 has been shown to be involved in lipid metabolism in a previous study, therefore it likely affects fat deposition. Gene significance (GS>0.8) (37, 38) and module membership (MM>0.8) (37–39) values showed a high correlation between circRNA 21:6969877|69753491 and two traits (month and weight) of buffalo Figure 1F.


[image: Figure 1]
FIGURE 1. Screened-out circRNAs significantly associated to buffalo fat deposition. (A–D) CircRNA co-expression network of adipose tissue in the Xinyang buffalo revealed by WGCNA; (A) Hierarchical cluster tree of co-expression modules, where every leaf on a tree is a circRNA and main branches are made up of 21 color-coded modules; (B) Construction of co-expression modules by WGCNA. Progressively more saturated red colors indicate higher overlap among these functional modules and blocks of lighter color along the diagonal are the gene modules. Module assignment gene and dendrograms are at the top and left, respectively; (C) Association analysis of gene co-expression network modules with trait, where each row corresponds to a module (name displayed on the left) and each column corresponds to a particular trait. Colors of the row/column intersection cells indicate the correlation coefficient between module and trait (positive-green and negative-red); (D) Scatterplot of Gene Significance (GS) For Traits vs. Module Membership (MM) in the turquoise module, with a highly significant correlation between GS and MM (one dot represents one gene in the turquoise module); (E) Overlapping circRNAs between DE circRNAs and co-expression turquoise module; (F) CircRNA 21:6969877|69753491 GS and MM values.




Characteristic Analysis of CircMARK3

Since circRNA 21:6969877|69753491 (432 nt) is formed by splicing and circularizing exons 2–6 of the microtubule affinity regulating kinase 3 (MARK3) gene (Figure 2A), we have named it circMARK3. Semiquantitative PCR results show the latter still exists in primary adipocytes by the RNase R digestion linear RNA (Figure 2B). The RT-qPCR results show that circMARK3 is still highly expressed in cells treated by the RNase R (Figure 2C). These results show that circMARK3 is stably expressed as circRNA (Figures 2B,C). Also, semiquantitative PCR and RT-qPCR results of isolated nuclear and cytoplasm of adipocytes show that circMARK3 is mainly expressed in the cytoplasm (Figures 2D,E). Conservation in different species was assessed by semiquantitative PCR and RT-qPCR detection: circMAK3 is conserved in buffalo, cattle, yak, mouse and pig (Figure 2G), and is ubiquitously expressed in different tissues of mice (Figure 2H). Sequence alignment shows that circMARK3 in mouse and buffalo are partially conserved, and the homology was 93.51% (Figure 2F).


[image: Figure 2]
FIGURE 2. Characteristic analysis of circMARK3. (A) Basic information of circMARK3 composition structure (bases C and T labeled red were mutated into T and C in the sequence); (B) Semiquantitative PCR results of circMARK3 and MARK3 before and after RNase R treatment; (C) RT-qPCR results of circMARK3 and MARK3 before and after RNase R treatment; (D) Cell localization of circMARK3 by semiquantitative PCR; (E) Cell localization of circMARK3 by RT-qPCR; (F) Sequence alignment results of circMARK3 in mouse and buffalo; (G) CircMARK3 conservation in adipose tissues of different species by semiquantitative PCR detection; (H) Expression profile of circMARK3 in heart, liver, spleen, lung, kidney, muscle and adipose tissues of mouse. In panels B-E, bovine-β-actin was used to normalize the expression level of the reference gene. In panel H, mouse-β-actin was used to normalize the expression level of the reference gene. Data are presented as the mean ± SD, n = 3, **P < 0.01, ***P < 0.001. (B–D) The samples derive from the same experiment and gels were processed in parallel.




The Expression Pattern of CircMARK3

circMARK3 is mainly expressed in adipose tissue of buffalo (Figure 3A, p < 0.001). Primary adipocytes cultured in vitro are ideal cell models for studying the molecular regulatory mechanism of adipogenesis. Therefore, buffalo adipocytes were successfully isolated and cultured (Figures 3B–D). By inducing the culture medium, they successfully differentiated to produce lipid droplets (Figure 3E). During adipogenic differentiation, circMARK3 was up-regulated in the mature adipocytes (Figure 3F).


[image: Figure 3]
FIGURE 3. Expression pattern of circMARK3 in tissues and adipocytes of buffalo. (A) Expression profile of circMARK3 in heart, liver, spleen, lung, kidney, muscle and adipose tissues of buffalo; (B–D) expression pattern during buffalo adipocyte differentiation of PPARG (after 0, 2, 6, and 10 days) (B), C/EBPα (C) and FABP4 (D); (E) Oil Red O staining for detection of buffalo adipocyte lipid deposition (differentiation day 10); (F) Expression pattern of circMARK3 during buffalo adipocyte differentiation. In (A–D) and (F), bovine-GAPDH was used to normalize the expression level of the reference gene. In panel (A), data was normalized to the heart. In panels (B–D) and (F), all data were normalized to day 0. Data are presented as the mean ± SD, n = 3, #:no significance, *P < 0.05, **P < 0.01, ***P < 0.001.




CircMARK3 Promotes the Adipogenic Differentiation of 3T3-L1 Cells

The sequences of mouse and buffalo circMARK3 show high homology (Figures 2F,H). Therefore, the role of circMARK3 in fat deposition was investigated by performing gain-of-function experiments for mouse-circMARK3 in 3T3-L1 cells. The strategy of transfection, adipogenic differentiation, RT-qPCR and Oil Red O staining is shown in Figure 4A. Consistent with a higher lipid accumulation in the mouse pCD2.1-circMARK3 group than in the pCD2.1-ciR group (Figures 4B,C, P < 0.01), the former group showed much higher circMARK3 mRNA expression (Figure 4D, P < 0.001) and significant higher up-regulation of PPARG, C/EBPα, and FABP4 (Figures 4E–G, P < 0.001).


[image: Figure 4]
FIGURE 4. Overexpression of mouse circMARK3 promotes adipogenic differentiation of 3T3-L1 adipocytes. (A) Strategy for mouse circMARK3 overexpression, adipogenic differentiation, RT-qPCR and Oil Red O staining in 3T3-L1 cells; (B) Oil Red O staining in 3T3-L1 cells transfected with pCD2.1-ciR and mouse pCD2.1-circMARK3 on day 6 after adipogenic differentiation. (C) Histogram corresponding to the quantification of Oil Red O staining by spectrophotometry; (D–G) RNA expression 48 h after transfection of circMARK3 (D), PPARG (E), C/EBPα (F) and FABP4 (G). In panels (D–G), mouse-β-actin was used to normalize the expression level of the reference gene in 3T3-L1 cells. Control means the pCD2.1-ciR group, circMARK3 means the mouse pCD2.1-circMARK3 group. NC means negative control. Data are presented as the mean ± SD, n = 3, **P < 0.01, ***P < 0.001.




CircMARK3 Promotes the Adipogenic Differentiation of Buffalo Adipocytes

To evaluate the effect of circMARK3 on fat deposition in buffalo, full length buffalo-circMARK3 was packaged into an adenovirus system for overexpression (Ad_circMARK3), following the same scheme shown in Figure 4A. The indicator GFP was highly expressed 2 days after adenoviral transduction (Figure 5A). Expression of circMARK3 in Ad_circMARK3 was significantly higher than in the Ad_EGFP group on day 2 of cell transfection (Figure 5D, P < 0.001). At the same time, lipid accumulation in Ad_circMARK3 was significantly enhanced (Figures 5B,C, P < 0.01), whereas mRNA expression of PPARG, C/EBPα, and FABP4 was slightly up-regulated on day 2 after transfection (Figures 5E–G, P < 0.01).


[image: Figure 5]
FIGURE 5. Overexpression of buffalo circMARK3 promotes adipogenic differentiation of buffalo adipocytes. (A) Micrographs of GFP-positive cells in the Ad_GFP and Ad_circMARK3 groups on day 2 after cell transfection; (B) Oil Red O staining of buffalo adipocytes transfected with Ad_GFP and Ad_circMARK3 group on day 6 after adipogenic differentiation. (C) Histogram corresponding to the quantification of Oil Red O staining by spectrophotometry; (D–G) RNA expression two days after transfection of circMARK3 (D), PPARG (E), C/EBPα (F), and FABP4 (G). Bovine-GAPDH was used to normalize the expression level of the reference gene in buffalo adipocytes. NC means negative control. Data are presented as the mean ± SD, n = 3, **P < 0.01, ***P < 0.001.





DISCUSSION

Fat deposition is closely related to growth and development (40, 41), and IMF is a key factor affecting beef quality (42). Compared to beef, however, the IMF content in buffalo meat is significantly lower (3). Since buffalo is abundant in China, it would be desirable to increase its IMF content. It is known that the IMF correlates with maturity (43) and percentage (44) of back subcutaneous fat, which therefore may be used as IMF indicator. Therefore, determining the related factors affecting subcutaneous fat deposition can provide theoretical basis for improving meat quality.

WGCNA is an efficient and accurate method based on RNA-seq used for biological data mining (45, 46). This method is increasingly used to discover genes and phenotype relationships (46, 47) and to provide insights into signaling networks linked to phenotypic traits of interest (46, 48). From the circRNAs obtained by RNA-seq, the top 5,000 with median absolute deviation (MAD) were used to construct the network for WGCNA, resulting in 21 modules. When the scale-free topology index was 0.9, the resulting network was closer to a power law distribution (46), but the appropriate soft threshold was not found (Supplementary Figures S1A,B). This may be caused by differences between samples, but they are caused by meaningful biological changes. Here, we used experience soft threshold for analysis. We found that the blue and turquoise modules were positively and negatively correlated with traits, respectively. However, since the blue module had no biological significance (P > 0.05), the turquoise module, containing 996 circRNAs, was the main one involved in traits of buffalo (month and weight). Taking the intersection between DE circRNAs and the turquoise modules (49), circRNA 21:6969877|69753491 was taken as a candidate factor affecting fat deposition.

The activities in living organisms are mediated by the genome (50), and gene expression is regulated by many factors. Adipocytes may include white adipocytes that store energy and brown or beige adipocytes that dissipate energy (51, 52). Transcription factor PRDM16 is a beige/brown marker (53) associated with circRNA 21:6969877|69753491 by RNA-seq analysis (31). In addition, knockout mice (MARK3−/−) were protected against high-fat diet induced obesity and displayed attenuated weight gain (54). Both WGCNA and RNA-seq analysis indicate that circRNA 21:6969877|69753491 produced by MARK3 gene are likely involved in fat deposition. By digestion linear RNA experiments detecting the expression of the circRNA and host genes, the expression of host genes was significantly down-regulated. Although expression of circRNA was too reduced, it was still detected. circMARK3 was highly and stably expressed in buffalo adipocytes, it may be a candidate gene for influencing fat deposition in Buffalo. The function of circRNAs is determined by location (55–58), which therefore must be determined: in the nucleus, it usually participates in regulating expression of host genes (55, 56), whereas in the cytoplasm, it mainly acts as competitive endogenous RNA (ceRNA) (57, 58). Since we found that circMARK3 is mainly expressed in the cytoplasm, it may function as ceRNA. Localization is useful for future exploration of its molecular regulatory mechanism of adipose tissue development.

Since the expression patterns showed that circMARK3 is mainly expressed in adipose tissue, we speculated that it plays an important role in buffalo adipogenesis. To explore its function, we obtained buffalo adipocytes and detected circMARK3 expression during the different phases of differentiation. Adipocytes were isolated from buffalo back subcutaneous adipose tissue (36, 59) and induction of differentiation was followed by staining with Oil Red O solution. The results showed that there was a significant increase in intracellular lipid droplets after induction, which indicated that the primary adipocytes had strong differentiation activity (4). Expression of marker genes PPARG, C/EBPα, and FABP4 increased during adipocyte differentiation, reaching its highest level at day 10, consistent with previous studies (60, 61). These results suggested the establishment of a differentiation induction system for buffalo primary adipocytes. Adipocytes were active and could be used in subsequent experiments. During adipogenic differentiation, the expression of circMARK3 was up-regulated in the mature adipocytes of buffalo, suggesting its involvement in adipocyte differentiation.

The host gene MARK3 has been linked to lipid metabolism in mice (54), and we have shown that circMAK3 is conserved in mice. To confirm the effect of circMARK3 on fat deposition in mice and buffalo, overexpression of this circRNA in 3T3-L1 cells was performed using a pCD2.1-ciR overexpression vector. In buffalo adipocytes, overexpression was performed by an efficient adenovirus system. pCD-ciR is a more commonly used circRNAs expression vector. The linear sequence of the target circRNAs was amplified by PCR and cloned into the pCD-ciR vector, which contains the circRNAs circular expression framework. After the recombinant vector is transfected into the cells, the RNA can be sheared to form circRNAs molecules with high efficiency and stability to achieve high expression in cells. As expected, circRNAs not only significantly enhanced adipogenic differentiation of 3T3-L1, but also the accumulation of lipid droplets in buffalo adipocytes. In both systems, the expression of adipogenic marker genes PPARG, C/EBPα and FABP4 positively correlated with the degree of the differentiation of adipocytes (4, 62) was up-regulated. These results suggest that circMARK3 promotes adipogenesis by enhancing the expression of adipogenic marker genes, but the regulatory mechanism involved in enhancing adipogenic differentiation in 3T3-L1 and buffalo adipocytes requires additional investigation.



CONCLUSIONS

The central idea and results of this research are illustrated in Figure 6. This study demonstrates that: (1) A candidate circRNA circMARK3 related to lipid metabolism was found by WGCNA, (2) circMARK3 is highly expressed in adipose tissue and mature adipocytes and is located in the cytoplasm, (3) circMARK3 promoted adipogenic differentiation of buffalo adipocytes and 3T3-L1 cells by up-regulating the expression levels of adipogenic marker genes PPARG, C/EBPα and FABP4. All in all, the study suggests that circMARK3 is a potential regulatory factor affects buffalo fat deposition, but the regulatory mechanism involved in fat production needs further exploration.


[image: Figure 6]
FIGURE 6. Schematic illustration of the experimental procedure and main results. RNA-seq analysis is from a previous study (31).
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In livestock, intramuscular adipose tissue is highly valued whereas adipose tissue in other depots is considered as waste. Thus, genetic factors that favor fat deposition in intramuscular compartments over that in other adipose depots are highly desirable in meat-producing animals. Fatty acid transport 1 (FATP1) has been demonstrated to promote cellular fatty acid uptake and metabolism; however, whether it also influences cellular lipid accumulation remains unclear. In the present study, we investigated the effects of FATP1 on the differentiation and proliferation of adipocytes in five types of cells derived from muscle and adipose tissue and estimated the effects of FATP1 on intramuscular fat (IMF) deposition. We showed that FATP1 is mainly expressed in heart and muscle tissue in buffaloes as well as cells undergoing adipogenic differentiation. Importantly, we found that FATP1 promoted the adipogenic differentiation of muscle-derived cells (buffalo myocytes and intramuscular preadipocytes and mouse C2C12 cells) but did not affect, or even inhibited, that of adipose-derived cells (buffalo subcutaneous preadipocytes and mouse 3T3-L1 cells, respectively). Correspondingly, our results further indicated that FATP1 promotes IMF deposition in mice in vivo. Meanwhile, FATP1 was found to enhance the proliferative activity of all the assessed cells, except murine 3T3-L1 cells. These results provide new insights into the potential effects of FATP1 on IMF deposition, especially regarding its positive effects on meat quality in buffaloes and other livestock.

Keywords: intramuscular fat deposition, FATP1, variable effects, muscle-derived cells, adipose-derived cells


INTRODUCTION

In livestock production, fat accumulated in subcutaneous and visceral depots is considered as waste. However, fat accumulated in muscle tissue (intramuscular fat [IMF]) is essential for improving the flavor and juiciness of meat, especially beef (1, 2). Therefore, strategies that enhance fat accumulation in muscle tissue while inhibit that in adipose tissue are important in animal production.

Several decades of investigation into fat deposition have revealed hundreds of genes that participate in this complex biological process (3, 4). Several of these genes, such as thyroid hormone responsive (THRSP) (5, 6), peroxisome proliferator-activated receptor gamma (PPARG) (7), and phosphoenolpyruvate carboxykinase 1 (PCK1) (8, 9), have been found to promote IMF deposition; however, they also favor the deposition of fat in other depots, such as subcutaneous and visceral fat depots.

Fatty acid transport 1 (FATP1), also known as solute carrier family 27 member 1 (SLC27A1), is known to enhance the transportation of fatty acids (FAs) (10) as well as their metabolism, including esterification and oxidation (11, 12). Accordingly, FATP1 has been suggested to affect lipid accumulation in cells and tissues. However, disagreements remain regarding the role of FATP1 in this process (13), with some studies supporting that FATP1 promotes lipid accumulation (14, 15) and others suggesting that FATP1 inhibits lipid accumulation (16, 17).

In this study, the effects of FATP1 on adipogenic differentiation and the proliferation of cells derived from muscle and adipose tissue were investigated in both buffaloes and mice. The results suggested that FATP1 promotes adipogenic differentiation in muscle-derived cells and enhances IMF deposition in vivo; in contrast, FATP1 does not affect, or even inhibits, fat deposition in adipose-derived cells. Our findings further indicated that FATP1 plays a positive role in the proliferation of all the assessed cells, except 3T3-L1 cells. These results provide a novel potential genetic factor for the improvement of meat quality in livestock and increase our knowledge of the variable effects of FATP1.



MATERIALS AND METHODS


Ethics Statement

The buffaloes used in this study were bred for commercial use. All animal-based protocols were approved by the Institutional Animal Care and Use Committee at the College of Animal Science and Technology, Guangxi University. All efforts were made to minimize the suffering of the animals.



Preparation of Buffalo Tissue Samples

Tissues from five organs—the heart, liver, spleen, lung, and kidney—as well as from the longissimus dorsi muscle and back fat were collected from Binlangjiang buffaloes (n = 6, 24 months old) (18) for gene expression profiling. All the tissues were sampled immediately after slaughter and frozen in liquid nitrogen. For primary cell isolation, longissimus dorsi muscle and back fat tissues were obtained from a buffalo slaughterhouse (Wufeng United Food Co., Ltd, Nanning, China). Freshly sampled tissues were kept in PBS supplemented with 1% penicillin/streptomycin and taken to the laboratory for cell isolation.



RT-qPCR Analysis

Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions and reverse-transcribed using the PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa, Dalian, China). Two-step qPCR was performed using SYBR Green I (TaKaRa) following the manufacturer's protocol. The expression levels of target genes were normalized to that of β-actin in 3T3-L1 and C2C12 cells and those of the β-actin and GAPDH genes in buffalo cells and tissues, respectively. Details of the primers used are provided in Supplementary Table 1. The cycle threshold (2−ΔΔCt) method was used to calculate the relative expression levels of candidate genes. Three replicates were run per sample.



Cell Preparation and Culture

Primary myocytes and primary intramuscular preadipocytes were isolated from longissimus dorsi muscle tissue of buffaloes using enzymatic digestion (9). Buffalo primary subcutaneous preadipocytes were isolated from back fat tissue using the tissue block method as previously described (19). 3T3-L1 and C2C12 cells were purchased from ATCC (Shanghai, China) and cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco) in 5% CO2 at 37 °C.



Adenovirus Production

The overexpression of buffalo FATP1 (Reference Sequence: XM_006057903.2) and PPARG (Reference Sequence: MN867675.1) was achieved using an adenovirus system. Adenovirus production was undertaken by Hanbio Biotechnology Co., Ltd. (Shanghai, China). Briefly, the coding sequence (CDS) of a candidate gene was inserted into the AdMax system, which included a backbone plasmid (pHBGloxΔE1, 3cre) and a shuttle plasmid (pHBAd-EF1α-MCS-CMV-EGFP). EGFP was used as a visual indicator of the efficiency of transduction.



Plasmid Construction and siRNA Oligonucleotides Synthesis

The overexpression of mouse FATP1 (Reference Sequence: NM_011977.4) and PPARG (Reference Sequence: NM_011146.3) was achieved using the pcDNA3.1(+) plasmid. The CDS of each candidate gene was amplified from cDNA derived from C2C12 cells and inserted into the pcDNA3.1(+) vector (HindIII and XhoI restriction sites). Details of the primers used for plasmid construction are shown in Supplementary Table 1. siRNA oligonucleotides for mouse FATP1 (GCACTGTACTAGTGCATAT) and negative control (β-actin) were purchased from Ruibo Biotechnology Co., Ltd, Guangzhou, China.



Transduction and Transfection

For isolated cells, including myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes, the adenovirus delivery system was utilized to achieve efficient overexpression. Cells were seeded in 12-well plates at 70% density. At 80% confluence, transduction was performed at the indicated multiplicity of infection (MOI) in myocytes and intramuscular preadipocytes and at 80% of the indicated MOI in subcutaneous preadipocytes.

For 3T3-L1 and C2C12 cells, overexpression and interference were achieved using the pcDNA3.1(+) plasmid and siRNA, respectively. Cells were seeded in 12-well plates at 50% density and were transfected at 70% confluence using Lipofectamine 3000 (Invitrogen) following the manufacturer's instructions.



Induction of Adipogenic Differentiation

Two days after transduction or transfection, cells were treated with inducing medium containing 10 μg/mL insulin, 1 μ? dexamethasone, 0.5 mM IBMX, and 1 μ? rosiglitazone for 2 days and subsequently treated with maintenance medium containing 10 μg/mL insulin and 1 μM rosiglitazone until lipid droplets were clearly visible (within approximately 6–8 days). The four agents (insulin, dexamethasone, IBMX, and rosiglitazone) were purchased from Sigma (Milwaukee, WI, USA).



Oil Red O Staining and Quantification

Following adipogenic differentiation, cells were stained with oil red O. For this, the cells were washed three times with PBS, fixed in 10% formalin first for 5 min and then for 1 h, washed with 60% isopropanol, stained with 0.3% oil red O (Sigma) for 20 min, and again washed three times with PBS. Finally, cells were observed and imaged under a microscope. For the quantitative analysis of lipid accumulation, lipid was eluted using 100% isopropanol, following which the absorbance at 510 nm was measured using a spectrophotometer.



Triglyceride Detection

The triglyceride (TG) content of cells and tissues was detected using a TG quantification kit (Applygen Technologies Inc., Beijing, China) according to the manufacturer's protocol.



EdU and CCK-8 Assays

The proliferation rate of cells was investigated using EdU and CCK-8 assays, which were, respectively performed using a Cell-Light EdU Apollo 567 in vitro Imaging Kit (RiboBio, Guangzhou, China) and a CCK-8 kit (Vazyme, Nanjing, China) according to the manufacturers' protocols. Both assays were performed 24 h after transduction or transfection.



In vivo Experiments

The Kunbai mice (n = 9, approximately 10 weeks old) were purchased from Guangxi Medical University. The mice were randomly divided into three groups, namely, a negative control group (n = 3, injected with the pcDNA3.1 plasmid), a positive control group (n = 3, injected with the pcDNA3.1_PPARG plasmid), and the experimental group (n = 3, injected with the pcDNA3.1_FATP1 plasmid). A total of 20 μg of plasmid was mixed with 40 μL of Entranster in vivo transfection reagent (Engreen, Beijing, China) and left to stand for 15 min. The mixture was then injected into the left gastrocnemius muscle of each mouse according to the manufacturer's instructions. After 3 weeks, 50 μL of glycerol was injected into the same anatomical location of each animal. After 2 weeks, the animals were euthanized and the gastrocnemius muscle was harvested for gene expression profiling (RT-qPCR) and quantification of TG content.



Statistical Analysis

Data were analyzed in SPSS software using one-way ANOVA. The Holm–Sidak method was used for correction for multiple comparisons. A p-value < 0.05 was considered significant. Data are presented as means ± SD by GraphPad Prism.




RESULTS


The Expression Profile of FATP1 in Tissues and Cells During Adipogenic Differentiation

The expression of FATP1 was analyzed across seven tissues in the buffalo (Figure 1A). As expected, FATP1 was mainly expressed in cardiac and skeletal muscle (Figure 1A). In buffalo myocytes, FATP1 expression was markedly upregulated during adipogenic trans-differentiation (Figure 1B). In buffalo intramuscular and subcutaneous preadipocytes, FATP1 expression was also upregulated during adipogenic differentiation, although to a varying extent (Figures 1C,D), and a similar FATP1 expression profile was observed during the adipogenic differentiation of mouse 3T3-L1 preadipocytes (Figure 1E). However, during the adipogenic trans-differentiation of mouse C2C12 cells, the expression of FATP1 was first downregulated and then returned to the original level (Figure 1F). The results showed that, overall, FATP1 was highly expressed in cells during adipogenic differentiation. The adipogenic differentiation of all cell types assessed was monitored using the adipogenic markers PPARG and CEBPA (Supplementary Figure 1).
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FIGURE 1. The mRNA expression profile of FATP1 in tissues and cells as determined by RT-qPCR. (A) The tissue expression profile of FATP1 in the buffalo. (B–D) Expression dynamics of FATP1 during adipogenic differentiation in buffalo myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes. (E,F) Expression dynamics of FATP1 during adipogenic differentiation in mouse 3T3-L1 and C2C12 cells. Data are presented as means ± SD; lowercase letters indicate a significant difference (p < 0.05), uppercase letters indicate a highly significant difference (p < 0.01).




FATP1 Promotes Lipid Accumulation in Buffalo Myocytes

To evaluate the effects of FATP1 on lipid accumulation in buffalo myocytes, we overexpressed FATP1 by using an adenoviral system (Ad_FATP1) with EGFP serving as the indicator (Ad_EGFP). PPARG, the core regulator of adipogenesis, was employed as a positive control (Ad_PPARG). As shown in Figure 2A, the high intensity of green fluorescence indicated a high transduction efficiency. Both PPARG and FATP1 were significantly upregulated 2 days after transduction (on day 0 of adipogenic differentiation), with increases of ~500- and ~200-fold, respectively (Figure 2B). As expected, compared with the Ad_EGFP group, the lipid content was significantly increased in both of the Ad_PPARG and the Ad_FATP1 groups (Figures 2C,D). Similarly, the TG content was significantly increased in the Ad_PPARG and Ad_FATP1 groups compared with the Ad_EGFP group (Figure 2E). On day 2 of adipogenic differentiation, the levels of all the detected markers—the adipogenic gene CEBPA (Figure 2F), the lipogenic gene AGPAT6 (Figure 2G), the FA uptake-related genes FABP4 and FAT/CD36 (Figure 2H), and the lipogenesis genes HSL and LPL (Figure 2I)—were upregulated in the Ad_PPARG group. In the Ad_FATP1 group, meanwhile, only the FA uptake-related gene FAT/CD36 was upregulated, and only at a low level (Figure 2H). These data indicated that FATP1 promotes lipid accumulation in buffalo myocytes, although not to the same extent as PPARG.


[image: Figure 2]
FIGURE 2. The overexpression of FATP1 promotes lipid accumulation in buffalo myocytes. (A) Micrographs of buffalo myocytes 2 days after adenovirus transduction under bright and fluorescent light. Scale bar, 100 μm. The mRNA expression levels of PPARG and FATP1 (B), the adipogenic gene CEBPA (F), the lipogenic gene AGPAT6 (G), the fatty acid uptake-related genes FABP4 and FAT/CD36 (H), and the lipogenesis genes HSL and LPL (I) in the control and experimental groups on day 0 and day 2 of adipogenic trans-differentiation (2 and 4 days after adenovirus transduction, respectively). (C) Oil red O staining of “myocytes” on day 8 of adipogenic trans-differentiation. Scale bar, 100 μm. (D,E) Quantification of lipid accumulation and triglyceride content in “myocytes” on day 8 of adipogenic trans-differentiation. EGFP overexpression (Ad_EGFP) served as a negative control; PPARG+EGFP overexpression (Ad_PPARG) served as a positive control; FATP1+EGFP overexpression (Ad_FATP1) served as the experimental group. Data are presented as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001.




FATP1 Promotes Adipogenic Differentiation in Buffalo Intramuscular Preadipocytes but Not in Subcutaneous Preadipocytes

Studies have indicated that the effects of FATP1 on lipid accumulation can vary according to cell type (13). Accordingly, we next investigated the effects of FATP1 on adipogenic differentiation in buffalo intramuscular and subcutaneous preadipocytes using the same strategy as that used for buffalo myocytes. As shown in Figure 3A, high transduction efficiency was achieved in buffalo intramuscular preadipocytes. Both PPARG and FATP1 were significantly upregulated 2 days after transduction (on day 0 of adipogenic differentiation), with increases of ~800- and ~400-fold, respectively (Figure 3B). Importantly, lipid accumulation and TG content in the Ad_PPARG and Ad_FATP1 groups were significantly higher than those in the Ad_EGFP group (Figures 3C–E). On day 2 of adipogenic differentiation, the levels of all the detected markers were upregulated in the Ad_PPARG group (Figures 3F–I), while in the Ad_FATP1 group, the adipogenic gene CEBPA (Figure 3F), the FA uptake-related gene FABP4 (Figure 3H), and the lipogenesis genes HSL and LPL (Figure 3I) were upregulated. These results indicated that FATP1 promotes the adipogenic differentiation in buffalo intramuscular preadipocytes.
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FIGURE 3. The overexpression of FATP1 promotes adipogenic differentiation in buffalo intramuscular preadipocytes. (A) Micrographs of buffalo myocytes on day 2 of adenovirus transduction under bright and fluorescent light. Scale bar, 100 μm. The mRNA expression levels of PPARG and FATP1 (B), the adipogenic gene CEBPA (F), the lipogenic gene AGPAT6 (G), the fatty acid uptake-related genes FABP4 and FAT/CD36 (H), and the lipogenesis genes HSL and LPL (I) in the control and experimental groups on day 0 and day 2 of adipogenic trans-differentiation (2 and 4 days after adenovirus transduction, respectively). (C) Oil red O staining of “myocytes” on day 8 of adipogenic trans-differentiation. Scale bar, 100 μm. (D,E) Quantification of lipid accumulation and triglyceride content in “myocytes” on day 8 of adipogenic trans-differentiation. EGFP overexpression (Ad_EGFP) served as a negative control; PPARG+EGFP overexpression (Ad_PPARG) served as a positive control; FATP1+EGFP overexpression (Ad_FATP1) served as the experimental group. Data are presented as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001.


A high overexpression efficiency was obtained in subcutaneous preadipocytes as well (Figures 4A,B). Lipid accumulation (Figures 4C,D) and TG content (Figure 4E) were increased in the Ad_PPARG group relative to that in the Ad_EGFP group; however, no significant difference was detected between the Ad_FATP1 and Ad_EGFP groups (Figures 4C,D). Additionally, compared with the Ad_EGFP group, the levels of all the adipogenic markers were upregulated in the Ad_PPARG group, but not in the Ad_FATP1 group (Figures 4F–I). These findings suggested that FATP1 does not affect the adipogenic differentiation in buffalo subcutaneous preadipocytes.


[image: Figure 4]
FIGURE 4. The overexpression of FATP1 does not affect adipogenic differentiation in buffalo subcutaneous preadipocytes. (A) Micrographs of buffalo myocytes on day 2 of adenovirus transduction under bright and fluorescent light. Scale bar, 100 μm. The mRNA expression levels of PPARG and FATP1 (B), the adipogenic gene CEBPA (F), the lipogenic gene AGPAT6 (G), the fatty acid uptake-related genes FABP4 and FAT/CD36 (H), and the lipogenesis genes HSL and LPL (I) in the control and experimental groups on day 0 and day 2 of adipogenic trans-differentiation (2 and 4 days after adenovirus transduction, respectively). (C) Oil red O staining of “myocytes” on day 8 of adipogenic trans-differentiation. Scale bar, 100 μm. (D,E) Quantification of lipid accumulation and triglyceride content in “myocytes” on day 8 of adipogenic trans-differentiation. EGFP overexpression (Ad_EGFP) served as a negative control; PPARG+EGFP overexpression (Ad_PPARG) served as a positive control; FATP1+EGFP overexpression (Ad_FATP1) served as the experimental group. Data are presented as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001.




FATP1 Promotes the Proliferation of Buffalo Myocytes, Intramuscular Preadipocytes, and Subcutaneous Preadipocytes

EdU and CCK-8 assays were employed to uncover the effects of FATP1 on the proliferative ability of buffalo myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes. In myocytes, the cell proliferation rate in the Ad_FATP1 group was significantly higher than that in the control group (Ad_EGFP) as evidenced by EdU staining (p < 0.05; Figures 5A,B). Correspondingly, the results of the CCK-8 assay indicated that the cell proliferation index in the Ad_FATP1 group was significantly higher than that in the Ad_EGFP group (p < 0.001; Figure 5C). Similar results were obtained for intramuscular preadipocytes and subcutaneous preadipocytes (Figures 5D–I). These findings demonstrated that FATP1 enhances the proliferative capacity of buffalo myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes.


[image: Figure 5]
FIGURE 5. FATP1 promotes the proliferation of buffalo myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes. (A,D,G) Micrographs of EdU assays for buffalo myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes, respectively. Blue indicates the nuclei of all the cells; EdU-stained nuclei are shown in red. Scale bar, 200 μm. (B,E,H) Statistical analysis of EdU assays for buffalo myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes, respectively. (C,F,I) Statistical analysis of CCK-8 assays for buffalo myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes, respectively. Data are presented as means ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001.




FATP1 Promotes Both Adipogenic Differentiation and Proliferative Activity in C2C12 Cells

To evaluate the effects of FATP1 on lipid accumulation and proliferation in mouse C2C12 cells, the CDS of FATP1 was cloned into the pcDNA3.1(+) vector (pcDNA3.1_FATP1) and transfected into C2C12 cells. PPARG (pcDNA3.1_PPARG) was used as a positive control. High efficiency of overexpression was achieved, with ~1500-fold and ~100-fold increases in expression for PPARG and FATP1, respectively, being observed (Figure 6A). Importantly, both lipid accumulation (p < 0.05; Figure 6B) and TG content (p < 0.05; Figure 6C) were increased in both of the PPARG and FATP1 groups compared with that in the negative control group. The cell proliferation rate was significantly increased in the FATP1 group compared with that in the negative control group (p < 0.05; Figures 6D–F).


[image: Figure 6]
FIGURE 6. FATP1 enhances the proliferation and promotes the adipogenic trans-differentiation of C2C12 cells. (A) The mRNA expression levels of PPARG and FATP1 as determined by RT-qPCR. (B) Histogram showing the quantitation of oil red O staining. (C) The triglyceride levels of C2C12 cells on day 8 of adipogenic trans-differentiation. (D) Micrographs of the EdU assay in C2C12 cells. Scale bar, 200 μm. (E) Statistical analysis of EdU assays in C2C12 cells. (F) Statistical analysis of CCK-8 assays in C2C12 cells. Data are presented as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001.




FATP1 Inhibits Both Adipogenic Differentiation and Proliferative Ability in 3T3-L1 Cells

To test whether the effects of FATP1 on adipogenic differentiation and proliferation differed between C2C12 and 3T3-L1 cells, we overexpressed FATP1 and PPARG in 3T3-L1 cells using the same system as that used for C2C12 cells. We found that PPARG and FATP1 levels were increased by only ~10- and ~15-fold, respectively, compared with the controls (Figure 7A). Moreover, relative to that in the control group, lipid accumulation was significantly decreased in the FATP1 overexpression group and significantly increased in the PPARG overexpression group (p < 0.05; Figure 7B). Similar results were obtained for TG content (p < 0.05; Figure 7C). However, cell proliferation was inhibited in the FATP1 overexpression group (Figures 7D–F), which was not consistent with that in buffalo subcutaneous preadipocytes. Thus, further interference of FATP1 was accomplished by siRNA to confirm the effects of FATP1 on lipid accumulation and proliferation in mouse 3T3-L1 cells. As shown in Figures 7G–I, interference of FATP1 enhanced lipid accumulation and TG synthesis. Besides, interference of FATP1 promoted the proliferation of 3T3-L1 cells as well (Figures 7J–L). Therefore, the results of overexpression of FATP1 were consistent well with those of interference. FATP1 inhibited both adipogenic differentiation and proliferative ability in 3T3-L1 cells.


[image: Figure 7]
FIGURE 7. FATP1 inhibits both the proliferation and adipogenic differentiation of 3T3-L1 cells. (A) The overexpression efficiency of PPARG and FATP1 and (G) the interference efficiency in 3T3-L1 cells determined by RT-qPCR. Histogram showing the quantitation of oil red O staining after FATP1 overexpression (B) and FATP1 interference (H). The triglyceride levels on day 8 of adipogenic differentiation in 3T3-L1 cells after FATP1 overexpression (C) and FATPT interference (I). Micrographs of EdU assays in 3T3-L1 cells after FATP1 overexpression (D) and FATP1 interference (J). Scale bar, 200 μm. Statistical analysis of EdU assays in 3T3-L1 cells after FATP1 overexpression (E) and FATP1 interference (K). Statistical analysis of CCK-8 assays in 3T3-L1 cells after FATP1 overexpression (F) and FATP1 interference (L). Data are presented as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001.




FATP1 Increases Intramuscular Fat Content in vivo

The above evaluation in cellular level indicated that FATP1 is functional conservative in cell adipogenic differentiation between buffaloes and mice. To demonstrate the effects of FATP1 on IMF in vivo, we utilized the glycerol model of muscle regeneration in which IMF deposition is more easily observed (20). We injected the FATP1_expressing plasmid (pcDNA3.1_FATP1) and the PPARG_expressing plasmid (pcDNA3.1_PPARG) into the gastrocnemius muscle of mice using Entranster in vivo transfection reagent (21). The in vivo overexpression strategy is presented in Figure 8A. Both PPARG (positive control) and FATP1 were significantly overexpressed (Figures 8B,C). Importantly, the TG content was significantly increased in FATP1_ and PPARG_overexpressing mice compared with that in mice administered the control plasmid (p < 0.05; Figure 8D). Correspondingly, at the molecular level, the levels of the adipogenic marker genes CEBPA and FABP4, the fat synthesis-related gene AGPAT6, and the lipolysis gene LPL were significantly upregulated in animals overexpressing either FATP1 or PPARG (Figures 8E–H). These results indicated that FATP1 increases IMF deposition in vivo in mice.


[image: Figure 8]
FIGURE 8. The overexpression of FATP1 increases the intramuscular fat content in the mouse. (A) The strategy employed for intramuscular plasmid injection. The expression of PPARG (B), FATP1 (C), CEBPA (E), FABP4 (F), AGPAT6 (G), and LPL (H,D) triglyceride levels in the gastrocnemius muscle injected with the indicated plasmid 2 weeks after glycerol injection. Data are presented as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001.





DISCUSSION

In this study, we found that FATP1 exerts variable effects on adipogenic and proliferative potential of cells derived from muscle and adipose tissue as well as IMF deposition. The main results of the present study indicated that (1) in buffaloes, FATP1 is mainly expressed in cardiac and skeletal muscle and is highly expressed in cells undergoing adipogenic differentiation; (2) FATP1 promotes adipogenic differentiation in cells derived from muscle tissue but does not affect, or even inhibits, adipogenic differentiation in adipose tissue-derived cells; (3) FATP1 enhances the proliferative capacity of buffalo myocytes, intramuscular preadipocytes, and subcutaneous preadipocytes as well as that of murine C2C12 cells, but inhibits the proliferation of 3T3-L1 cells; (4) FATP1 enhances IMF deposition in the mouse in vivo.

FATP1 is a key transporter in cellular FA uptake (22, 23). Tissues such as heart, skeletal muscle, and adipose tissue display rapid FA uptake and metabolism. In mice, FATP1 mRNA is abundantly detected in the heart, skeletal muscle, and adipose tissue (24), while in humans, FATP1 mRNA is highly expressed in skeletal muscle and adipose tissue (25). Recently, it was reported that bovine FATP1 mRNA is mainly detected in the heart, skeletal muscle, and adipose tissues (26). In the present study, FATP1 mRNA was mainly detected in heart and skeletal muscle, whereas its expression level was relatively low in adipose tissue (Figure 1A). Indeed, it has been reported that bovine FATP1 mRNA was abundantly expressed in heart and skeletal muscle but not in adipose tissue (10). Thus, results from different studies can vary, likely due to individual differences in metabolic rates, which can be affected by both genetic and environmental factors. This idea is supported by the variable FATP1 expression profile observed during the adipogenic differentiation process in cells with different origins (Figures 1B–F). Nevertheless, our data showed that FATP1 mRNA was mainly upregulated and exhibited high levels of expression in cells undergoing adipogenic differentiation (Figures 1B–F). These results support that FATP1 is vital for cellular FA uptake and metabolism.

Given its important role in uptake, esterification, and oxidation of FAs, FATP1 has been proposed to function as a regulator of lipid accumulation in cells. However, the effects of FATP1 on cellular lipid accumulation remains unclear. While some studies have demonstrated that FATP1 promotes lipid accumulation in muscle-derived cells such as quail QM-7 muscle cells (17), human muscle cells (27), and porcine intramuscular preadipocytes (15), others have reported that FATP1 does not affect, or even inhibits, lipid accumulation in muscle tissue (16, 28, 29). Here, our data support that FATP1 promotes lipid accumulation in muscle-derived cells, including mouse C2C12 cells (Figures 6A–C), buffalo myocytes (Figure 2), and buffalo intramuscular preadipocytes (Figure 3), and that FATP1 enhances IMF deposition in the mouse in vivo (Figure 8). We further found that FATP1 inhibits adipogenic differentiation in 3T3-L1 cells (Figure 7), which is consistent with previously reported results (30); however, FATP1 did not affect adipogenic differentiation in buffalo subcutaneous preadipocytes (Figure 4). In summary, FATP1 promotes adipogenesis in muscle tissue and muscle tissue-derived cells, but does not influence, and may even inhibit, adipogenesis in cells derived from adipose tissue.

Results of several studies have indicated that specific molecules or genes can exert differential effects on adipogenesis in intramuscular and subcutaneous adipocytes (31–33). Indeed, IMF is significantly different from subcutaneous and visceral fat (34, 35). Muscle cells and mature adipocytes secrete specific factors to further regulate fat deposition (36). Accordingly, the gene regulatory networks involved in the development of intramuscular and subcutaneous adipocytes are different (37, 38). In livestock, especially bovines, IMF is highly appreciated for its significant positive effect on meat quality, while fat deposition in other compartments, such as subcutaneous or visceral depots, is considered as waste (39). Regulatory factors that favor IMF deposition over subcutaneous or visceral fat deposition are highly desirable in the production of livestock animals. Our results indicate that FATP1 may fulfill this criterion. We demonstrate that FATP1 promotes IMF deposition in the mouse in vivo (Figure 8). As previous mentioned, FATP1 is a key transporter in cellular FAs uptake (22, 23). Overexpression of FATP1 significantly enhances FAs uptake in muscle. The excess FAs can be used for TG synthesis in the cytoplasm or delivered into mitochondria for ATP produce (40). When the efficiency of TG synthesis higher than that of ATP produce, lipid droplets can be accumulated in muscle tissue. On the other hand, though FATP1 has been demonstrated to be with no effect or negative effect on lipid accumulation in adipose tissue-derived cells, further in vivo experiment is necessary.

Cell proliferation underlies tissue development. Both proliferation and adipogenic differentiation require a large amount of energy. Since FATP1 plays an important role in adipogenic differentiation, it could also affect the proliferation of cells. Our data demonstrated that FATP1 promotes the proliferation of cells derived from muscle and adipose tissues in buffalo (Figure 5). Thus, FATP1 promotes the development of muscle and adipose tissues by enhancing cell proliferation. In livestock, the development of muscle and adipose tissue comprises two main stages, namely, cell proliferation in the early stage and differentiation in the adult stage (39, 41, 42). Thus, in the early stages, high levels of FATP1 in muscle benefits muscle development; concomitantly, low levels of FATP1 in adipose tissue will reduce waste in buffalo production. Our data also showed that FATP1 promotes the proliferation of C2C12 cells but inhibits that in 3T3-L1 preadipocytes (Figures 7D–F), indicating that the effects of FATP1 on the cell proliferation are different between buffaloes and mice. Therefore, using mice as animal models to evaluate the effects of FATP1 on cell proliferation may need further consideration.

In conclusion, our findings support that FATP1 enhances fat deposition in intramuscular compartments but does not affect, or even inhibits, that in other depots. Our data further indicate that FATP1 enhances the proliferative ability of both muscle- and adipose-derived cells, except 3T3-L1 cells. These results provide new insights into the potential effects of FATP1 on animal production, especially regarding its role in improving meat quality in buffaloes and other livestock.
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Intramuscular fat (IMF) is an important regulator that determines meat quality, and its content is closely related to flavor, tenderness, and juiciness. Many studies have used quantitative proteomic analysis to identify proteins associated with meat quality traits in livestock, however, the potential candidate proteins that influence IMF in donkey muscle are not fully understood. In this study, we performed quantitative proteomic analysis, with tandem-mass-tagged (TMT) labeling, with samples from the longissimus dorsi (LD) muscle of the donkey. A total of 585,555 spectra were identified from the six muscle samples used in this study. In total, 20,583 peptides were detected, including 15,279 unique peptides, and 2,540 proteins were identified. We analyzed differentially abundant proteins (DAPs) between LD muscles of donkeys with high (H) and low (L) IMF content. We identified 30 DAPs between the H and L IMF content groups, of which 17 were upregulated and 13 downregulated in the H IMF group. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis of these DAPs revealed many GO terms (e.g., bone morphogenetic protein (BMP) receptor binding) and pathways (e.g., Wnt signaling pathway and Hippo signaling pathway) involved in lipid metabolism and adipogenesis. The construction of protein–protein interaction networks identified 16 DAPs involved in these networks. Our data provide a basis for future investigations into candidate proteins involved in IMF deposition and potential new approaches to improve meat quality in the donkey.
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Introduction

Donkeys are domesticated animals that belong to the horse family (1). They are one of the most important livestock animals in many countries in Africa and the Middle East, which are mainly used for farming or other work on large farms (2, 3). With the increase of interest in donkey breeding, it is increasingly being used as a milk and meat-producing animal (4, 5). Donkey milk has been shown to be the best substitute for human milk for children who are allergic to milk proteins (6). Donkey meat is characterized by high-quality protein, vitamins, and minerals, which is the preferred meat for many consumers due to its high protein content (5, 7, 8). According to a previous study, 100 g of donkey meat contains 22.8 g of protein and 2.02 g of fat (2, 9, 10). With improvements in living standards, consumers are becoming more concerned about the quality of livestock meat. In recent years, donkey meat consumption has increased in many countries, including China and Italy, and has undoubtedly become one of the livestock meat choices (6, 11, 12).

Intramuscular fat (IMF), also referred to as marbling, is the amount of fat that accumulates between muscle fibers or inside muscle cells (13). Its main components are phospholipids and triglycerides (14, 15). A previous study reported that IMF content is mainly determined by the number and size of intramuscular adipocytes (16). Furthermore, IMF is a complex quantitative trait, which is influenced by a variety of regulatory factors, such as gene regulation (17), sex (18), age, or body weight (19), as well as environmental conditions, cell signals, and diet (20). A previous study has shown that IMF plays a key role in many meat quality characteristics and quality (21). For example, IMF can improve meat quality by improving flavor, juiciness, and tenderness (22, 23). Therefore, IMF not only plays a very important role in animal husbandry production but also is closely related to a healthy and desirous human food supply. In recent years, the identification of candidate genes for IMF to improve meat quality has become an important research topic in livestock breeding. A large number of studies have investigated candidate genes affecting IMF content in many species, including cattle (24), pigs (25), sheep (26), and goats (27). Genes, such as PHKG1 (28), MYH3 (20), and PLIN1 (29), have been identified as candidates for regulating IMF content in pigs. However, candidate genes and regulatory mechanisms for IMF content in donkeys are not fully resolved.

With recent developments in proteomic technologies, it has become an increasingly important approach to identify candidate proteins related to meat quality in livestock. A previous study identified 127 proteins with differential abundance associated with IMF in the longissimus dorsi (LD) muscle of pigs between days 120 d and 240 of growth (30). Hou et al. (31) identified proteins from the pig related to postmortem meat quality using a TMT (tandem-mass-tagged)-labeled quantitative proteomic. Similarly, proteomics was used to detect proteins associated with meat quality traits in other species including sheep (32), cattle (33), and chickens (34). Current proteomic studies on the donkey have mainly focused on the identification of proteins associated with donkey milk (35, 36). Few studies on proteins related to the regulation of donkey meat quality have been reported.

In this study, expression profiling of proteins was performed using LD muscle samples with divergent IMF content phenotypes (H and L IMF content groups). We used bioinformatic methods to identify the differentially abundant proteins (DAPs) between the H and L IMF groups. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the DAPs was conducted. The aim of this study was to identify candidate proteins that influence IMF content in donkeys and to provide a basis for improving the quality of donkey meat.



Materials and methods


Ethics statement

All animal procedures described in this study were conducted according to the animal husbandry guidelines of the Shenyang Agricultural University. The studies on these animals were reviewed and approved by the Ethics Committee and Experimental Animal Committee of Shenyang Agriculture University (No. 202006032).



Sample preparation

All animals used in this study were derived from a population of 30 donkeys described in a previous study (37). These animals were raised under the same environmental conditions. At about 15 months of age, all donkeys are slaughtered in the same abattoir and LD muscle tissue samples were collected for IMF determination and protein extraction. Samples for protein extraction were immediately frozen in liquid nitrogen and then stored at−80°C until use. The Soxhlet extraction method (37) was used to determine the IMF content of the samples.



Protein extraction and digestion

Protein in the samples was isolated after disruption of the tissue in SDT [4% sodium dodecyl sulfate (SDS), 100 mM Tris-HCl,1 mM DTT, pH 7.6] buffer, with the protein concentration quantified with the bicinchoninic acid (BCA) Protein Assay Kit (Bio-Rad, USA). Protein digestion was performed using trypsin according to the filter-aided sample preparation (FASP) method previously described by Matthias Mann (38). Briefly, protein from each sample was incorporated into SDT [4% SDS, 100 mM dithiothreitol (DTT), 150 mM Tris-HCl pH 8.0] buffer. The detergent, DTT, and other low-molecular-weight components were removed using UA buffer (8 M urea, 150 mM Tris-HCl pH 8.0). Iodoacetamide (IAA), 100 μl of 100 mM IAA in UA buffer, was added to block reduced cysteine residues and incubated in the dark for 30 min. The filter was then washed three times with 100 μl UA buffer and then twice with 100 μl 25 mM NH4HCO3 buffer. The eluted protein suspension was then digested overnight at 37°C with 4 μg trypsin (Promega) in 40 μl of 25 mM NH4HCO3 buffer and the resulting peptides were collected as filtrate. Digested peptides for each sample were desalted on C18 cartridges, concentrated by vacuum centrifugation, and reconstituted in 40 μl of 0.1% (v/v) formic acid.



Tandem-mass-tag labeling

Peptides from the three high (H1, H2, and H3) and three low (L1, L2, and L3) IMF content donkey samples were labeled with 126, 127, 128, 129, 130, and 131 isotope tags, respectively, using TMT reagents according to the manufacturer's instructions (Thermo Scientific, Waltham, USA).



Liquid chromatography–mass spectrometry analysis

Liquid chromatography–mass spectrometry (LC–MS/MS) analysis was conducted on a Q Exactive mass spectrometer (Thermo Scientific, Waltham, USA). MS data were obtained using a data-dependent top 10 method dynamically choosing the most abundant precursor ions from the survey scan (300–1,800 m/z) for high-energy collisional dissociation (HCD) fragmentation. The automatic gain control (AGC) target was 3 × 106 and the maximum injection time was 10 ms. The dynamic exclusion duration was 40.0 s. Survey scans were obtained at a resolution of 70,000 at m/z 200 and resolution for HCD spectra was set to 17,500 at m/z 200, and isolation width was 2 m/z. The normalized collision energy was 30 eV and the underfill ratio was 0.1%.



Identification and quantitation of proteins

The MS raw data for each sample were searched against the donkey UniProt database using the MASCOT engine (Matrix Science, London, UK; version 2.2) embedded into Proteome Discoverer 1.4 software for protein identification and quantitation. Proteins with fold change (FC) >1.2 or <0.833 and p < 0.05 were considered to be significantly DAPs.



Gene ontology and KEGG pathway enrichment analysis of DAPs

The gene ontology (GO) term annotation of selected DAPs was performed using Blast2GO software (39, 40). The DAPs were blasted against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://geneontology.org/) to retrieve their KEGG orthology identifications, which were subsequently mapped to the pathways in KEGG (41). GO and KEGG enrichment was analyzed using the Fisher's exact test. GO and KEGG terms with p < 0.05 were considered significantly enriched.



Protein–protein interactions analysis

For protein–protein interactions, we used STRING v11.5 (42) to predict and visualize networks according to default parameters. Protein interactions were illustrated using Cytoscape software (43).




Results


Characterization of identified proteins

We selected three LD muscle samples with high (H1, H2, and H3) and three with low (L1, L2, and L3) IMF content from a population of 30 individuals. Statistical analysis of the data showed that IMF content was significantly different between H and L samples (3.04 ± 0.12%, 6.39 ± 0.47%; p < 0.01). We further characterized the protein abundance profiles of the six samples using the TMT-labeled proteomic approach. The entire proteomic experimental flow for this study is shown in Figure 1. A total of 585,555 spectra were detected from the six LD muscle samples by LC–MS/MS analysis (Figure 2A). From this, we identified a total of 20,583 peptides, of which 15,279 were unique, corresponding to 2,540 distinct proteins (Figure 2A; Supplementary Table S1). A statistical analysis of the lengths of the identified peptide was conducted, which showed that the peptides were mainly between 5 and 15 amino acids with peptides of 7 and 9 amino acids in length being the highest (Figure 2B). Further analyses of the numbers of peptides identified in the proteins showed that about 50% of the proteins contained 1–3 identified peptides (Figure 2C). The molecular weights of the identified proteins indicated that most of these proteins have molecular weights between 10 and 70 kDa (Figure 2D).


[image: Figure 1]
FIGURE 1
 Schematic protocol for the identification of longissimus dorsi muscle proteins from tissue samples with high (H) and low (L) intramuscular fat (IMF) content using tandem-mass-tagged (TMT)-labeled quantitative proteomics. The H and L IMF samples were in triplicate, and each sample used a different TMT label.
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FIGURE 2
 Characterization of proteins from six longissimus dorsi muscle samples. (A) Overview information of identified proteins in this study. (B) Distribution of the lengths of the identified peptides. (C) Distribution of the numbers of identified proteins containing different numbers of peptides. (D) Distribution of the molecular weights of the identified proteins.




Identification of DAPs between high and low IMF groups

To further explore candidate proteins associated with IMF deposition in donkeys, we analyzed the differentially abundant proteins in the high and low IMF content groups. A total of 30 DAPs were identified between the H and L IMF groups, with 13 upregulated and 17 downregulated in the H IMF group (Figure 3A). Summary information on these proteins is listed in Supplementary Table S2. The top upregulated DAP is MAP4K4, while the top downregulated DAP is Rho-associated protein kinase 2 (ROCK2) (Supplementary Table S2). We also examined the abundance patterns of these DAPs in the six samples, which showed clear abundance differences between the high and low IMF group samples (Figure 3B).


[image: Figure 3]
FIGURE 3
 Analysis of differentially abundant proteins (DAPs) between high and low intramuscular fat (IMF) groups. (A) Volcano plot showing DAPs between high and low IMF groups. Red, gray, and blue dots represent upregulated, unchanged, and downregulated proteins, respectively. (B) Heatmap showing the abundance patterns of the DAPs between the three high and three low IMF samples.




Gene ontology and KEGG enrichment analysis of DAPs

To explore the potential biological functions of the DAPs in IMF deposition, we performed GO and KEGG functional enrichment analyses of the DAPs. Here, 227, 27, and 24 GO terms were found to be significantly enriched in biological process, cellular component, and molecular function, respectively (Supplementary Table S3). The top 30 significantly enriched GO terms are shown in Figure 4A. This data suggests that the DAPs are primarily involved in bone morphogenetic protein (BMP) receptor binding, which is associated with lipid metabolism. The KEGG enrichment analysis suggested that the DAPs are significantly enriched in 19 pathways (Figure 4B). Interestingly, some of these KEGG participate in the lipogenic processes, for instance, the Wnt signaling and Hippo signaling pathways. Further, a DAP, ROCK2, is significantly enriched in the Wnt signaling pathway. These results suggest that the enrichment of DAPs in these pathways may be closely related to the lipogenic process.


[image: Figure 4]
FIGURE 4
 Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis of differentially abundant proteins (DAPs). (A) Top 30 significantly enriched GO terms. The X-axis represents the –log10 (p value) value of the GO terms and the Y-axis represents the GO term name. (B) Significantly enriched pathways of DAPs. The X-axis represents the rich factor and the Y-axis represents the pathway. The size and color of the bubbles represent the number of proteins enriched in the pathway and enrichment significance, respectively.




Protein–protein interactions analysis for DAPs

Next, we examined protein–protein interactions of the 30 DAPs to better understand IMF deposition. A protein–protein interaction analysis of the DAPs was conducted based on the STRING database, which contains details functional relationships between proteins, thus allowing predictions on the functional impact of changing protein abundance (44). The results of this analysis showed that 16 DAPs are involved in a protein–protein interaction network (Figure 5). For example, a DAP, ROCK2, interacts with UBR4, TJP1, MBP, and PTEN. In addition, the ADGRV1 and USH2A proteins interact with each other.


[image: Figure 5]
FIGURE 5
 Protein–protein interactions analysis for differentially abundant proteins (DAPs). The red nodes represent DAPs, while the green nodes represent other proteins that interact with DAPs. The edge represents interactions between proteins.





Discussion

In recent years, consumers have become increasingly interested in donkey meat, with China becoming the world's largest consumer of this meat (45). IMF plays a vital role in the quality of livestock meat, therefore, the identification of candidate proteins affecting IMF is essential for improving meat quality. Previous studies have applied proteomics to identify DAPs of IMF in other species including pigs (30) and goats (46). However, there is a paucity of research on candidate proteins for quality traits in donkey meat. In this study, we identified 30 proteins that were differentially abundant between LD muscle samples with high and low IMF content based on proteomic techniques. Our results suggest that the identified DAPs are candidates for influencing IMF content in donkey meat.

Further, of these DAPs, many are associated with the adipogenic processes. For example, ROCK2, a downregulated protein, inhibits adipogenesis based on knockdown experiments (47). Protein interaction analysis revealed that ROCK2 potentially binds UBR4, TJP1, MBP, and PTEN proteins. These results suggest that the ROCK2 protein might act as a suppressor of IMF deposition in the donkey by binding these proteins. Ahbara et al. (48) revealed the SPAG8 gene is a candidate for growth traits and adipogenesis in sheep. A previous study identified the RPL27A gene as a candidate gene for bovine marbling, with an single nucleotide polymorphism (SNP) in its promoter used as a molecular marker for bovine marbling (49). Tu et al. (50) found that a high-fat diet increases the expression level of TPM1. Another interesting finding is that PRMT3 acts as a co-transcription factor by translocating into the nucleus and binding to LXRα to regulate downstream gene expression, thereby promoting lipogenesis (51). These proteins (i.e., SPAG8, RPL27A, TPM1, MBP, and PRMT3) were identified as DAPs between the H and L IMF groups in this study, suggesting that they are important regulators of IMF. However, the mechanism of action of these DAPs in IMF deposition in donkeys needs to be further demonstrated.

Our study identified a number of GO terms related to the lipogenic process based on enrichment analysis of the DAPs, including tRNA methylation and BMP receptor binding. Zhao et al. (52) showed that RNA methylation has a crucial role and is required for adipose differentiation. In addition, it has been shown that tRNA methylation levels regulate the translation initiation of genes and thus affect protein synthesis (53). These data suggest that some DAPs may regulate IMF deposition by affecting tRNA methylation. BMP signaling is essential for the differentiation of mesenchymal stem cells (MSCs) into the adipocyte lineage (54). Jung et al. (55) found that plasma BMP2 levels were positively correlated with IMF content in steers, suggesting that BMP signaling contributes to meat quality. In addition, a GO term, positive regulation of c-Jun N-terminal kinase (JNK) cascade, was significantly enriched in this study. A previous study demonstrated that JNK signaling inhibits adipose differentiation by suppressing peroxisome proliferator-activated receptor-gamma (PPARγ) and fatty acid binding protein 4 (AP2) expression (56). Taken together, these DAPs may regulate the deposition of IMF through an association with adipogenesis.

In addition, DAPs were enriched in many key signaling pathways (e.g., Wnt and Hippo signaling pathways) involved in the adipogenic process. The Wnt signaling pathway is a highly conserved critical factor in animals that negatively regulates adipose differentiation (57). Mechanistically, Wnt signaling inhibits adipogenesis by suppressing the expression of PPARγ and CCAAT/enhancer-binding protein alpha (C/EBP)α (58). Activation of Wnt signaling, by transgenic overexpression of Wnt10, in mice leads to significantly reduced adipose tissue weight (59). A downregulated protein identified in our study, ROCK2, is significantly enriched in the Wnt signaling pathway, suggesting that it inhibits IMF deposition by mediating the Wnt signaling pathway. The Hippo signaling pathway was also enriched, and it has been shown to be involved in adipocyte proliferation and differentiation in animals (60, 61). In Hippo signaling pathway, serine/threonine kinase 24 (Ste20) family kinases mammalian STE20-like kinase (MST1/2) activate large tumor suppressor (LATS) kinases through phosphorylation, which in turn allows phosphorylation of yes-associated protein (YAP) protein and facilitates the binding of YAP to 14-3-3 proteins (62). Park et al. (63) found that MST1/2 promotes the differentiation of 3T3-L1 cells through the activation of PPARγ. Deng et al. (61) demonstrated that YAP1 inhibits the differentiation of ovine adipocytes by affecting PPARG and RXR alpha levels. These results suggest that the Hippo signaling pathway is implicated in the deposition of IMF in the donkey. However, how DAPs involved in Hippo signaling regulate the deposition of IMF in donkeys still needs to be further explored.



Conclusion

In summary, we identified 30 candidate proteins that might affect IMF content in the LD muscle of donkeys. We provide evidence that some of the DAPs affect IMF deposition as they are involved in adipogenic functions or signaling pathways in other animals. Our data provide evidence for the role of these proteins in IMF content in the donkey and provide new insights into the molecular mechanisms of the regulation of IMF deposition.
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Meat quality is one of the most important traits in pig production. Long non-coding RNAs (lncRNAs) have been involved in diverse biological processes such as muscle development through regulating gene expression. However, studies on lncRNAs lag behind and a comparatively small number of lncRNAs have been identified in pigs. Also, the effects of lncRNAs on meat quality remain to be characterized. Here, we analyzed lncRNAs in longissimus thoracis (LT) and semitendinosus (ST) muscles, being different in meat quality, with RNA-sequencing technology. A total of 500 differentially expressed lncRNAs (DELs) and 2,094 protein-coding genes (DEGs) were identified. Through KEGG analysis on DELs, we first made clear that fat deposition might be the main reason resulting in the differential phenotype of LT and ST, for which cGMP–PKG and VEGF signaling pathways were the most important ones. In total, forty-one key DELs and 50 DEGs involved in the differential fat deposition were then characterized. One of the key genes, cAMP-response element binding protein 1, was selected to confirm its role in porcine adipogenesis with molecular biology methods and found that it promotes the differentiation of porcine preadipocytes, consistent with its higher expression level and intramuscular fat contents in LT than that in ST muscle. Furthermore, through integrated analysis of DELs and DEGs, transcription factors important for differential fat deposition were characterized among which BCL6 has the most target DEGs while MEF2A was targeted by the most DELs. The results provide candidate genes crucial for meat quality, which will contribute to improving meat quality with molecular-breeding strategies.
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Introduction

Meat quality is one of the most important economic traits in pig breeding. With the improvement of living standards, people have paid more and more attention to meat quality. Meat quality parameters determining the visual appearance of meat, such as color, tender, water holding capacity, etc., have become crucial for consumer acceptability, which is an incentive for pig breeders and farmers to improve meat quality. However, meat quality is a comprehensive indicator and most of the traits have low-to-moderate heritability (1, 2). In addition, some items of meat quality are negatively correlated with lean meat percentage and growth traits. Thus, it is difficult to improve meat quality through traditional methods. Molecular-breeding strategies such as marker-assisted selection, gene modification, etc., should be preferred means for which revealing the mechanisms underlying meat quality is the prerequisite.

Numerous efforts have focused on meat quality. It has been shown that RN, RYR1, PHKG1, IGF2, and RAKG3 are major genes controlling meat-quality traits (2–6) and various candidate genes were identified as well (7–9). The development of next-generation sequencing technology made it convenient and efficient to identify candidate genes, especially novel and/or low-abundance transcripts such as long non-coding RNAs (lncRNAs), at the genome-wide level.

Long non-coding RNAs are a class of RNAs with more than 200 nucleotides in length. It was initially identified as mRNA-like transcripts with no protein-coding capability (10). LncRNAs engage in diverse biological processes through regulating gene expression at transcriptional, translational, and post-translational levels (11). LncRNA profiling has been made at a genome-wide level in skeletal muscles and differentially expressed lncRNAs (DELs) were identified with RNA-sequencing (RNA-seq) technology (12–14). But compared to that in humans and mice, studies on lncRNAs lag behind and there are numerous classes of lncRNAs to be identified in pigs. Also, the effects of lncRNAs on meat quality remain to be characterized.

Min pig is a Chinese indigenous breed and excellent in meat quality. Longissimus thoracis (LT) and semitendinosus (ST) exhibit differences in many parameters of meat quality such as tenderness and lightness value (15). Intramuscular fat (IMF) content, correlated positively with meat quality, is also different between LT and ST muscles (16). In addition, LT and ST samples from the same pig can avoid the influence of individual differences and be compared stringently to reveal mechanisms underlying their differential phenotype. Thus LT and ST muscles are good materials for clarification of mechanisms underlying meat quality. To the best of our knowledge, no studies were found aimed at identifying candidate lncRNAs for meat quality in LT and ST muscles. Here, lncRNA profiling was made in LT and ST muscles to characterize DELs with RNA-seq technology, and key lncRNAs and protein-coding genes involved in the formation of fat deposition were found. The results will contribute to further revealing mechanisms underlying meat quality.



Materials and methods


Animals, samples, and RNA isolation

Min pigs, a Chinese local pig breeds, were used here and obtained from the Institute of Animal Husbandry, Heilongjiang Academy of Agricultural Sciences, Harbin, China. LT and ST muscles were sampled from three 210-day-old individuals for RNA-seq analysis. Fat tissues were collected from new born piglets for isolating preadipocytes. Total RNA was isolated with TRIzol reagent (Invitrogen, CA, USA), assessed with agarose gel electrophoresis, and quantified with a Nanodrop 2000 (IMPLEN, CA, USA). All the procedures of animal treatment were strictly based on the protocol of the Animal Care Committee of Northeast Agricultural University.



Library construction and sequencing

Library preparation and RNA-sequencing were performed by Frasergen Inc. (Wuhan, China). In brief, three μg total RNA per sample was used for library construction. rRNA was first removed with Epicentre Ribo-zeroTM rRNA Removal Kit (Epicentre, Madison, WI, USA), and purified with ethanol precipitation. Next, sequencing libraries were constructed with NEBNext® UltraTM Directional RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA) according to the manufacturer's instructions. Then, 150–200 bp long cDNA fragments were selected with the AMPure XP system (Beckman Coulter, Brea, CA, USA). After being treated with USER Enzyme (NEB), PCR was performed with High-Fidelity DNA polymerase, and the products were purified with the AMPure XP system (Beckman Coulter). Afterward, the index-coded samples were clustered on a cBot Cluster Generation System with TrueSeq PE Cluster Kit v3-cBot-Hs (Illumina) based on the manufacturer's instructions. At last, the libraries were sequenced on an Illumina Noveseq platform.



Raw data processing

Raw reads were first filtered and trimmed using SOAPnuke with –lowQual = 20, –nRate = 0.005, and –qualRate = 0.5 to obtain clean reads. Q20, Q30, and GC contents of the clean reads were calculated by SOAPnuke. Paired-end clean reads were mapped to the reference genome (Sus scrofa 11.1, http://asia.ensembl.org/Sus_scrofa/Info/Index) using HISAT2 (2.1.0) and the coverage of RNA-seq reads was calculated by geneBody_coverage.py script of RSeQC software. Then, mapped reads were assembled using StringTie software in a reference-based approach. The expression level of transcripts was measured with fragments per kilobase of transcript per million fragments (FPKM) mapped, and those with FPKM > 0.1 in at least one sample were used for further analysis.



LncRNA characterization

Novel lncRNAs were identified by using CNCI (parameters: –m –p 1), CPC2 (default parameter), and PLEK (parameters: –thread 4 –min length 200) softwares simultaneously, and those without coding potential by all of the three tools were considered as candidate lncRNAs. Differentially expressed lncRNAs (DELs) were screened with criteria: the absolute log2(fold change) > 1 and p-value < 0.05. Heatmap was plotted by online tools (https://www.bioinformatics.com.cn). To explore the function of lncRNAs, cis-target protein-coding genes were predicted within 100,000 bp upstream and downstream of lncRNAs, and they were subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.



mRNA characterization

Differentially expressed mRNAs (DEmRs) were characterized with the same criteria as that for DELs, that is, | log2(fold change) | > 1 and p-value < 0.05. Search Tool for the Retrieval of InteractingGenes/Proteins (STRING) was used to reveal the interaction among the differentially expressed protein-coding genes (DEGs), and Cytoscape (Version 3.7.1) was used to visualize the relationship. Based on the minimum required interaction score of 0.7, the network was constructed, of which the core subnetwork was characterized by the radiality analysis. Radiality calculates the correlation between target genes and all nodes, namely, directly and indirectly related nodes, the rank of genes represents the degree of importance of genes in the protein–protein interaction (PPI) network more comprehensively. Parameter as follow: Crad (V)=[∑wϵv ΔG+1-dist(v,w) ]/ n-1 (ΔG represents diameter, dist(v,w) represents distance from any node to V, and n means total nodes). Transcription factors (TFs) were identified through searching the AnimalTFDB database (http://bioinfo.life.hust.edu.cn/ AnimalTFDB/, version 3.0) with hmmscan program. Target genes of TFs were predicted with Cistrome DB program (http://cistrome.org/db, accessed on 15 April 2022) with a score > 3, and TF-DEG pairs with a Pearson correlation coefficient in expression level > 0.8 were selected for further analysis.



Real-time quantitative PCR

Reverse transcription (RT) was performed with the PrimeScriptTM RT Reagent Kit (TaKaRa, Dalian, China) to synthesize cDNA according to the manufacturer's instructions. Real-time quantitative PCR (qPCR) was conducted with ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) according to the manufacturer's instructions, each with three replicates. β-actin gene was used as a reference and 2–ΔΔCt (17) method was used to calculate the relative expression level of target genes. Primers used in qPCR was given in Supplementary Table S1.



Preadipocyte culture, differentiation, and oil red O staining

Primary preadipocytes culture and differentiation induction were described previously (18). Briefly, subcutaneous fat tissues were sampled from the newborn Min pigs and digested with 0.1% type I collagenase (Invitrogen), and then filtered through 400-mesh filters. The cells obtained were cultured in DMEM/F12 medium (Dulbecco's modified Eagle's medium/Nutrient Mixture F-12) containing 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin. The medium was changed every 2 days.

For differentiation induction, cells were first cultured in DMEM/F12 medium supplemented with 10% FBS, 0.5 mmol/L 3-isobutyl−1-methylxanthine, 1 μmol/L dexamethasone and 5 μg/ml insulin for 2 days and then transferred into DMEM/F12 medium containing 10% FBS and 5 μg/ml insulin to maintain the differentiation.

The adipocytes were stained with an Oil Red O kit (Leagene, Beijing, China), and then viewed under a light microscope and photographed (Carl Zeiss AG, Jena, Germany). Cellular Oil Red O was then isolated with isopropanol and quantified with optical absorbance at 510 nm.



Transiently transfection

The coding sequence of the porcine cAMP-response element-binding protein 1 (CREB1) gene was amplified and subcloned into the pCMV-HA vector at enzyme sites EcoRI and XhoI to construct overexpression plasmids. SiRNA sequences were designed and synthesized by General Biol (Anhui, China) to knock down the expression of CREB1 in preadipocytes. The optimal siRNA sequence, selected through preliminary experiments, was given in Supplementary Table S1. In total, 30 nmol/μl of siRNA or 0.5 μg of overexpression plasmids were transiently transfected into preadipocytes with Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. At 24 h after transfection, the cells were induced to differentiation. The cell culture medium was changed every 2 days and at 8 days post-induction, cells were stained with Oil Red O or collected to measure the expression of the adipogenic marker gene, peroxisome proliferator-activated receptor (PPAR)γ and CCAAT/enhancer-binding protein (C/EBP)α, with the qPCR method.



Statistical analysis

All the experiments were repeated at least three times independently, each with triplicate. Data were given as mean ± standard error. SPSS 19.0 software was used to analyze the data. The Student's t-test was performed to compare the difference between the two groups. A p < 0.05 was considered to be statistically significant. Significant difference was indicated with * (p < 0.05) and ** (p < 0.01).




Results


Overview of lncRNA sequencing

After filtering out redundant and low quality reads, 65.36 and 68.66 million clean read pairs were obtained in LT and ST muscles on average, respectively, comprising at least 98% of Quality 20 (Q20) reads and 94.4% of Q30 reads. In each sample more than 94.9% clean reads were mapped to reference genome (Sus scrofa 11.1) (Supplementary Table S2-1).

A total of 13,635 lncRNAs and 38,468 mRNAs were obtained. Among them, 12,437 lncRNAs were novel as identified by CNCI, CPC, and PLEK programs, and 9473 mRNAs were novel, accounting for 91.21 and 24.63% of total lncRNAs and mRNAs, respectively (Supplementary Table S2-2). The majority of the novel lncRNAs were intronic, and antisense lncRNAs were the least (Figure 1A). The novel lncRNAs ranged from 201 to 31,717 bp in length with an average of 1,168 bp, and were composed of 2–66 exons with an average number of 4.5 (Supplementary Table S2-3). In general, lncRNAs are shorter than mRNAs in length and composed of fewer exons. The distributions of exon number and length of lncRNAs and mRNAs were shown in Figures 1B,C. The expression level of lncRNAs is lower than that of the mRNAs (Figure 1D). Although the abundance of unique lncRNAs is much lower than that of mRNAs in chromosomes, they have similar distribution: both the lncRNAs and mRNAs were mainly distributed on chromosomes 1 and 6 (Figure 1E).


[image: Figure 1]
FIGURE 1
 Analysis of RNA-seq data. (A) Classification of lncRNAs and mRNAs; (B,C) Transcript length and exon number distribution of the lncRNAs and mRNAs; (D) Distribution of the lncRNAs and mRNAs in chromosomes; (E) Expression level distribution of the lncRNAs and mRNAs.




Differentially expressed lncRNAs and their functions

To identify lncRNAs involved in the differential phenotype of two muscles, RNA-seq was performed and a total of 500 DELs were obtained with 245 upregulated and 255 downregulated in ST compared with LT muscle (Supplementary Table S3-1). Among the DELs, 108 were specific to ST tissue and 100 were specific to LT tissue (Figures 2A,B). Heatmap of top DELs were shown in Figure 2C. The differential expression of five DELs was validated by real-time quantitative PCR (qPCR) and consistent results were obtained except for one lncRNA, ENSSSCT00000080343. It has a tendency to increase in ST compared with LT, but the difference was not as obvious as that in RNA-seq (Figure 2D). The results indicate that RNA-seq data was reliable.


[image: Figure 2]
FIGURE 2
 Screening and enrichment analysis of the differentially expressed lncRNAs (DELs) in semitendinosus compared with longissimus thoracis. (A) Volcano plot of DELs; (B) Venn diagram of DELs; (C) Hierarchical clustering heatmap of the top DELs; (D) Real-time PCR validation of DELs; (E) Top 10 GO terms enriched by cis-target genes of DELs in each category; (F) Top 20 KEGG pathways significantly enriched by the cis-target genes of DELs. Fat-related pathways were indicated with red; (G) Venn diagram of cis-target genes of DELs and fat deposition genes.


Gene ontology and KEGG analyses were applied on the target genes of DELs. A total of 2,401 GO terms involved in categories of cellular component (CC), biological process (BP), and molecular function (MF) were enriched (Supplementary Table S3-2). Cell and cell part were the GO terms enriched with the most genes among all three categories, while in BP category metabolic process is the most highly enriched GO terms with over 2,000 genes (Figure 2E). The KEGG analysis showed that DELs were mainly enriched in fat-related pathways significantly (p < 0.05) (Supplementary Table S3-3). Of the top 20 pathways, six were involved in adipogenesis, namely, VEGF signaling pathway, cGMP-PKG signaling pathway, Insulin signaling pathway, MAPK signaling pathway, mTOR signaling pathway, and Glycerolipid metabolism, among which VEGF and cGMP–PKG ranked top 2 and 3, respectively (Figure 2F).

To further identify the role of DELs, we downloaded 9,250 fat deposition (FD) genes from GeneCards database (https://www.genecards.org/, accessed on 15 Apr 2022) and found that 772 target genes of DELs were included in the FD gene list, representing 44.6% of all target genes of DELs (Figure 2G; Supplementary Table S3-4). Of the 500 DELs identified, 71.6% (358) have target genes belonging to the list and were named FD–DELs here (Supplementary Table S3-5). In addition, 59.5% of target genes involved in the top 20 significantly enriched pathways were FD genes (Supplementary Table S3-6). These results suggest that fat deposition might be the main reason resulting in the differential phenotype of two muscles. Thereafter, we will focus on FD-genes to reveal the difference between the two muscles in the following analysis.



Analysis of differentially expressed protein-coding genes and their functions

A total of 2,094 differentially expressed protein-coding genes (DEGs), covering 2,546 DEmRs were identified. Among the DEmRs, 1,495 were upregulated and 1,051 downregulated in the ST compared with LT (Figure 3A) (Supplementary Table S4-1); 625 and 434 were specifically expressed in ST and LT, respectively (Figure 3B). The intersection of DEGs and FD genes showed that 1,082 were FD–DEGs, accounting for 51.2% of total DEGs (Figure 3C; Supplementary Table S4-2). The differential expression of eight DEGs was validated with qPCR, and consistent results were obtained (Figure 3D).
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FIGURE 3
 Screening and enrichment analysis of the differentially expressed genes (DEGs) in semitendinosus compared with longissimus thoracis. (A) Volcano plot of DEGs; (B) Venn diagram of differentially expressed mRNAs; (C) Venn diagram of DEGs and fat deposition genes; (D) real-time PCR validation of DE mRNA; (E) Top 10 GO terms enriched by FD–DEGs in each category.; (F) Protein–protein analysis of FD–DEGs. The minimum interaction score was set as 0.7. The color of the circle represents the degree of importance.


The FD–DEGs were enriched in various GO terms involved in BP, MF, and CC (Supplementary Table S4-3). In the BP category, cellular process is the most highly enriched terms with 786 genes (Figure 3E). To explore the interaction among the FD–DEGs identified, PPI analysis was performed and genes with a score > 0.7 were visualized with cytoscape (Version 3.7.1) (Figure 3F). The subnetwork constructed consists of 50 nodes and 230 edges. The number of edges in each node is ranged from 2 to 30. Epidermis growth factor (EGF) receptor (EGFR), signal transducer, and activator of transcription 3 (STAT3), cAMP-response element binding protein 1 (CREB1)-binding protein (CREBBP) and catenin beta 1 have the most edges. CREB1 has 12 edges and is ranked 12 among all the genes. These 50 genes, namely, PPARα, PPARγ coactivator-1 (PPARGC-1), EGF, vascular endothelial growth factor A, and CREB1 should be the key protein-coding genes engaged in the differential deposition of fat between two muscles (Supplementary Table S4-4).



Effects of CREB1 on porcine adipogenesis

Among the 50 key DEGs, CREB1 was only expressed in LT muscle which has more intramuscular fat (IMF) content than that of ST. To confirm the role of these key DEGs in the differential fat deposition between two muscles, we analyzed CREB1 in primary cultured porcine preadipocytes. Oil Red O staining showed that the preadipocytes were induced to differentiation successfully (Figure 4A). During the preadipocyte differentiation, the expression of CREB1 increased gradually with the highest level at 6-days post-induction (Figure 4B). Overexpression and knockdown of CREB1 were used to explore the functions and transfection efficiency was shown in Supplementary Figure S1. Overexpression of CREB1 promotes the differentiation of preadipocytes as revealed by Oil Red O staining at 8 days post-induction (Figure 5A), which was confirmed with quantification assay (Figure 5B). Furthermore, the relative mRNA level of the adipogenic marker, PPARγ, and C/EBPα, increased significantly (p < 0.01) (Figure 5C). Consistently, knockdown of CREB1 by siRNA inhibits the differentiation of preadipocytes as revealed by both Oil Red O staining and quantification assay (Figures 5D,E), and the relative mRNA level of PPARγ was decreased significantly (p < 0.01) (Figure 5F). Thus, CREB1 promotes the differentiation of porcine preadipocytes, that is, promotes adipogenesis, which is consistent with its higher expression level and fat contents in LT than that in ST muscle.
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FIGURE 4
 Expression of porcine CREB1 during differentiation of preadipocytes. (A) Oil Red O staining of preadipocytes during differentiation induction; (B) relative mRNA level of CREB1 during differentiation of preadipocytes.
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FIGURE 5
 Effects of CREB1 on porcine preadipocyte differentiation. (A) Oil Red O staining of preadipocytes overexpressing CREB1 gene at 8 days post-induction; (B) quantitative analysis of triglyceride contents in preadipocytes overexpressing CREB1 gene with optical absorbance; (C) expression of C/EBPα and PPARγ in preadipocytes overexpressing CREB1 gene; (D) Oil Red O staining of preadipocytes knocked down for CREB1 gene at 8 days post-induction; (E) quantitative analysis of triglyceride contents in preadipocytes knocked down for CREB1 gene with optical absorbance; (F) expression of C/EBPα and PPARγ in preadipocytes knocked down for CREB1 gene. *p < 0.05, **p < 0.01.




Integrated analysis of DELs and DEGs
 
Characterization of key lncRNAs

Through integrated analysis of FD–DELs and FD–DEGs, we found that 142 FD–DELs have cis-target genes covered by FD–DEGs. Coexpression analysis showed that 41 of 142 FD–DELs have a correlation coefficient > 0.9 with target genes. These 41 FD–DELs were expressed stably among samples, and thereafter, can be used as key lncRNAs in future studies revealing the mechanisms underlying the differential fat contents between two muscles (Figure 6).


[image: Figure 6]
FIGURE 6
 Hierarchical clustering heatmap of key lncRNAs.




Transcription factor characterization

In total, 265 out of the FD–DEGs were characterized as TFs, that is, FD–DETFs, through searching the AnimalTFDB database with hmmscan program (Supplementary Table S5-1). Among the FD–DETFs, 26 were cis-targets of FD–DELs, corresponding to 33 FD–DELs (Supplementary Table S5-2). In addition, target genes of the 26 FD–DETFs were characterized by Cistrome DB program with a score of > 3 and DETF-DEG pairs with a Pearson correlation coefficient of > 0.8 were selected (Supplementary Table S5-3). To reveal the relationship between these FD–DETFs, FD–DELs, and FD–DEGs, a network was constructed. A total of five FD–DETFs, eight FD–DELs and 95 FD–DEGs were included in the network in which BCL6 has the most target FD–DEGs, while MEF2A was targeted by the most FD–DELs (Figure 7).


[image: Figure 7]
FIGURE 7
 The network formed by fat deposition (FD)-differentially expressed transcription factors, FD-differentially expressed lncRNAs, and FD-differentially expressed genes. Arrows indicate the target direction. The green quadrilateral represents lncRNA, the red triangle represents TF, and the blue circle represents mRNA.






Discussion

Intramuscular fat deposition is crucial for improving meat quality as its content is positively correlated with tenderness, juiciness, flavor, etc. (19). Meat marbling, a continuing demand for livestock production, is determined by IMF content. There is an obvious difference between LT and ST muscles in IMF content and lipid deposition: LT has higher IMF content and earlier deposition of lipid than ST in pigs (16). Here, through genome-wide analysis of lncRNAs involved in the differential phenotype of LT and ST, we first made clear that fat deposition in them, that is, IMF, might be the main reason leading to the difference, and that cGMP–PKG and VEGF signaling pathways were the most important pathways regulating the difference. The key DELs and DEGs related to fat deposition were then identified, and the involvement of these key genes in adipogenesis in pigs was validated with molecular biological methods in which CREB1 was taken as an example and consistent results were obtained. In addition, TFs important for differential fat deposition were characterized. All in all, we provide candidate genes for further clarifying the mechanisms underlying meat quality.

Owing to its importance in improving meat quality, many studies have focused on revealing the mechanisms underlying IMF content, and some lncRNAs have been implicated in IMF content in recent years, namely, LncIMF4 (20), IMFNCR (21), IRLnc (22), IMFlnc1 (23), etc. Efforts were also made to characterize lncRNAs involved in IMF deposition at the genome-wide level in pigs (24–26). However, IMF is a highly complicated and metabolically active trait in which genetic factors involved are distinctive and diverse. There are often differences in the genetic cause of IMF accumulation, and the association between genetic markers and IMF content is not always consistent between breeds. Thereafter, it is necessary to identify lncRNAs related to the IMF content in pig breeds such as Min that have not been studied. To the best of our knowledge, no studies focused on revealing lncRNAs involved in differential IMF contents between LT and ST muscles yet. We identified 12,437 novel lncRNAs in the skeletal muscles of Min pigs further indicating the heterogeneous and diverse of lncRNAs. LncRNAs in Min pigs share similarities in structure and classification with their counterparts in mammals (27–29). The number of lncRNAs identified here is somewhat higher than that in other pig breeds such as Duroc, Landrace, and Guizhou miniature pigs (30–33), which might be caused by the rich genetic resource in Min pigs, and also by the different screening criteria used for lncRNA characterization.

A total of 500 DELs were identified between LT and ST muscles in Min pigs. Through integrated analysis of DELs and DEGs, 41 key lncRNAs related to differential IMF content between LT and ST muscles were characterized. Only seven of the key lncRNAs were known, indicating enormous genetic information involved in IMF deposition remains to be identified. These key lncRNAs will be the emphasis in clarifying the differential IMF content between LT and ST muscles in the future study. In addition, 50 key DEGs engaged in differential fat deposition between the two muscles were characterized including widely known fat-related genes such as PPARα (34), PPARGC-1 (35), mTOR (36), EGF and its receptor, EGFR (37).

CREB1 and the binding protein, CREBBP, genes were also identified as key factors influencing the fat deposition in LT and ST muscles. CREB1, also named CREB, has been involved in adipogenesis in mice (38–40). Expression of constitutively active CREB alone in 3T3-L1 cells was sufficient to induce adipogenesis, while ectopic expression of a dominant-negative CREB protein blocked adipogenesis effectively in cells treated with differentiation-inducing agents (38). Depletion of CREB1 inhibits the adipogenic conversion of 3T3-L1 cells overexpressing C/EBPα, C/EBPβ, or PPARγ2 (39). CREB1 drives the expression of several adipocyte-specific genes such as fatty acid binding protein and fatty acid synthetase through binding to the putative cAMP response elements in the promoter (38, 41). However, all the aforementioned studies were performed in cell lines, 3T3-L1, and little was known about pig CREB1. Here, in primary-cultured porcine preadipocytes, we showed that porcine CREB1 promotes adipogenesis. The results not only confirmed the reliability of data characterized by bioinformatic approaches here but contribute to further revealing the role of CREB1 in adipogenesis.

Adipogenesis is a highly orchestrated process of cell differentiation from preadipocytes to mature adipocytes in which TFs are the best-understood regulators (42). It is an elegant progression controlled by the TF cascade which is followed by the expression of adipocyte genes. The sequential activation of TFs is the prerequisite for adipogenesis. To date, many TFs such as PPARγ, C/EBP, and Krüppel-like factors, etc., have been found to play important roles in preadipocyte differentiation. These TFs come from a large variety of families and have many different DNA-binding domains, which provide the basis for transcriptionally activating the expression of a large number of adipocyte genes. Although substantial ongoing progress has been made in our understanding of adipogenesis, more regulators of adipocyte development including TFs remain to be identified (42). Here, through integrated analysis of DELs and DEGs, we characterized important TFs, and their interactive genes and lncRNAs involved in the differential fat deposition between LT and ST muscles. It is worth revealing their role in IMF deposition with molecular biology approaches.
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Postnatal muscle growth is achieved through hypertrophy of the muscle fibers and is impacted by the activity of satellite cells, the quiescent muscle stem cell. Several miRNAs are preferentially expressed in skeletal muscle and could provide a mechanism for increasing muscle hypertrophy through satellite cell proliferation and/or differentiation. The objectives of this study were to: 1) Characterize the miRNA transcriptome of the longissimus thoracis et lumborum muscle at several developmental timepoints [gestational d 85 (PN1), 110 (PN2), 133 (PN3), postnatal d 42 (PW1), 65 (PW2), 243 (MAT)] during muscle hypertrophy in lambs, and 2) examine miR-29a, identified in sequencing to be differentially regulated across development, loss of function on satellite cell proliferation and differentiation. Muscle fiber characteristics showed drastic increases (p < 0.0001) in fiber size and alterations in muscle fiber type occur during pre and postnatal development. miRNA sequencing comparisons were performed in developmental order (PN1 vs. PN2, PN2 vs. PN3, PN3 vs. PW1, PW1 vs. PW2, PW2 vs. MAT). There were 184 differentially expressed (Padj < 0.05) miRNA, 142 unique miRNA, from all 5 comparisons made. The transitional stage (PN3 vs. PW1) had the largest number (115) of differentially expressed miRNA. Inhibition of miR-29a in satellite cell culture increased (p < 0.05) cell proliferation and differentiation capacity. Characterization of the miRNA transcriptome provides valuable insights into the miRNA involved in muscle fiber hypertrophy and the potential importance of the transitional period.
Keywords: miRNA, skeletal muscle, transcriptome (RNA-seq), hypertrophy, sheep—lamb
INTRODUCTION
Adult muscle tissue is composed of multinucleated myofibers, or muscle fibers, that originate from mesenchymal stems cells and the mesodermal layer of the embryo (Houba and Te Pas, 2004). Muscle fiber development for sheep consists of a prenatal hyperplasia stage, complete between gestational d (gd) 78 (Zhu et al., 2004) and gd85 (Fahey et al., 2005) in the sheep, at which point muscle growth occurs via hypertrophy. Postnatal muscle growth is achieved through hypertrophy of the muscle fibers and is impacted by the activity of satellite cells, the quiescent muscle stem cell (Mauro, 1961; Rehfeldt et al., 2011; Chal and Pourquié, 2017). Satellite cells, when activated, will proliferate and differentiate to fuse with existing myofibers to promote hypertrophy, replace nuclei that are no longer functional, or repair damage to the muscle fiber (Cardasis and Cooper, 1975). During neonatal growth, there is a rapid accumulation of protein and myonuclei in skeletal muscle related to greater satellite cell numbers during this time period that decline with age (Davis and Fiorotto, 2009). Several molecular pathways that regulate the hypertrophy process in skeletal muscle have been documented and include IGF1, myostatin, androgens, B-agonists and osteocalcin (Schiaffino et al., 2021). However, many factors appear involved in skeletal muscle hypertrophy but little is known about the role of non-coding RNAs in this process.
miRNA are small noncoding RNA that regulate 60% of protein coding gene expression post transcriptionally in the human genome (Friedman et al., 2009). miRNA usually repress gene expression through complementary binding with target mRNA 3’ untranslated regions (Hu and Coller, 2012). Hundreds of miRNA have been characterized across numerous cell lines, the majority of which focus on cancer and tumor formation/progression, or in other words cellular proliferation (Forterre et al., 2020). Several miRNAs are preferentially expressed in skeletal muscle and are involved in muscle development (Horak et al., 2016). miRNAs could provide a mechanism for increasing muscle hypertrophy through satellite cell proliferation and/or differentiation (Rupaimoole and Slack, 2017). Several in vitro studies have shown that certain miRNA can alter myocyte proliferation and differentiation through the targeting of mRNA (Anderson et al., 2006; Chen et al., 2006; Crist et al., 2012; Antoniou et al., 2014; Qadir et al., 2014). The use of miRNA mimics or inhibitors has been shown to alter satellite cell proliferation in vitro with miR-27b in sheep (Zhang et al., 2018), with miR-192 (Zhao et al., 2016) and miR-199b in pigs (Zhu et al., 2019), and with miR-92a in mice (Verma et al., 2019), which indicate that miRNA may play a role in skeletal muscle hypertrophy. The objectives of this study were to: 1) Characterize the miRNA transcriptome of the longissimus thoracis et lumborum muscle at several developmental timepoints (gd 85, 110, 133, postnatal d 42, 65, 243) during muscle hypertrophy in lambs, and 2) examine miR-29a, identified in sequencing to be differentially regulated across development, loss of function on satellite cell proliferation and differentiation.
MATERIALS AND METHODS
All animal experimental procedures were reviewed and approved by the Clemson University Institutional Animal Care and Use Committee (AUP-2018-055 and AUP-2018-049).
Experimental design
Suffolk ewes (n = 22) were mated to a single Texel ram (Texel Muscled; GeneSeek). Ewes were confirmed pregnant at gd 65 by transabdominal ultrasound (BCF Easi-Scan Curve; MIV Imaging, Rochester MN). At gd 85 (PN1), 110 (PN2), and 133 (PN3) of gestation, terminal surgeries (n = 3/time) were performed, and fetuses collected. Fetuses were towel dried and weighed and the right-side longissimus muscle was extracted and weighed. Samples of the left-side longissimus muscle were collected on male fetuses and immediately frozen in liquid nitrogen before storing at −80°C. Another group of ewes (n = 10) went to term. Wether lambs (n = 3) were weighed prior to a longissimus muscle biopsy being performed using a punch biopsy on 42-d (left side at 12th rib; PW1) and 65-d (right side at 12th rib; PW2) of age prior to weaning at d 75. Wether (n = 3) lambs that were biopsied at 42 and 65 d of age were finished on forages to 243-d of age (MAT) and slaughtered at the Clemson University Meat Lab. A live weight was collected prior to transport and longissimus muscle samples were collected from the left side at the 13th rib at slaughter. Longissimus muscle samples were snap frozen in liquid nitrogen and stored at −80°C for subsequent RNA extraction. After slaughter, carcasses were allowed to chill overnight at 4°C and then the right-side longissimus muscle was excised and weighed.
Sample preparation for miRNA sequencing
Total RNA was extracted from longissimus muscle tissue using Trizol reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA) according to the manufacturer. Any genomic DNA contamination was removed from the RNA with a DNA-free Kit (Ambion, Carlsbad, CA) according to the manufacturer. A Nanodrop 1 spectrophotometer (Thermo Fisher) was used to quantify total RNA. RNA integrity numbers (RIN) were generated using an Agilent 2,100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) according to the manufacturer and all RIN values were above 7. Total RNA samples were stored at −80°C until being shipped on dry ice to Novogene (Durham, NC) for library preparation and sequencing.
Library preparation and sequencing data analysis
Three μg of total RNA per sample was used to construct a small RNA library and index codes were added using NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (NEB, United States) according to the manufacturer’s recommendations. Library quality was evaluated with an Agilent Bioanalyzer 2,100 using DNA High Sensitivity Chips. Clustering of index-coded samples was done using a cBot Cluster Generation System and a TruSeq SR Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer’s instructions. Library preparations were sequenced using an Illumina platform and 50bp single-end reads were generated.
Bowtie was used to map reads to the reference genome (Langmead et al., 2009). miRBase20.0 was used as a reference and known miRNA were identified with mirdeep2 (Friedländer et al., 2012) and srna-tools-cli. Reads from protein-coding genes, repeat sequences, rRNA, tRNA, snRNA, and snoRNA were removed with RepeatMasker. Unmapped reads were predicted using miREvo (Wen et al., 2012) and mirdeep2 based on characteristics of a hairpin structure: the secondary structure, Dicer cleavage site and minimum free energy of the small RNA. miRNA expression was estimated by transcripts per million and normalized (Zhou et al., 2010). Prediction of target genes of miRNA was performed by miRanda (Enright et al., 2003). Gene Ontology (GO) enrichment analysis was performed on target mRNA of differentially expressed miRNAs using GOseq based Wallenius non-central hyper-geometric distribution (Young et al., 2010) to adjust for gene length bias. Target gene candidates were enriched in KEGG pathways using KOBAS software (Mao et al., 2005; Kanehisa et al., 2008).
Muscle fiber histology
At harvest, longissimus muscle samples at the 12/13th rib were collected, placed in a form with optimal cutting temperature compound (OCT; ThermoFisher), and immediately frozen in liquid nitrogen. Muscle samples were stored at −80°C until subsequent muscle histology was performed. Muscle samples were cryosectioned at a thickness of 10 μm, fixed for 2 min in ice cold acetone, and stained according to Greene et al. (2019) with modifications. Two tissue sections per animal were used for Type I/II and Type IIa/IIx myofiber typing. Cryosections of muscle samples were stained to determine Type I and Type II myofibers using primary antibodies (MHC-fast mouse IgG1, My-32, Abcam, ab51263, RRID:AB_2297993; MHC-slow mouse IgG2b, Developmental Studies Hybridoma Bank [DHSB], BA-F8, RRID:AB_10572253) and secondary antibodies (Alex Fluor 546 goat anti-mouse IgG1, Thermo Fisher, A-21123, RRID:AB_2535765) and Alexa Fluor 488 goat anti-mouse IgG2b, Thermo Fisher, A-21141, RRID:AB_2535778). Additional cryosections were stained to determine Type IIa or Type IIx myofibers using primary antibodies (MHC-Type IIa mouse IgG1, DSHB, SC-71, RRID:AB_2147165; MHC-Type IIx mouse IgM, DHSB, 6H1, RRID:AB_1157897) and secondary antibodies (Alex Fluor 546 goat anti-mouse IgG1, Thermo Fisher, A-21123, RRID:AB_2535765; Alex Fluor 488 goat anti-mouse IgM, Thermo Fisher, A-21042, RRID:AB_2535711). Sections were also counterstained with Alexa Fluor 633 wheat germ agglutinin at 10 μg/ml (Invitrogen, W21404) to outline muscle fiber membranes (Kostrominova, 2011). Stained muscle sections were mounted in Prolong Gold (P36939, Invitrogen) and samples were imaged using a Leica DMi8 widefield microscope system equipped with a Nikon ×20 objective (N.A. = 0.40) and a Leica DFC 9000 GTC Camera (Leica Microsystems, Buffalo Grove, IL). Camera exposure times were kept constant for all samples within each antibody group. At least ten unique sample regions (each measuring 670.15 µm × 670.15 µm) were imaged per section. To image samples stained with Alex Fluor 488 (depicted in green), we used a GFP filter cube (Ex/Em 455-495/505-555 nm). A Cherry filter (Ex/Em 540-580/592-668 nm) was used to image samples stained with Alexa Fluor 546 (depicted in red). For Alexa Fluor 633 (depicted in magenta), a Y5 filter cube (Ex/Em 600-660/662-738 nm) was used for imaging. Images were collected and exported as. TIF for analyses using Leica LAS-X software (version 3.6.0.20104, Leica Microsystems). Number and cross-sectional area of Type I/II myofibers and Type IIa/IIx myofibers were counted on four images per animal using ImageJ software (NIH, https://imagej.nih.gov/ij/docs/guide/146-1.html) by a single trained individual. Results were averaged by image and subjected to statistical analyses as described below.
In vitro cell culture
Satellite cells were isolated according to Li et al. 2009 and Danoviz and Yablonka-Reuveni (2012). In brief, muscle tissue was be stripped of connective tissue and any fat, then further processed with a sterile food processor. The tissue was then enzymatically digested for 60 min in a 37°C water bath with 1.5 mg/ml pronase in PBS to facilitate satellite cell liberation. Tissue slurry was shaken vigorously every 10 min during the digestion. Following digestion, the tissue slurry was centrifuged at 800 × g for 10 min to separate the digested tissue from the pronase, which was discarded as supernatant. From this point the tissue slurry was resuspended in PBS 1:1 with the volume of the tissue pellet. Then the tissue slurry was triturated until sufficiently homogenized to liberate the satellite cells. The tube was then centrifuged at 400 × g for 10 min. Supernatant was decanted and retained. This process was completed 2 times to allow for complete liberation of satellite cells from the basal lamina. Following the 2nd centrifugation the supernatant was filtered through a 250 µm and a 70 μm cell strainer and cells were pelleted at 800 x g for 10 min. Cells were resuspended for 2 h to allow for debris removal in a preplating media [Dulbecco’s modified eagle’s medium (DMEM; Gibco, Thermo Fisher) + 10% fetal bovine serum (FBS; Avantor, VWR, Radnor, PA) + 1% penicillin/streptomycin (Corning, VWR)]. After 2 h, cells were transferred to a new flask for selective adhesion to increase satellite cell population purity for an additional 24 h (Gharaibeh et al., 2008). Cells were pelleted following the preplating, counted with a hemocytometer, and frozen (DMEM + 20% FBS + 10% DMSO) for later experiments.
Satellite cells were cultured to assess the impact of miR-29a inhibition by AntogmiR-29a (Creative Biogene, Shirley, NY) during the proliferation or differentiation stages of cell development. Experiments were run in duplicate. Satellite cells were plated in 0.1% gelatin coated 24 well plates at 20,000 cells/well and 0.1% gelatin coated 96 well plates at 5,000 cells/well for imaging. Cultures were seeded and incubated for 48 h to reach ∼60% confluence prior to AntagomiR-29a transfection. Following treatment, cultures were grown for 4 d (the proliferation phase) in growth media [DMEM high glucose, 20% FBS, 1% penicillin/streptomycin, and 0.1% gentamicin (VWR)]. Cultures were differentiated for 4 d (the differentiation phase) in differentiation media (DMEM low glucose, 2% FBS, 1% penicillin/streptomycin, and 0.1% gentamicin). Cell media was changed every 2 d.
Cell transfection
Satellite cell cultures were transfected using RNAiMAX lipofectamine (ThermoFisher) according to manufacturer recommendations. AntagomiR-29a was synthesized by Creative Biogene and administered at two levels 100 and 300 nM. Cells were transfected either on d 0 of the proliferation phase or on d 0 of the differentiation phase (d 4 of proliferation). Lipofectamine without miRNA was used as a control in addition to cells grown with no manipulation (Control). Cultures were collected for RNA extraction using Trizol at d 1 and 4 of growth and d 4 of differentiation.
miRNA PCR
miRbase was used to obtain miRNA sequences for Ovis aries and then miRNA sequences were matched in the TaqMan assay database (ThermoFisher). miRNA was converted to cDNA with the TaqMan miRNA reverse transcription kit (ThermoFisher). TaqMan Small RNA Assay kits (ThermoFisher) were used for miR-29a (assay no. 000412; catalog no. 4427975), miR-22-3p (assay no. 242214_mat; catalog no. 444886), miR-133 (assay no. 000458; catalog no. 4427975), miR-127 (assay no. 008411_mat; catalog no. 4440886), miR-299-5p (assay no. 000600; catalog no. 4427975), miR-1 (assay no. 000385; catalog no. 4427975), and miR-206 (assay no. 000510; catalog no. 4427975). The housekeeping gene U6 snRNA was selected and the U6 snRNA TaqMan Assay Kit (assay no. 001973; catalog no. 4427975; ThermoFisher) was used for normalization of miRNA gene expression for tissue samples. The Taqman PCR assay kit and a Quant Studio3 Real-Time PCR system were used for qPCR according to the manufacturer instructions.
Hoechst DNA assay
Cell culture proliferation was assessed using the procedures of Velleman et al. (2019) with modifications. The DNA content of samples was measured using Hoechst 33,342 fluorochrome (ThermoFisher). Cells were harvested daily starting on d 1 of proliferation with Trypsin-EDTA (0.25%) and stored at −80°C until assay. Cells were allowed to thaw on ice and then homogenized. The sample (100 μL) was combined with 100 μL of 0.2% (1 mg/ml) Hoechst dye in 0.1 M NaCl, 10 mM EDTA, 10 mM Tris with a pH 7.0. Plates were incubated in the dark for 10 min and fluorescence read at Ex; Em 330/80; 460/40 using a BioTek Synergy HT (Winooski, VT). A standard curve using purified double-stranded DNA was used to determine sample DNA concentrations. Experiments were conducted in duplicate with 3 replicate wells per sample. The intra-assay variance was < 9.6% and the inter-assay variance was 9.5%.
Cell culture immunofluorescence
The number of differentiated nuclei was assessed by antibody staining of myogenin (MYOG) positive nuclei. The expression of MYOG can be used as a marker for differentiated myoblast cells (Schmidt et al., 2019). Media was removed after 4 d of differentiation and cells were fixed with 4% paraformaldehyde at room temperature for 15 min. Cells were then permeabilized with 0.1% TritonX-100 for 10 min at room temperature and then blocked with a 3% BSA solution in PBS for 60 min at room temperature. Plates were incubated with a MYOG primary antibody 1:10 in PBS (Myogenin mouse IgG1, DHSB catalog no. F5D, RRID: AB_2146602) overnight at 4°C. Following incubation, plates were allowed to come to room temperature for 30 min. Primary antibody was removed with thorough washing and plates were incubated with a 1:1,000 Texas Red secondary antibody (goat anti-mouse IgG1, ThermoFisher catalog no. A-10530, RRID:AB_2534035) for 60 min protected from light at room temperature. Unbound secondary antibody was removed with thorough washing. Total nuclei were stained with Hoechst 33,342 (10 μg/ml, ThermoFisher) for 10 min protected from light at room temperature. Excess Hoechst dye was removed, and cells were imaged immediately. Twelve unique sample regions were imaged per well using a Cytation1 (BioTek) with a × 10 objective and a DAPI filer cube (DAPI, blue, EX; Em 377/50; 447/60) and a Texas Red filter cube (Texas Red, red, Ex; Em 586/15; 647/57). A single trained individual then counted the total nuclei and the total nuclei expressing MYOG. Results are expressed as the percentage of the total nuclei expressing MYOG.
Statistical analysis
Analysis of variance (ANOVA) followed by Fisher’s Protected Least Significant Difference Test (FPLSD) was used to determine the effect of animal age (gd85, gd110, gd133, d42, d65 and d243) on lamb body weight, longissimus muscle mass, and qPCR. ANOVA and FPLSD were also used for muscle fiber histology cross-sectional area data, but the assumption of normality required was not met for these data. The data were averaged by image and several different distributions were used to perform the analysis. Fortunately, the different distributions all yielded similar results, and therefore results are presented in original scale for ease of interpretation. ANOVA was used to determine the effects of treatment and experiment on cell culture data, followed by a priori contrasts to compare treatment groups to the control. The Generalized Linear Mixed Model (GLIMIX) and General Linear Model (GLM) procedures of SAS (Version 9.4) of SAS 9.4 (SAS Institute) for the ANOVA, FPLSD, and contrast calculations. p-values less than 0.05 were considered evidence of statistical significance.
Comparison of miRNA expression analysis was conducted using the DESeq R package (1.8.3) and the Benjamini and Hochberg method was used to adjust p values.
RESULTS
Lamb characteristics
Body weight increased (p < 0.0001) at each timepoint of development examined in this study (Table 1). Body weight mass increased by 113-fold from 0.5 kg at PN1 to 57 kg at MAT. Longissimus thoracis et lumborum (LM) weight increased (p < 0.0001) from PN1 to MAT by 139-fold. The weight of the LM was greater (p < 0.05) at PN3 compared to PN1 with PN2 being intermediate. The lambs were grown to near maturity, plateau of longissimus thoracis et lumborum muscles (MAT), which represents postweaning growth period.
TABLE 1 | Changes in body weight (BW), longissimus thoracis et lumborum (LM) weight, muscle fiber type and cross-sectional area by developmental time point.
[image: Table 1]Muscle fiber histology
Muscle fiber cross sectional images with Type I and II staining or Type IIa, IIx, and IIax are shown in Figure 1. Muscle fiber cross-sectional of Type I myofibers was greater (p < 0.001) at each timepoint during development. Overall hypertrophy of Type I myofibers increased from 88 μm2 at PN1 to 2,430 μm2 at MAT. Type I fibers represented about 8.43% of total myofibers at PN1, PN2, and MAT; however, type I myofiber percentage was greater (p < 0.0001) at PN3, 17.07%, compared to all other developmental timepoints. At each prenatal developmental stage, cross-sectional area increased by 64% at PN2 and by 76% at PN3, demonstrating that muscle fiber hypertrophy is on-going during the period of rapid fetal growth in the last trimester of gestation. Type II fiber area increased (p < 0.0001) at each development stage. Cross-sectional area of Type II fibers increased from 71 μm2 at PN1 to 2,528 μm2 at MAT. Type II fibers were further classified as Type IIa, IIx, and IIax (transitioning). Type IIa fiber size increased (p < 0.0001) at each development point evaluated from 60 μm2 at PN1 to 1820 μm2 at MAT. As a percentage of the total fibers, Type IIa fiber number was decreased (p < 0.0001) for the MAT developmental time point compared to all other times. Type IIx fibers size increased (p < 0.0001) as development progressed from prenatal to postnatal stage. Type IIx cross-sectional area did not differ between PN1 and PN2, however fiber size increased from PN2 to PN3 and PN3 to MAT. Type IIx fiber area increased from 69 μm2 at PN1 to 3,185 μm2 at MAT. Type IIx fibers as a percentage of the total fibers did not differ by developmental timepoint. Fibers that expressed both IIa and IIx proteins were classified as transitional fibers (IIax). No transitional fibers were found in PN1 samples. Fiber area of Type IIax fibers increased (p < 0.01) as development progressed. PN2 samples did not differ from PN3 fibers but cross-sectional area increased from PN3 to MAT. Type IIax fiber area increased from 164 μm2 at PN2 to 2,998 μm2 MAT. The percentage of Type IIax myofibers was similar during the prenatal stage (PN2 vs. PN3) but lower than MAT. The percentage of type IIa and IIax myofibers at MAT differed from the prenatal stage when Type IIax myofibers were non-existent or in low abundance.
[image: Figure 1]FIGURE 1 | Muscle fiber cross sectional area images. Type I fibers are stained green and Type II fibers are red (A–D). Type IIa fibers are stained red, Type IIx fibers are stained green and fibers expressing Type IIa and IIx proteins (Type IIax) are yellow in color (E–H). Gestational d 85 samples (A,E), gestational d 110 (B,F), gestational d 133 (C,G), maturity d 243 postnatal (D,H).
miRNA sequencing
The total raw reads generated by sequencing was 396,602,151 with a minimum of 19,219,284 reads per individual sample and all samples had a Q30 of >97.00%. Reads containing >10% N (<0.000%), 5′ primer contaminants (0.005%), and/or did not contain the 3′ primer and the insert tag (0.842%) were excluded from the data. The 3′ primer sequence was trimmed and reads containing poly A/T/G/C (0.028%) were excluded. The remaining reads (99.125%) were used for mapping. Annotated reads were classified as known miRNA (41.80%), rRNA (0.14%), tRNA (0.02%), snRNA (0.02%), snoRNA (0.89%), repeat (6.03%), novel miRNA (0.02%; Supplementary Table S1), exon (±, 47.58%), intron (±, 2.40%), and other (1.10%) (Figure 2A). The largest portion was reads that mapped to exon regions with known miRNA being the second largest percentage. Reads length were also obtained and most reads ranged from 20–24 nt, with 22 nt being the frequency (Figure 2B). There was a high correlation between samples of the same developmental time point, indicating the reliability between samples (Figure 2C). Additionally, principal component analysis showed that developmental order could be captured, and a clear distinction was present between prenatal and postnatal samples (Figure 2D). This difference between pre and postnatal samples was also seen in the differentially expressed miRNA (Figure 2E).
[image: Figure 2]FIGURE 2 | Small RNA analysis of ovine skeletal muscle at 6 developmental time points. (A) The classification of small RNA reads. (B) Distribution of small RNA sequence lengths from six developmental time points. (C) Correlation heat map of individual samples within developmental timepoints. (D) Principal component analysis of individual samples. (E) Hierarchical clustering analysis of individual samples within each developmental timepoint. (F) Number of differentially expressed miRNA from each comparison made with the number of up and downregulated miRNA denoted.
There were 142 unique miRNA differentially expressed (Padj < 0.05) between the five stages of longissimus muscle hypertrophy examined in this study (Figure 2F). No miRNA were differentially expressed at every growth stage examined but two miRNAs, miR-29a and miR-431, were differentially expressed in four comparisons. miR-29a was continuously upregulated from PN2 to MAT. miR-431 was down regulated from PN1 to PW1 and PW2 to MAT; however, miR-431 was not differentially expressed between PW1 and PW2. For validation of sequencing, miR-29a, -22-3p, -299-5p, and 127 were chosen due to their expression over several developmental timepoints and high or low abundance, respectively (Figures 3A,B). Expression of mir-29a and -22-3p increased (p < 0.05) during development. Overall, the increasing log2 fold change for miR-29a and -22-3p agreed with the sequencing results that showed upregulation during development (Figure 3A). miR-299-5p and -127 decreased (p < 0.05) in expression during postnatal development and this agreed with sequencing results (Figure 3B). Additional miRNA known to be present in muscle but not annotated in sequencing results, miR-1 and -206, were examined using qPCR (Figure 3C). miR-1 and -206 were both present at all developmental time points and expression increased (p < 0.05) as development progressed.
[image: Figure 3]FIGURE 3 | miRNA expression during six developmental time points. miRNA upregulated during development (A). miRNA downregulated during development (B). Muscle specific miRNA expression (C).
During the mid-prenatal stage (PN1 vs. PN2), 20 miRNA were differentially expressed (Padj < 0.05) in this comparison (Table 2). miR-150 was up-regulated by 2.1-fold (Padj < 0.0001) and miR-154b-3p was down-regulated by -2.4-fold (Padj < 0.0001). Fourteen other miRNA were down-regulated (Padj < 0.05) and four other miRNA were up-regulated (p < 0.05) from PN1 to PN2. Of these downregulated miRNA, miR-376, miR-17-5p and miR-431 have documented roles in skeletal muscle of the neonate and appear to alter satellite cell differentiation.
TABLE 2 | Differentially expressed miRNA during mid prenatal phase (PN1 = gd85; PN2 = gd110) by significance level.
[image: Table 2]During the late prenatal stage of development (PN2 vs. PN3), 36 miRNA were differentially expressed (Padj < 0.05) for this comparison (Table 3). miR-665-3p was down-regulated by -2.2-fold (Padj < 0.0001) and novel_32 was up-regulated by 1.9- fold (Padj < 0.0001). Thirteen additional miRNA were up-regulated (Padj < 0.05) and 21 were down-regulated (Padj < 0.05) during the late prenatal stage (PN2 vs. PN3). miR-133 and miR-143 were up-regulated and are known myomiRs with involvement in skeletal muscle hypertrophy.
TABLE 3 | Differentially expressed miRNA during mid prenatal phase (PN2 = gd110; PN3 = gd133) by significance level.
[image: Table 3]During the transition from prenatal to postnatal development (PN3 vs. PW1), this stage had the most differentially expressed miRNA with 115 (Table 4). The largest magnitude (>3) log fold changes all came from the PN3 vs. PW1 comparison, miR-22-3p was up-regulated by 4.5-fold (Padj < 0.0001) and novel_91 was down-regulated by -3.7-fold (Padj < 0.0001). An additional 11 miRNA had a fold-change greater than 3, 7 were up-regulated and 4 were down regulated. Fifty-two miRNA were down-regulated (Padj < 0.05) and 50 were up-regulated (Padj < 0.05) with a fold-change < 3.
TABLE 4 | Differentially expressed miRNA during prenatal to postnatal transition phase (PN3 = gd133; PW1 = pd42) by significance level.
[image: Table 4]During the postnatal phase (PW1 vs. PW2), this stage had the smallest number of differentially expressed (Padj < 0.05) miRNA with just two, miR-29a (up-regulated 0.8 fold) and miR-127 (down-regulated -0.6 fold), and this may be due to the short time duration between sampling (∼25 days; Table 5). As longissimus muscle growth plateaus near maturity (PW2 vs. MAT), 11 miRNA were differentially expressed (Table 5). miR-431 was up-regulated 2.3-fold and novel_13 was down-regulated -1.9-fold for the PW2 vs. MAT comparison.
TABLE 5 | Differentially expressed miRNA during postnatal phase of development (PW1 = pd42; PW2 = pd60) and postweaning phase of development (PW2 = pd60; MAT = pd 240) by significance level.
[image: Table 5]Target genes of differentially expressed miRNA were identified and the functional associations of genes were assessed with GOseq (Young et al., 2010). Between all 5 comparisons made, 195 terms were significantly enriched, 86 were from biological process, 42 were from cellular component, and 67 were from molecular function (Table 6; Supplementary Tables S2–S6). Fifty-nine terms were expressed in one comparison, 24 in 2 comparisons, 19 in 3 comparisons, 89 in 4 comparisons, and 4 in all 5 comparisons. The PN1 vs. PN2 comparison had 119 enriched terms, PN2 vs. PN3 had 121 enriched terms, PN3 vs. PW1 had 138 enriched terms, PW1 vs. PW2 had 4 enriched terms, and PW2 vs. MRT had 158 enriched terms.
TABLE 6 | Summary of enriched Gene Ontology terms from each comparison.
[image: Table 6]Target genes of the of the 142 differentially expressed miRNA were annotated using the Kyoto Encyclopedia of Genes and Genomes to examine the miRNA relationship to cellular pathways (Table 7; Supplementary Tables S7–S11). A total of 35 pathways were enriched when all comparisons were examined. The PN1 vs. PN2 comparison had 16 enriched pathways, PN2 vs. PN3 had 17 enriched pathways, PN3 vs. PW1 had 21 enriched pathways, PW1 vs. PW2 had 2 enriched pathways, and PW2 vs. MKT had 21 enriched pathways. One pathway, Proteasome, was enriched in all 5 comparisons. Eight pathways were enriched in 4 comparisons, 5 in 3 comparisons, 4 in 2 comparisons, and 17 in only 1 comparison. The PN3 vs. PW1 comparison had enriched pathways with the highest rich factors (a ratio of genes enriched to total genes annotated in a pathway) when compared the same pathway in one or more of the 4 other comparisons; indicating that more genes were enriched in the PN3 vs. PW1 comparison when compared to the others.
TABLE 7 | Summary of enriched KEGG pathways from each comparison.
[image: Table 7]Cell culture
Satellite cell culture experiments were conducted to examine loss of function for miR-29a on proliferation and differentiation. Cell proliferation rates were examined daily by measuring DNA content from d 1 to d 4 of the proliferation phase following AntagomiR-29a transfection and compared to Control cultures (Figure 4A). Following transfection on d 1, Lipofectamine treated cultures had reduced (p < 0.05) cell numbers when compared to Control. AntagomiR-29a treated cultures did not differ from the control. On d 2 of proliferation AntagomiR-29a 100 nM treated cultures tended (p < 0.10) to have reduced DNA content compared to Control cultures. AntagomiR-29a 300 nM treated cultures had increased (p < 0.05) DNA content compared to Control cultures on d 3. No cultures differed (p > 0.05) from Control cultures on d 4 of proliferation.
[image: Figure 4]FIGURE 4 | The effects of miR-29a inhibition on satellite cell proliferation, differentiation, and miRNA expression. Alterations from miR-29a inhibition to cell culture DNA content by day of proliferation (A). miR-29a inhibition during proliferation or differentiation on the percentage of the total nuclei expressing MYOG (B). miR-29a expression on d 1 of proliferation (C) and d 4 of proliferation (D). miR-29a expression from cell cultures treated during proliferation (E) or differentiation (F).
AntagomiR-29a treatment effect on satellite cell differentiation ability was assessed with MYOG staining (Figure 4B). Satellite cell differentiation was not altered (p > 0.05) by miRNA treatment during proliferation. AntagomiR 29a treatment during differentiation increased (p < 0.05) the percentage of nuclei expressing MYOG for AntagomiR 29a 100 and 300 nM treated cells compared to Control cultures. Lipofectamine treated cells did not differ Control cultures.
miR-29a expression was assessed on d 1 and 4 of proliferation and following 4 d of differentiation (Figures 4C–F). AntagomiR-29a at 300 nM reduced (p < 0.05) miR-29a expression 24 h following transfection when compared to Control cultures, however AntagomiR-29a 100 nM treated cultures did not differ from Control cells (Figure 4C). Lipofectamine treated cells had increased miR-29a expression on d 1 of proliferation when compared to Control cultures. On d 4 of proliferation AntagomiR-29a 300 nM treated cultures had reduced (p < 0.01) miR-29a expression when compared to Control cultures (Figure 4D). Lipofectamine and AntagomiR-29a 100 nM cultures did not differ (p > 0.05) from Control cells on d4 of proliferation. Cells treated with either AntagomiR-29a at 100 nM or 300 nM during proliferation had reduced (p < 0.01) miR-29a expression following 4 d of differentiation when compared to Control cultures, while Lipofectamine cultures did not differ (p > 0.05; Figure 4E). Cells treated with AntagomiR-29a at 100 nM or 300 nM only during the differentiation stage had reduced (p < 0.01) miR-29a expression when compared to Control cultures (Figure 4F). Control and Lipofectamine cultures did not differ (p > 0.05) from each other on d 4 of differentiation.
DISCUSSION
Skeletal muscle hypertrophy is an intricate process that spans both the pre and postnatal developmental stages. miRNA are known to be involved in gene regulation and characterizing the transcriptomic changes that occur during development provides a more complete understanding of the mechanisms involved in hypertrophic muscle development. The current study covered a wide developmental range spanning from the conclusion of muscle fiber hyperplasia (PN1; gd 85) to near maturity (MAT). Late gestation (gd 70–140 of gestation) is a period of exponential growth for the fetus and 80% of fetal growth occurs during this period (Rattray et al., 1974). The early postnatal period of development is noted for having increased growth efficiency compared to later postnatal growth (Greenwood and Bell, 2019). Lamb body weight increased as development progressed, with the largest percentage increase (300%) occurring during the transition from prenatal (PN3; gd 133) to postnatal (PW1; d 42) a period of approximately 56 days. Comparatively the post-weaning growth period (PW2; d 65 to MAT; d 243) was the longest at ∼140 d and only resulted in a 97% body weight increase. From PN1 to MAT, muscle weight increased more than total body weight as a percentage, 12,528% and 10,349% respectively, indicating the importance of muscle hypertrophy in overall body growth.
Muscle fiber hypertrophy showed that there was an immense increase in muscle fiber area from PN1 to MAT. During prenatal hypertrophy, PN1 to PN3, Type II fibers were shown to have more hypertrophy from PN1 to PN3 than Type I fibers, 2.7- and 1.9-fold, respectively. Similar results were found during postnatal hypertrophy, PN3 to MAT, with Type II fibers having a 8.9 fold increase and Type I fibers increasing 8.6 fold in size. Within the Type II fibers, Type IIa and IIx showed a similar trend with a 2.6- and 3.0-fold increase during prenatal hypertrophy, and 7.5- and 10.5-fold increase during postnatal hypertrophy, respectively. Type IIax was not found in PN1 (gd 85) samples and could indicate that fiber transition does not start occurring until later in gestation. Postnatal hypertrophy of type IIax fibers was 6.5-fold, the lowest of the all the fibers classified. These findings are consistent with previous studies that show that, while Type I and II fibers are similar in size early in development, Type II fibers surpass Type I fibers in area at maturity (Wegner et al., 2000).
In the current study Type I fiber percentage was greater at PN3 (gd 133) compared to all other developmental time points. In cattle, Type I fiber percentage remained consistent from birth to 24 months of age, however Type IIa fiber percentage decreased with other myosin heavy chain isoforms increasing in percentage (Wegner et al., 2000). Similar findings have been shown in mice and pigs, with all studies noting that the transition from Type I to Type II fiber occurring early in the postnatal period (Wegner et al., 1993; Schiaffino et al., 2015). Muscle fiber type is determined based on the presence of myosin heavy chain isoforms which indicate the metabolic state (oxidative vs. glycolytic) of the individual muscle fibers (Pette and Staron, 1997). In the current study, Type IIa percentage was reduced at maturity compared to prenatal time points, while the percentage of Type IIax fibers increased at maturity. Muscle fiber type is not static and fibers can transition depending on factors like age, nutrition, and activity (Lefaucheur and Gerrard, 2000). Type IIa fibers are more oxidative than Type IIx fibers, so fibers expressing both proteins (Type IIax) would be an intermediate. The dramatic changes in fiber composition in the current study show that while growth is occurring so are metabolic alterations.
miRNA are a group of evolutionarily highly conserved genes that function in post-transcriptional regulation (Horak et al., 2016). The deep sequencing conducted in the current study found 41.80% of the raw reads mapped to known miRNA in the ovine genome. Additionally, a known myomiR, miR-133, was found and was differentially expressed during development. myomiR-1 and -206 were also identified with qPCR and showed increased expression as development progressed. Human and bovine miR-1 and -206 have been identified in ovine samples through sequencing and were shown to be differentially expressed between breeds with higher muscle content compared to local sheep (Kaur et al., 2020). myomiRs are known to be expressed in high abundance in muscle tissue and have significant impact on muscle development (Horak et al., 2016).
miRNA profiles were altered by progressing muscle hypertrophy. There were 184 differentially expressed miRNA, 142 unique miRNA, from all 5 comparisons made (PN1 vs. PN2, PN2 vs. PN3, PN3 vs. PW1, PW1 vs. PW2, PW2 vs. MAT). The prenatal period (PN1 vs. PN2 and PN2 vs. PN3) had more adaptations to the miRNA profile compared to the postnatal period (PW1 vs. PW2 and PW2 vs. MAT; 56 vs. 13), even though the postnatal period was longer (48 vs. 161 d). The transitional period from prenatal to postnatal had the largest number of differentially expressed miRNA (115) reflecting that this period has increased transcriptomic change compared to the other developmental stages examined. Additionally, the transitional stage also had the largest log fold changes indicating that larger magnitude transcriptomic changes were occurring during this period. Similarly, the goat miRNA transcriptome has been characterized from gd 45 to d 90 postnatal at seven time points, with the most differentially expressed miRNA (184) observed from birth to d 90 of age (Ling et al., 2020). Examination of the porcine miRNA transcriptome during fetal development showed that miRNA transcripts increased as fetal muscle development progressed (McDaneld et al., 2009). miR-133 was found in high abundance in adult muscle tissue, and miR-22 and 143 were in abundance in adults and satellite cells. miR-29 was found in muscle and satellite cell cultures, however satellite cell cultures had higher abundance of the miRNA. Postnatally miR-29a was found to be upregulated and miR-127 was down regulated from weaning to maturity in pigs (Chen et al., 2020). A similar trend with miR-29a was found in the current study, however miR-127 was only down regulated during the prenatal to early postnatal comparisons (PN2 vs. PN3, PN3 vs. PW1, and PW1 vs. PW2). miR-22-3p was found in the transitional stage (PN3 vs. PW1) and had the largest log fold change (4.5). miR-22-3p has been previously reported in the skeletal muscle of sheep (Lie et al., 2014; Greene et al., 2019). Overexpression of miR-22-3p promotes myoblast differentiation and reduces proliferation in mouse myoblasts (Marzi et al., 2012). Similar results were seen in porcine satellite cells (Chen et al., 2020). miR-127 plus others have been selected for further testing as important miRNA and their potential role in muscle development and meat quality (Iqbal et al., 2020). miRNA-mRNA networks have shown that expression of miRNA is negatively correlated with the expression of mRNA targets (Ji et al., 2020; Ali et al., 2021).
miR-29a was differentially expressed in 4 of the 5 comparisons made in the current study and continually increased in expression level as development progressed. Ovine satellite cells were cultured to assess the loss of function of miR-29a and its impacts on proliferation and differentiation. miR-29a inhibition reduced cellular proliferation on d 2 but increased proliferation on d 3. AntagomiRs function through binding to the target miRNA and rendering it incapable of binding to mRNA (Broderick and Zamore, 2011; Stenvang et al., 2012). There is a level of cytotoxicity associated with the use of lipofectamine and this could explain initial reductions in cellular proliferation that were seen in all lipofectamine treated cultures (Wang J. Y. et al., 2018). Mouse myoblast, C2C12, proliferation is inhibited by pooled miR-29 family members, however differentiation is promoted (Wei et al., 2013). miR-29 targets Akt3 and reduces the expression of mRNA and protein abundance. Ovine satellite cell differentiation capacity was increased by the inhibition of miR-29a. These results contrast with Wei et al. (2013) and show that even though miRNA family members are similar their biological function can vary between species. miR-29a is highly expressed in beta cells of the pancreatic islets and expression levels are associated with insulin resistance (Dalgaard et al., 2022). miR-29a has been shown to control cell proliferation in small cell lung cancer, hepatocellular carcinoma, and pancreatic ductal adenocarcinoma by targeting a variety of genes depending on cell type (Wang T. et al., 2018). More research is needed to explore the role of miR-29a in skeletal muscle development.
Muscle development is essential for both pre and postnatal development of offspring. Muscle fiber characteristics showed massive increases in fiber size and significant changes in muscle fiber type occur during pre and postnatal development. Alterations observed in the miRNA transcriptome add molecular evidence to the magnitude of changes occurring in skeletal muscle tissue during the transitional stage. The greatest change in miRNA expression occurred during the transition from prenatal to postnatal stage with 115 miRNA differentially expressed (DE) in comparison to other developmental time points only having from 2 to 36 DE. Key miRNA identified in this time period included miR-22-3p, -299-5p, -487b-3p, -30c, -127, -432, -30d, -29a, and -143 and let-7g (Figure 5). Of these, several have documented roles in myogenesis (miR-22-3p, -29a, -127, -432, -487b-3p), cardiomyocytes (miR-29a, -30c, -30d or let-7g), vascular smooth muscle (miR-143) or cell proliferation (miR-29a, -299-5p). More research is needed to determine the role of these miRNA in skeletal muscle hypertrophy and if they could be used to alter muscle growth or regeneration.
[image: Figure 5]FIGURE 5 | Differentially expressed miRNA involved in skeletal muscle hypertrophy during the transition from prenatal to postnatal development.
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Integrated analysis of the whole transcriptome of skeletal muscle reveals the ceRNA regulatory network related to the formation of muscle fibers in Tan sheep
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Meat quality is highly influenced by the kind of muscle fiber, and it can be significantly improved by increasing the percentage of slow-twitch fibers. It is still not known which genes control the formation of muscle fibers or how those genes control the process of forming in sheep until now. In this study, we used high-throughput RNA sequencing to assess the expression profiles of coding and noncoding RNAs in muscle tissue of Tan sheep and Dorper sheep. To investigate the molecular processes involved in the formation of muscle fibers, we collected two different muscle tissues, longissimus dorsi and biceps femoris, from Tan sheep and Dorper sheep. The longissimus dorsi of Tan sheep and Dorper sheep displayed significantly differential expression levels for 214 lncRNAs, 25 mRNAs, 4 miRNAs, and 91 circRNAs. Similarly, 172 lncRNAs, 35 mRNAs, 12 miRNAs, and 95 circRNAs were differentially expressed in the biceps femoris of Tan sheep and Dorper sheep according to the expression profiling. GO and KEGG annotation revealed that these differentially expressed genes and noncoding RNAs were related to pathways of the formation of muscle fiber, such as the Ca2+, FoxO, and AMPK signaling pathways. Several key genes are involved in the formation of muscle fibers, including ACACB, ATP6V0A1, ASAH1, EFHB, MYL3, C1QTNF7, SFSWAP, and FBXL5. RT-qPCR verified that the expression patterns of randomly selected differentially expressed transcripts were highly consistent with those obtained by RNA sequencing. A total of 10 lncRNAs, 12 miRNAs, 20 circRNAs, and 19 genes formed lncRNA/circRNA-miRNA-gene networks, indicating that the formation of muscle fiber in Tan sheep is controlled by intricate regulatory networks of coding and noncoding genes. Our findings suggested that specific ceRNA subnetworks, such as circ_0017336-miR-23a-FBXL5, may be critical in the regulation of the development of muscle fibers, offering a valuable resource for future study of the development of muscle fibers in this animal species. The findings increase our understanding of the variety in how muscle fibers originate in various domestic animals and lay the groundwork for future research into new systems that regulate the development of muscle.
Keywords: Tan sheep, skelete muscle, lncRNA, circRNA, ceRNA
INTRODUCTION
Meat quality is an important economic trait, and the ratio of muscle fibers is one of the most important factors affecting meat quality traits, which can be significantly improved by increasing the proportion of slow-twitch fibers. Skeletal muscle is composed of two types of muscle fibers that are classified as slow-twitch and fast-twitch fibers, which have different metabolic and contractile properties. Compared with fast-twitch fibers, slow-twitch fibers have higher oxidative metabolism capacity and higher mitochondrial content, so their proportions are positively correlated with various aspects of meat quality, such as tenderness, flavor, and juiciness (Doerr, 1971; RyuandB and Kim, 2005; Su et al., 2013). Ningxia Tan sheep are an important breed for fur in China (Kang et al., 2013; Liu et al., 2018), but with the decline of the fur market, they have gradually been bred for meat. Previous studies have shown that some meat quality indicators of Tan sheep were measured, such as pH, hydraulic power, meat color, shear force, cooked meat percentage, muscle fiber density, and diameter, while the relationship between the proportion of muscle fibers and meat quality traits in Tan sheep requires a more precise interpretation; in this study, we compared the proportions of slow-twitch fibers in Tan sheep and Dorper sheep. Studies have also found the heritability of the muscle fiber content ranged from 0.20 to 0.68 (Larzul et al., 1999), and molecular breeding is a key method used for the improvement of slow-twitch fiber content. However, no effective molecular markers for slow-twitch fiber content selection practices in sheep have yet been found.
A growing number of studies have revealed that noncoding RNAs are involved in transcriptional regulation (Kotb et al., 2015), cellular communication, and signal transduction (Kristensen et al., 2019) and play a variety of significant roles in muscle growth and development (Hong et al., 2019). Competing endogenous RNA (ceRNA) is a common physiological mechanism by which lncRNAs and circRNAs compete with miRNAs for binding (Salmena et al., 2011). Previous studies have demonstrated noncoding RNA and ceRNA regulation of myoblast differentiation and the formation of muscle fibers in mouse, chicken, and bovine species. For example, the intronic lncRNA SYISL recruits polycomb repressive complex 2 in C2C12 cells to suppress the expression of the fast-twitch fiber marker gene and myoblast differentiation (Jin et al., 2018). CircPTPN4 can function as a ceRNA to regulate nicotinamide phosphoribosyltransferase (NAMPT) expression by sponging miR-499-3p, thus participating in muscle fiber type switching in chicken primary myoblasts (Cai et al., 2022). The longissimus dorsi in cattle was shown to express CircMYBPC1 differently during adult and embryonic phases of development, and CircMYBPC1 interacted with the muscle gene MYHC by directly binding to miR-23a (Chen et al., 2021). Although many studies related to the formation of muscle fibers have been published, the detailed molecular mechanism remains unclear, especially in noncoding RNA and ceRNA in sheep.
The molecular process of the formation of muscle fibers in Tan sheep has not yet undergone a comprehensive examination. Therefore, clarifying the roles of the DEGs and noncoding RNAs can contribute to understanding the changes in the whole transcriptomes associated with the formation of muscle fibers in different sheep groups. In this study, the muscle fiber contents of longissimus dorsi and biceps femoris in Tan sheep and Dorper sheep were determined, and whole-transcriptome profiles in different groups (Tan sheep and Dorper sheep) and different tissues (longissimus dorsi and biceps femoris) of the same groups were obtained to compare the DEGs and noncoding RNAs. Finally, we built a thorough competing endogenous RNA (ceRNA) network to identify the genes that are most likely to be involved in the formation of muscle fibers. In-depth knowledge of the molecular processes underlying the development of muscle fibers in Chinese Tan sheep is provided in this report.
MATERIALS AND METHODS
Animal sample collection
Animal care and sample collection were authorized by the State Key Laboratory of Agricultural Biotechnology of the Agricultural University of China’s Animal Welfare Committee and carried out by the June 2004 amendments to the Regulations on the Control of Experimental Animals (Ministry of Science and Technology). Three unrelated male Tan sheep were used in the experimental group, while three unrelated Dorper sheep were used in the control group. Both groups of sheep were bred in Ningxia, China, under identical conditions until they were 8 months old, at which point they were killed on the same day. From these six sheep, samples of the longissimus dorsi and biceps femoris were taken and kept in liquid nitrogen or at −80°C until needed.
Immunofluorescence staining experiment
To examine whether the proportion of slow-twitch fibers differed among different sheep groups, we performed immunofluorescence using a slow-twitch marker protein (MYH7 antibody). The fluorescein-labeled MYH7 antibody was used as a probe to detect the target antigen in the muscle tissue and to identify the location of the antigen. First, the frozen tissue of the longissimus dorsi and biceps femoris was sectioned. Slices of tissue were first fixed for 20 min at room temperature in 4% paraformaldehyde, followed by 20 min of penetration in 0.1% Triton X-100. Tissue sections were tagged overnight with an antibody (MYH7, 1/500) at 4°C following an hour of closure with 1% BSA. Tissue slices were washed three times with ×1 PBS the next day and then stained with Alexa Fluor 488-conjugated antibody (1/1,000) at room temperature for 1 h. Then, the tissue slices were washed with ×1 PBS, and 10 mg/ml Hoechst was added for 10 min.
RNA extraction and sequencing
Following the manufacturer’s instructions, total RNA was extracted using TRIzol Reagent (Invitrogen, United States). RNA quality was evaluated using agarose gels at a 1% concentration. A K5500 spectrophotometer was used to measure the purity of the RNA (Kaiao, China). The Bioanalyzer 2100 system and the RNA Nano 6000 Assay Kit were used to measure RNA integrity and concentration (Agilent Technologies, United States). The mRNA/lncRNA/circRNA library was built using 5 µg of RNA from each sample. The HiSeq 4000 sequencing platform (Novogene, China) was used to build mRNA/lncRNA/circRNA sequencing libraries, and 150 bp paired-end reads were produced by the manufacturer’s instructions.
To create the small RNA library, 3 μg of the sample’s total RNA were employed. Using the NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (NEB, United States) by the manufacturer’s instructions, sequencing libraries were built. Using DNA High Sensitivity Chips, the Agilent Bioanalyzer 2100 system assessed the sequencing library’s quality. The HiSeq 2500 sequencing platform (Novogene, China) was used to build small RNA sequencing libraries, and 50 bp single-end reads were produced. Fastq formatted raw data were initially processed using internal Perl programs.
Bioinformatic analysis
The gene modeling annotation files and the reference genome (Oar v3.1) were accessed from Ensembl (https://asia.ensembl.org/index.html). Bowtie2 (LangmeadandS and Salzberg, 2012) was used to build the index of the reference genome, and HISAT2 (Pertea et al., 2016) was used to align paired-end clean reads to the reference genome. The mapped readings of each muscle sample were put together using StringTie (Pertea et al., 2016) with a reference-based method. Then, to identify lncRNAs, we assessed the assembled transcripts according to five criteria. The following transcripts were eliminated: 1) those with exon numbers <2, 2) those with lengths ≤200 bp, 3) those with known non-lncRNA annotations, 4) those with fragments per kilobase of exon per million fragments mapped (FPKM) < 0.5, and 5) Phylogenetic codon substitution frequency (PhyloCSF) (Sun et al., 2013). PFAM-scan (Kong et al., 2007), coding-noncoding-index (CNCI) (Finn et al., 2008), and coding potential calculator (CPC) (Kellis and Jungreis, 2011) were used to separate mRNAs from lncRNAs. All of the aforementioned tools predict that novel protein-coding transcriptome candidates are transcripts with coding potential, while novel lncRNAs are transcripts without coding potential. To determine the expression level of mRNA in each sample, FPKM (fragments per million fragments per exome) of coding genes was calculated using Cuffdiff (Trapnell et al., 2010). Differential expression analysis was performed using DESeq (Likun et al., 2010), with a default significant difference of two for fold change and a q value of 0.05.
Bowtie aligned small RNA tags to reference sequences to examine the expression and distribution of small RNA within the genome (LangmeadandS and Salzberg, 2012). Bedtools (https://bedtools.readthedocs.io/) was used to search for known miRNAs by matching them to entries in miRBase (http://www.mirbase.org/). MiRDeep2 (Friedlnder et al., 2012) was used to analyze the remaining reads to predict novel miRNAs. The following criteria were used to evaluate the expression levels of miRNAs and circRNA using TPM (Transcripts Per Kilobase of exon model per Million mapped reads) (Zhou et al., 2010). DESeq (Likun et al., 2010) was used to evaluate the differential expression, with a fold change threshold of 2 and a p value of 0.05.
CircRNAs were screened using find_circ (Memczak et al., 2013) and CIRI2 (Yuan and Zhao, 2015), and known and new circRNAs in each sample were calculated (read count) and normalized with TPM (Zhou et al., 2010). Based on the distance from the corresponding circRNA along the genome sequence, the closest protein-coding genes for circRNAs were found to mark circular RNAs. Using circBase ID, which refers to circBase annotation, all known circRNAs were given names, and novel circRNAs were given names following the rank number listed. Exonic circRNA, intronic circRNA, antisense circRNA, intergenic circRNA, 3′UTR circRNA, 5′UTR circRNA, and ncRNA circRNA were the seven categories used to categorize all circRNAs (Memczak et al., 2013). The expression levels of circRNAs were quantified by the number of junction-spanning reads, and an absolute p value < 0.05 and fold change ≥2 were considered to be significantly differentially expressed. The coding potential of circRNAs was predicted using the presence or absence of an internal ribosome entry site (IRES) independent of the 5′ cap structure on the circRNA. IRES finder (Zhao et al., 2018) was used to predict whether circRNA sequences have potential elements of IRES.
Gene ontology and kyoto encyclopedia of genes and genomes enrichment analysis
DEGs, DE circRNA parental genes, DE lncRNAs, and DE miRNA target genes were subjected to functional and pathway enrichment analysis by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. GOseq was based on the Wallenius noncentral hypergeometric distribution for GO enrichment analysis (Young et al., 2010). KOBAS v3.0 (Chen et al., 2011) was used to measure the statistical significance of enrichment in KEGG pathways.
Prediction of lncRNAs, miRNAs, and CircRNAs and construction of CeRNA network
10 kb upstream and downstream of the coding genes were identified as potential regulatory targets of lncRNAs. Expression of lncRNAs used for trans-acting prediction was co-expressed with mRNA rather than correlated with mRNA location. Using Pearson’s correlation coefficients (r > 0.90 or r < −0.90) as a classifier, the expressed correlation between non-coding genes and genes was computed. Using miRanda (Enright et al., 2003), PITA (Marc et al., 2004), and RNAhybrid (Ventsislav et al., 2005), the prediction of miRNA target genes was carried out. The following threshold settings for PITA were established: maximum target length is 50,000; energy cut-off is 10, and 0.05 is the cut-off for the p-value. The following parameters were entered for RNAhybrid: utr: 3utr.fa; mir: mature. fa. To ensure the accuracy of our findings, we set the Smith-Waterman hybridization alignment match score higher than 140 and the minimum free energy of the duplex structure lower than −10. We created lncRNA/circRNA-miRNA‒mRNA networks with lncRNA/circRNA acting as decoys, miRNA acting as the core, and mRNA acting as the target. Using Cytoscape (Michaele et al., 2011), the lncRNA, circRNA, miRNA, and mRNA interactions were created and visualized.
Validation of differentially expressed transcripts
RT-qPCR validated the expression pattern of randomly selected differentially expressed transcripts from the longissimus dorsi and biceps femoris. FastKing gDNA Dispelling RT SuperMix and SuperReal PreMix Plus (Tiangen, China) mRNA detection assays were used for miRNA tests. The miRcute Plus miRNA First-strand cDNA Kit and miRcute Plus miRNA qPCR Kit (Tiangen, China) were used for microRNA tests. RT primers and a bespoke qRT‒PCR quantitative kit (GenePharma, China) were used for circRNA detection. The RNase R- and control groups (without RNase R) were produced and translated into cDNA, and each circRNA was amplified using the primers indicated to visualize the back-splicing junction of the circRNA (Myriam and Gorospe, 2018; Heng et al., 2019). The back-splicing sites were then detected by sequencing the products. GAPDH and U6 small nuclear RNA genes were chosen as endogenous control genes (all primers are shown in Supplementary Table S12). Three biological replicates and triple reactions for each sample were used for all qPCR validations. Following amplification, the products were validated by agarose gel electrophoresis and Sanger sequencing, and the 2−ΔΔCt method was used to determine the relative transcript abundance.
Cell culture and vector construction
Primary sheep myoblasts were isolated and cultured from embryo sheep leg muscle. Myoblasts and HEK293T cells (ATCC, United States) were cultured in high-glucose DMEM supplemented with fetal bovine serum (Hyclone, United States) and double antibiotics (1% penicillin and streptomycin). To induce myoblasts differentiation, cells were switched to a differentiation medium (DMEM; 2% horse serum) in nearly 90% confluence. Small interfering RNA (siRNA) against sheep circ_0017336 were designed and synthesized by Genepharma (Suzhou, China), and a nonspecific duplex was used as the control. Sheep myoblasts were transfected with 100 nM siRNA using Lipofectamine 2000. The si-circ_0017336 sequences are 5′-UUU​GGA​GAU​AGC​AGG​GCU​GTT-3′, 3′CAG​CCC​UGC​UAU​CUC​CAA​ATT-5′. The fragment of the FBXL5 3′ UTR, including the binding site of miR-23a, was amplified and inserted into the psicheck2 vector (Promega, United States) at the 3′ end of the Renilla gene using restriction enzymes XhoI and NotI and T4 DNA ligase (TaKaRa, China). Psicheck2-FBXL5-M and psicheck2-FBXL5-W constructs were verified by sequencing.
Dual-luciferase reporter analysis
When the cell confluence reached about 80%, the miR-23a mimics and psicheck2-FBXL5-W or psicheck2-FBXL5-M were co-transfected into HEK293T cells using Lipofectamine 2000. After incubation for 24 h, Dual-luciferase activity was measured using an automatic microplate reader (Molecular Devices, United States), and the Renilla luciferase activity was normalized against firefly luciferase activity. The miR-23a mimics sequences are 5′-AUC​ACA​UUG​CCA​GGG​AUU​UCC​A-3′, 3′-GAA​AUC​CCU​GGC​AAU​GUG​AUU​U-5′.
Analytical statistics
The means and standard error of the means are used to express data (SEM). Levene’s test was used to check for homogeneity of variances, and then Student’s t-test was used to determine significance. At p < 0.05, differences were deemed statistically significant.
RESULTS
The proportion of slow muscle fibers in the Biceps femoris and Longissimus dorsi in sheep
According to the results of immunofluorescence staining, the proportions of slow-twitch fibers in the longissimus dorsi and biceps femoris of Tan sheep were 11.4% and 37.7%, respectively, and its proportions were 5.6% and 26.8% in the longissimus dorsi and biceps femoris of Dorper sheep. Tan sheep had considerably more slow-twitch muscle fibers than Dorper sheep did (p < 0.01) in their longissimus dorsi and biceps femoris (Figures 1A,B).
[image: Figure 1]FIGURE 1 | The difference of the slow-twitch fiber ratio of longissimus dorsi and Biceps femoris muscle between Tan sheep and Dorper sheep. (A) Frozen sections were immunofluorescently stained with MyH 17 antibody. “DAPI” is a staining solution suitable for the nuclear staining of common cells and tissues. “Merge” is to fuse the stained nucleus with the target protein. (B) Statistical chart of immunofluorescence staining results.
Blast analysis of transcriptome sequencing
The whole-transcriptome profiling of longissimus dorsi and biceps femoris tissues from Dorper sheep and Tan sheep were obtained to evaluate the genes involved in the formation of muscle fibers. The 12 samples used for the RNA sequencing libraries yielded an average of 95.74 million clean reads, and 83.55% to 90.07% of these reads were specifically aligned to the reference genome Oar v3.1. At least 85% of the readings were equal to or greater than Q30 (Supplementary Table S1-1). A total of 22,823 mRNAs, 224 known lncRNAs, and 22,373 unique lncRNAs were found in the muscle samples after additional filtering (Figure 2A) and removal of possible coding transcripts that were identified using CNCI, CPC, and PFAM (Figure 2B). The gene structure, expression, and sequence conservation of lncRNAs and protein-coding genes were compared. As lncRNA genomic characterizations were compared to those of mRNAs, it was discovered that the length range of their transcripts was similar; more lncRNAs had 2–4 exons than mRNAs, and they also had shorter open reading frames (ORFs) and lower FPKM values (Figures 3A,B).
[image: Figure 2]FIGURE 2 | Identification of long non-coding RNAs (IncRNA) in muscle transcriptome. (A) Workflow for IncRNA identification. (B) Candidate IncRNAs were identified by using three applications: CNCI, coding-non-coding-index; CPC, coding potential calculator; PFAM-scan which detect and remove putative protein-coding transcripts.
[image: Figure 3]FIGURE 3 | Genomic architecture and expression level of IncRNAs and miRNAs. (A) Comparison of mRNA transcript length, exon number and open reading frame (ORF) length. (B) Expression level of IncRNAs and mRNAs, calculated as log10(FPKM+1). (C) Length distribution of all identified small RNAS.
With at least two independent reads crossing the back splice junction, a total of 3651 circRNAs were found. Exons, introns, and intergenic regions all serve as various circRNA source locations. Exons were more likely to produce circRNAs in this study; 3141 circRNAs were produced from exons of 1810 genes, whereas 197 circRNAs were produced from intronic regions of 175 genes, and our data indicated that the remaining circRNAs were intergenic. CircRNAs ranged in length from 192 nucleotides to 93,278 nucleotides and were mainly located on chromosome 1 (Supplementary Table S2). Interestingly, 4611 internal ribosome entry site (IRES) were predicted for circRNAs and that the highest score may reach 0.997 (Supplementary Table S12).
Additionally, for the small RNA-Seq libraries, rigorous filtering yielded an average of 16.02 million clean reads, with approximately 95% of these clean reads matched to the sheep reference sequence (Supplementary Table S1-2). Most clean reads ranged from 20 to 24 nt (Figure 3C). There were 238 known miRNAs in each sample, according to statistical statistics (Supplementary Table S2). A total of 141 mature miRNAs were annotated, and 97 new mature miRNAs were found (Supplementary Table S2).
Differential expression of genes and noncoding RNAs (LncRNAs, miRNAs, and circRNAs) between Tan sheep and Dorper sheep
In biceps femoris tissues, twelve DEGs were obtained between Tan sheep and Dorper sheep, where 11 were upregulated and 24 were downregulated (Supplementary Table S3; Figure 4A). Several DEGs were specifically expressed in Tan sheep, such as SFSWAP, or Dorper sheep, such as ASAH1. These genes may regulate the formation of muscle fibers.
[image: Figure 4]FIGURE 4 | Differentially expressed mRNAs and non-coding RNAs in Tan sheep and Dorper sheep. (A) Expression profiles of mRNA in biceps femoris of Tan sheep and Dorper sheep. (B) Expression profiles of IncRNA in biceps femoris of Tan sheep and Dorper sheep. (C) Expression profiles of miRNA in biceps femoris of Tan sheep and Dorper sheep. (D) Expression profiles of circRNA in biceps femoris of Tan sheep and Dorper sheep. In the volcano plots, green points represent downregulated RNAs, while red points represent upregulated RNAS. “D_B” is the biceps femoris group of the Dorper sheep. “T_B” is the biceps femoris group of the Tan sheep.
Similarly, 172 DELs were discovered in the biceps femoris between Tan and Dorper sheep, of which 28 were upregulated and 144 were downregulated (Supplementary Table S5; Figure 4B). Several DE lncRNAs were particularly expressed in Tan sheep, including LNC 000295, LNC 000300, and LNC 000306, or Dorper sheep, including LNC_017854, LNC_02118,6, and LNC_015846. In the biceps femoris, there was a total of 15 differential expression miRNAs, of which 5 were upregulated and 7 were downregulated between Tan sheep and Dorper sheep (Supplementary Table S8; Figure 4C). MiR-133 (Martin et al., 2015), miR-370 (Zhang et al., 2021), and miR-148 (Yin et al., 2020) have been revealed to be important in the development of muscle fibers among these differentially expressed miRNAs. Additionally, 95 DECs were discovered in the biceps femoris between Tan sheep and Dorper sheep, of which 59 were upregulated and 36 were downregulated (Supplementary Table S10; Figure 4D).
In longissimus dorsi tissues, twenty-five DEGs were found between Tan sheep and Dorper sheep, including 12 upregulated and 13 downregulated in Tan sheep, which have more than 2-fold differential expression (Supplementary Table S3). These DEGs included F-box and leucine-rich repeat protein 5 (FBXL5) and myosin light chain 3 (MYL3), which are related to the regulation of the formation of muscle fibers. Several DEGs were specifically expressed in Tan sheep, such as FBXL5, or Dorper sheep, such as SFSWAP.
In all, 214 DELs were obtained in the longissimus dorsi tissues of Tan sheep and Dorper sheep, of which Tan sheep had 101 upregulated and 113 downregulated DELs (Supplementary Table S5). Several DE lncRNAs were specifically expressed in Tan sheep, such as LNC_003872, LNC_01870,8, and LNC_021269, or Dorper sheep, such as LNC_008982, LNC_00889,6, and LNC_001693. These lncRNAs may control how muscle fibers are formed. Three known miRNAs were expressed overall at lower levels in Tan sheep than in Dorper sheep, whereas one known miRNA was expressed at higher levels (Supplementary Table S8). One of these miRNAs with variable expression, miR-23a, has been linked to the development of muscle fibers (Chen et al., 2021). In the longissimus dorsi tissues of Tan sheep and Dorper sheep, a total of 91 DECs were also discovered, of which 45 were upregulated and 46 were downregulated (Supplementary Table S10).
Functional analysis of differentially expressed transcripts
GO and KEGG pathway analysis were carried out to assess the potential roles of differentially expressed genes, lncRNAs, miRNAs, and circRNAs. Three functional categories were carried out of the GO pathways for DEGs (biological process, cellular component, and molecular function). The biological processes involved in the development of muscle fibers, such as calcium ion transport (GO: 0006816), oxidation-reduction process (GO: 0055114), muscular system process (GO: 0003012), and regulation of myoblast differentiation (GO: 0045661), were also significantly enriched. The CAMP signaling pathway and metabolic pathways were significantly enriched according to KEGG enrichment analysis (Supplementary Table S4; Figures 5A,B). The development of muscle fibers also includes several important metabolic and myoblast differentiation-related genes, including ATP6V0A1 and MYL3.
[image: Figure 5]FIGURE 5 | GO and KEGG enrichment analysis in biceps femoris of Tan sheep and Dorper sheep. (A) GO enrichment annotation of mRNAs. (B) KEGG annotation of mRNAs. “D_B”is the biceps femoris group of the Dorper sheep. “T_B” is the biceps femoris group of the Tan sheep.
Two separate algorithms—cis (genomic location) and trans (expression correlation)—were used to predict the target genes of the identified lncRNAs to elucidate their potential roles in the formation of muscle fibers, 2,154 cis-acting lncRNAs target a total of 720 genes among them, while 446 trans-acting lncRNAs have a total of 163 target genes. The GO pathway of cis-lncRNAs was highly enriched in negative regulation of glycolysis (GO: 0006110), muscle fiber development (GO: 0048741), and ATPase activity (GO: 0042623), and skeletal muscle contraction (GO: 0003009) (Supplementary Table S6). KEGG enrichment was significantly enriched in the metabolic pathway muscle atrophy; GO annotation of trans-lncRNAs was significantly enriched in positive regulation of skeletal muscle tissue development (GO: 0048643) and muscle cell differentiation (GO: 0042692); KEGG enrichment was significantly enriched in glycolysis, TCA cycle, and Wnt signaling pathway (Supplementary Table S7). GO annotation and KEGG enrichment analysis of the targets showed miRNAs were mainly enriched in metabolic pathways (Supplementary Table S9). The parental genes of DE circRNAs were largely enriched in myofibrils (GO: 0030016) and glycogen metabolic pathways (GO: 0005977), according to GO analysis. DE circRNAs were primarily enriched in the Ca2+ signaling pathways, FoxO signaling pathways, and AMPK signaling pathways, according to KEGG pathway analysis (Supplementary Table S11).
Validation of differentially expressed transcript expression
To validate the RNA-seq results, MYL3, ASAH1, miR-409-5p, circ_0017336, circ_0007039, LNC_0017854, LNC_003716, and LNC_000300 were selected, and their expression patterns in biceps femoris tissue of Tan sheep and Dorper sheep were examined using qPCR. FBXL5, miR-23a, miR-26a, and circ_0017430 were also selected, and their expression patterns in the longissimus dorsi of Tan sheep and Dorper sheep were examined using qPCR (Figure 6A). RT–qPCR verified that the expression patterns of randomly above differentially expressed transcripts were highly consistent with those obtained by RNA sequencing. Notably, RNase R digestion assays further demonstrated that circ_0017336 and circ_0017430 had a circular structure (Figure 6B), and the back splice junctions of circRNAs were confirmed before validation (Figure 6C).
[image: Figure 6]FIGURE 6 | (A) The expression levels of mRNA, miRNA, IncRNA and circRNA were verified by qPCR. (B) The results obtained from use of Rnase R indicate that the expression levels of circ_0017336 and circ_0017430 are resistant to Rnase R. “Rnase R (+)” indicates RNA treated with RNase R: “Rnase R (−)” indicates untreated RNA. (C) The backsplice junctions of circ_0017336 and circ_0017430 were verified with Sanger sequencing. The red arrows indicate head-to-tail back-splicing sites of circRNAs.
Construction of CeRNA regulatory network
We found lncRNA and circRNA gene pairs with miRNA binding sites based on the ceRNA hypothesis, and we constructed lncRNA‒miRNA-gene pairs and circRNA-miRNA-genes with lncRNA and circRNA acting as decoys, miRNA as the core, and mRNA as the target. The ceRNA network generated above was then visualized with Cytoscape software, using various shapes to represent various types of RNAs. The specific circRNA-miRNA-gene networks and lncRNA‒miRNA-gene networks closely related to the formation of muscle fibers in Tan sheep are shown in Figures 7A,B and a summary table listing all possible functioning ceRNA networks was added to Supplementary Table S14. Furthermore, from the ceRNA network, we observed some ceRNA subnetworks, which showed that circ_0017336 and its target FBXL5, ACACB and EXOC6 “talked” to each other through the same miR-23a response elements, whereas LNC_014172 and LNC_003716 “talked” to their targets through miR-23a response elements, respectively. Therefore, we speculate that these subnetworks may play a key role in the formation of muscle fiber.
[image: Figure 7]FIGURE 7 | (A) CircRNA-miRNA-mRNA interaction network specifically expressed in Tan sheep. (B) LncRNA-miRNA-mRNA interaction network specifically expressed in Tan sheep. The ovals, triangles, parallelograms and V types represent mRNAs, miRNAs, IncRNAs and circRNAs, respectively.
In addition, we also constructed ceRNA networks in the longissimus dorsi and biceps femoris tissues. In the longissimus dorsi, the network shows possible interactions among 2 DE lncRNAs, 3 DE miRNAs, 4 DE circRNAs, and 4 DE mRNAs (Figure 8A; Supplementary Table S14). For example, circ_0017336 were identified as ceRNA of miR-23a, which targeted MYL3, FBXL5, and C1QTNF7; LNC_003716 and LNC_014172 regulated ENSOART00000001318 by competing miRNA response elements of miR-23a. The network depicts potential connections among 4 DE lncRNAs, 7 DE miRNAs, 16 DE circRNAs, and 13 DE mRNAs in the biceps femoris (Figure 8B; Supplementary Table S14). For instance, ASAH1 and circ_0000481 potentially create a ceRNA network through miR-409-5p as a bridge. These findings imply that genes and noncoding genes that exhibit differential expression in Tan sheep and Dorper sheep might work together to control the formation of muscle fibers via an interaction network, and their regulatory patterns are also different in different tissue sites.
[image: Figure 8]FIGURE 8 | ceRNA network construction in differnt muscle tissues. (A) LncRNA/circRNA-miRNA-mRNA interaction network was constructed based on different expression levels in the longissimus dorsi of Tan sheep and Dorper sheep. (B) LncRNA/circRNA-miRNA-mRNA interaction network was constructed based on different expression levels in the biceps femoris of Tan sheep and Dorper sheep. The ovals, triangles, parallelograms and V types represent mRNAs, miRNAs, IncRNAs and circRNAs respectively.
miR-23a directly bound FBXL5
To investigate whether circ_0017336 acts as a competing endogenous RNA in sheep myoblasts, the interfering fragment si-circ_0017336 was transfected into sheep myoblasts to significantly inhibit the expression level of circ_0017336. The changes of miR-23a and FBXL5 expression level were detected after 3 days of differentiation of myoblasts treated with si-circ_0017336, and it was found that the interference of circ_0017336 significantly increased the expression of miR-23a in skeletal muscle cells, but suppressed the expression of FBXL5 (Figure 9A). To further validate the targeting relationship between miR-23a and FBXL5, the prediction software RNAhybrid revealed that FBXL5 had putative miR-23a binding sites (Figure 9B). To verify whether miR-23a directly targets FBXL5, miR-23a mimics were co-transfected with psi-CHECK2 dual-luciferase reporters containing the 3′UTR of FBXL5 into 293T cells for luciferase activity analysis, and we found that overexpression of miR-23a reduced the luciferase activity (Figure 9C). These results revealed that FBXL5 could indeed bind miR-23a directly.
[image: Figure 9]FIGURE 9 | (A) si-circ_0017336 promotes the expression of miR-23a and inhibits the exprsion of FBXLS in sheep myoblasts. (B). The binding sites of miR-23a and FBXLS were predicted by RNAhybrid software. (C) Dual-luciferase reporter gene experiments verified that miR-23a directly targets FBXL5. indicates p < 0.05, ***indicates p < 0.001, NC is the control group.
DISCUSSION
The formation of muscle fibers is a polygenic trait in sheep, mainly determined by genetic factors, and is an important determinant of meat quality characteristics. Previous studies have revealed a closely association of the type of muscle fiber with meat quality traits due to the effects on the postmortem metabolic rate in the conversion of muscle to meat. The association between more slow-twitch fibers and better meat quality has been observed in a variety of species, including sheep (Valin et al., 1982), pigs (Bowker et al., 2005; Zhou et al., 2021), chickens (Ouyang et al., 2017), and calves (Maltin et al., 1998). Two mechanisms have been suggested for the muscle fiber pattern in Tan sheep. According to the research mentioned above, one theory proposes that the difference in the amount of slow-twitch fiber, with Tan sheep having more and Dorper sheep having less, is what causes the phenotypic. An alternative explanation claims that the difference is the result of an epigenetic regulatory process, possibly involving noncoding RNAs.
Given that some essential genes linked to specific phenotypes or significant biological processes have been identified using high-throughput RNA sequencing, it may be possible to understand the mechanisms underlying the formation of muscle fiber patterns. Numerous muscle tissue transcription profiles in animals have been studied using RNA sequencing, but similar studies have not been conducted in Tan sheep. To determine the critical elements involved in the formation of muscle fibers, we evaluated, for the first time, the differences in the expression profiles of mRNAs, lncRNAs, and circRNAs in the longissimus dorsi and biceps femoris tissues of two sheep breeds. Additionally, we found that a more complex ceRNA regulatory network is formed in the longissimus dorsi than in the biceps femoris. As studies have shown that slow-twitch fibers have higher mitochondrial content and oxidative phosphorylation capacity, and the ratio of slow-twitch fibers in the longissimus dorsi muscle is higher than that in the biceps femoris muscle, which makes it possible that the longissimus dorsi muscle has more glycolysis, oxidative phosphorylation, ad some metabolism-related genes to form a more complex ceRNA regulatory network.
Different metabolic and contractile characteristics exist between slow-twitch and fast-twitch fibers. Fast-twitch fibers have low oxidative metabolism and low mitochondrial content, while slow-twitch fibers have a high oxidative capability and large mitochondrial content. FBXL5, a member of the F-box protein family, regulates iron homeostasis in cells and systems by promoting the degradation of iron regulatory protein 2, and is an essential sensor for bioavailable iron (Ruiz and Bruick, 2014; Moroishi et al., 2014). The lack of iron in the body is closely related to the quality and function of skeletal muscle (Scherbakov et al., 2019), and we think that the formation of muscle fibers may be affected by the regulation of iron content by FBXL5. The acetyl-CoA carboxylase beta (ACACB) and ATPase H+ transporting V0 subunit a1 (ATP6V0A1) genes were significantly upregulated in Tan sheep, both of which were enriched in the oxidative phosphorylation pathway and consistent with the fact that Chinese native sheep have a better flavor than sheep from other regions. The main function of EFHB is to bind calcium ions (Rosado, 2021), triggering a Ca2+-dependent transport pathway (Wu et al., 2002; Chin, 2005), causing the formation of skeletal muscle fibers. Additionally, MYL3 showed differential expression in the muscle tissues of Tan sheep and Dorper sheep, which was consistent with earlier research that also deemed these genes to be key candidates for muscle growth and development (Ouyang et al., 2017). According to GO analysis, MYL3 is mostly involved in muscle contraction. Additionally, the specific roles of SFSWAP and two novel transcripts (ENSOART00000001243 and ENSOART00000001318) are unknown and are differentially expressed in both tissues. While ENSOART00000001243 and ENSOART00000001318 are downregulated in both longissimus dorsi and biceps femoris tissues, SFSWAP was interestingly increased in longissimus dorsi tissues but downregulated in biceps femoris tissues. The varied functions of these genes during the formation of these two tissues may be related to these consistent or inconsistent trend changes in expression trends, which are worthy of future analysis.
Noncoding RNAs act as epigenetic regulators of the expression of protein-coding genes in eukaryotes, which can control the expression at both transcriptional and post-transcriptional stages (Kornienko et al., 2013), and the large-scale ceRNA networks composed of noncoding RNAs and mRNA are important for regulation in various physiological and pathological processes (Salmena et al., 2011; Ala et al., 2013). Numerous miRNAs are important regulators of the growth of muscle fibers. For instance, miR-23a affects the expression of the MYHC gene and the development of muscle cells (Wang et al., 2012; Chen et al., 2021). The constructed ceRNA network results also demonstrated that DE circRNAs competed with miR-23a for binding and may function as ceRNAs to regulate the levels of ACACB, FBXL5, and EXOC6, respectively. This confirms the significance of miR-23a not only in its functions but also as a bridge in the ceRNA mechanism for the formation of muscle fibers. We hypothesized that several subnetworks within the network, such as circ_0017336-miR-23a-FBXL5, may be extremely important in controlling the formation of muscle fibers. RT-qPCR results showed that there was a ceRNA relationship between circ_0017336 and miR-23a as well as FBXL5 during sheep myogenic differentiation, and the dual luciferase reporter systems further verified that miR-23a directly targets FBXL5 for regulation. However, their roles and relationships still require confirmation. Our knowledge of the formation of muscle fiber phenotypes in sheep is expected to progress with the identification of new functions for lncRNAs and circRNAs.
Taken together, our data provide evidence for interactions that have high functional specificity in the formation of muscle fibers and that are consistent with the ceRNA hypothesis. This study provides new insights into the complex molecular mechanisms underpinning sheep meat traits variation but understanding exactly how the different type of muscle fiber are formed in the Tan sheep and Dorper sheep will require additional experiments.
CONCLUSION
The current study paints a thorough picture of the differences between Tan sheep and Dorper sheep in the whole-transcriptome profiles of the longissimus dorsi and biceps femoris tissues. Tan sheep had much more slow-twitch fibers than Dorper sheep had in their longissimus dorsi and biceps femoris. Among two sheep breeds, 60 DEGs were discovered, including ACACB, ATP6V0A1, ASAH1, EFHB, MYL3, C1QTNF7, SFSWAP, and FBXL5. Act according to our research, numerous lncRNAs, miRNAs, and circRNAs play a crucial role in crucial biological processes related to the development of muscle fiber pathways, such as the FoxO signaling pathway, the AMPK signaling pathway, and the Ca2+ signaling pathway. We also created the first lncRNA/circRNA-miRNA-gene interaction network based on the differentially expressed transcripts from muscle tissues, where some networks, such as circ_0017336-miR-23a-FBXL5, may be crucial in the control of muscle fiber creation. Our findings have established future investigations on the molecular mechanisms underlying muscle fiber development by identifying possible regulators and molecular regulatory networks that may be connected to the production of muscle fibers in sheep.
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Meat quality, an important economic trait, is regulated by many factors, especially by genetic factors, including coding genes, miRNAs, and lncRNAs. Recent studies have elucidated that circRNAs also play a key role in muscle development and lipid deposition. However, the functions and regulatory mechanisms of circRNAs in meat quality remain mostly unknown. The circRNA expression profiles between Huainan pigs (Chinese indigenous pigs, fat-type, Huainan HN) and Large White pigs (Western commercial pigs, lean-type, LW) in the longissimus dorsi (LD) muscle at 38, 58, and 78 days post conception (dpc) were compared by sequencing. In total, 39,887 circRNAs were identified in 18 samples, and 60, 78, and 86 differentially expressed circRNAs (DECs) were found at the three stages mentioned above between these two breeds. The parent genes of DECs were enriched in myogenesis, proliferation, adipogenesis and muscle fiber-type transition. The circRNA-miRNA interaction networks included 38 DECs and 47 miRNAs, and these miRNAs were involved in muscle development and lipid metabolism. Two shared DECs (circ_0030593 and circ_0032760) of these three stages were selected, their head-to-tail junction sites were validated by Sanger sequencing, and RT‒qPCR results suggested that these two DECs might be involved in intramuscular fat deposition. These findings provide a basis for understanding the role of circRNAs in meat quality.
Keywords: pig, circRNA, muscle development, lipid deposition, ceRNA
INTRODUCTION
Pork is the predominant source of dietary protein worldwide. At present, the pork production can largely meet market’s demand, and higher requirements for pork quality has been put forward. Compared with the Western commercial pig breeds, Chinese indigenous pig breeds generally exhibit better meat quality, including bright meat color, thin muscle fibers and high intramuscular fat content. The differences in meat quality traits between Chinese indigenous breeds and Western commercial breeds provide good material for studying the genetic differences in meat quality traits. Screening new regulatory factors for meat quality is of great economic value to genetically improve meat quality traits.
A muscle fiber is the smallest functional unit of skeletal muscle, and its thickness, density, type and intramuscular fat content all influence meat quality. Muscle development involves a complex set of cellular and developmental processes that is regulated by many genes, transcription factors, and noncoding RNAs. Some studies have compared the expression of mRNAs, miRNAs and lncRNAs in different pig breeds at different developmental stages. For example, Cai et al. compared transcriptomic differences in longissimus dorsi (LD) muscle between Mashen (MS) and Large White (LW) pigs at 0, 90 and 180 days after birth and found that growth genes were associated with a faster growth rate in LW, while genes related to fatty acid synthesis were associated with higher intramuscular fat deposition in MS (Cai et al., 2020). Zhao et al. compared transcriptome differences between Lantang (LT) and Landrace (LR) pigs from 35 days post conception (dpc) to 180 days post-natal (dpn), confirming that 49–77 dpc is critical for muscle phenotype formation and that GSK3B may be involved in later myogenesis in LR, with some myogenic inhibitors also potentially contributing to the slower muscle differentiation rate in LT (Zhao et al., 2011). He et al. compared the expression of miRNAs in LD muscle of MS and LW at 35 dpc and identified 87 differentially expressed miRNAs, which were enriched in muscle contraction, WNT, mTOR, and MAPK (He et al., 2017). Herein, our team preliminarily compared lncRNA expression differences in LD muscle between Huainan (HN) and LW pigs at 38, 58, and 78 dpc. The results suggested that the most active period of muscle development between these two breeds was different, being more active at 58 dpc in the HN and 78 dpc in the LW. LncRNAs also participated in earlier myogenesis, shorter proliferation and higher intramuscular fat (IMF) deposition in HN. The PI3K/Akt and cAMP pathways are associated with IMF deposition (Wang et al., 2020a).
Circular RNA, having a covalent closed-loop structure, was first observed by electron microscopy in 1976, and by 2012, a large number of circRNAs had been discovered using high-throughput sequencing technology. Recent studies have shown that circRNAs are involved in the regulation of meat traits, such as circTAF8 (Li et al., 2021a), circCCDC91 (Zhao et al., 2022), circUBE2Q2 (Zhao et al., 2022), and circSVIL (Yue et al., 2022), which are involved in muscle development, and circPPARA (Li et al., 2022a), circINSR (Shen et al., 2020), and circ-ATXN2 (Song et al., 2021), which are associated with lipid deposition. Porcine circMYLK4 was also identified as a regulator of fast/slow myofibers (Cao et al., 2022). These studies have determined the functions of some circRNAs in different species, but studies on porcine circRNAs are limited, with most of them only performing differential expression profiling analysis and ceRNA network construction. For example, Hong et al. analyzed circRNA expression profiles in LD muscle of Duroc pigs at 33, 65 and 90 dpc and found circRNAs with higher expression levels at 33 dpc (Hong et al., 2019). Li et al. compared circRNA expression in LD muscle of Ningxiang pigs at 30, 90, 150 and 210 dpn and found that differentially expressed circRNAs (DECs) were enriched in muscle development and fatty acid biosynthesis signaling pathways (Li et al., 2021b). Jin et al. compared the whole transcriptional profiles of 47 different skeletal muscles in adult pigs and identified 48,232 circRNAs, elucidating the molecular regulatory differences in energy metabolism and contractile properties of different skeletal muscle sites (Jin et al., 2021). Wang et al. screened 66 DECs in the LD muscle between adult HN and Duroc×(Landrace×Yorkshire) (DLY) pigs that are involved in myogenesis, lipogenic differentiation and flavor through Wnt, the transition between fast and slow fibers, and alanine, aspartate and glutamate metabolism pathways (Wang et al., 2019a). Li et al. compared the expression of circRNAs in the LD muscle of MS pigs and LW pigs at 1, 90 and 180 days of age and screened 327 DECs enriched in TGF-β, MAPK, FoxO and other signaling pathways related to skeletal muscle growth and fat deposition (Li et al., 2021c).
In most species, the number of muscle fibers becomes fixed during the embryonic period, making this time critical for meat quality. Previous studies have indicated that primary muscle fibers are formed from 30 to 60 dpc, while secondary muscle fibers are formed from 54 to 90 dpc. Studies on the effect of porcine circRNAs on muscle development have made comparisons between different stages in the same pig breed or between different breeds in one developmental stage or different developmental stages after birth. However, circRNA expression differences in the LD muscle between fatty and lean pigs at embryonic stages have not been reported. HN pigs, an excellent indigenous Chinese pig breed, were included in “The fine local livestock and poultry breeds record of Henan province” in 1986 and are famous for their heat resistance, roughage resistance, large litter size, and particularly high intramuscular fat content. To date, the effect of circRNAs on muscle development in the embryo stage of Huainan pigs has not been reported. Therefore, RNA sequencing technology and bioinformatics methods were first applied to identify DECs in LD muscle between HN pigs (Chinese indigenous breed, fat type) and LW pigs (Western commercial breed, lean type) at different embryonic developmental stages, and functional validation and regulatory mechanism analysis were performed for shared DECs at different stages. The results of this study provide fundamental material for studying the mechanisms of circRNAs in porcine muscle development.
MATERIALS AND METHODS
Experimental animals and tissue collection
All pigs were fed by Henan Xing Rui Agricultural and Animal Husbandry Technology Co., Ltd (Henan Province, China). Five HN and five LW sows in their second or third parity were selected and artificially inseminated with sperm from the same breed (with the same genetic background). At 38, 58, and 78 dpc, one sow from each breed was slaughtered following national and institutional guidelines for the ethical use and treatment of animals in experiments. At 38 dpc, it was difficult to identify female and male fetuses by appearance, so all of the fetuses were immediately removed from the uteri and used for sample collection. The sexes of these fetuses were identified by the SRY gene, and then three male and three female fetuses were selected for sequencing. At 58 and 78 dpc, three male and three female fetuses were selected by appearance and used for sample collection. For all fetuses, the LD muscle tissue was collected from the same area and snap frozen in liquid nitrogen until further use. Existences and expressional levels of identified circRNAs were detected between eleven different tissues from adult HN pigs, including the heart, liver, spleen, lung, kidney, gut, stomach, LD muscle, subcutaneous adipose, intramuscular adipose, and abdomen adipose. The LD muscles were sampled from forty Duroc × (Landrace × Yorkshire) adult pigs with high IMF (>6%) and forty with low IMF (<3%), separately, and then the differences of the circRNAs’ expression between the high IMF pigs and low IMF pigs were detected.
RNA isolation, quality control and library preparation
According to the manufacturer’s instructions, TRIzol reagent (Invitrogen Life Technologies, Carlsbad, United States) was used to isolate total RNA from LD muscle samples. For each stage of both breeds, one male RNA sample and one female RNA sample were mixed, and three mixed RNA samples were used for sequencing. A NanoDrop ND-1000 (Implen, Westlake Village, CA, United States), Agilent 2,100 Bioanalyzer (Agilent Technologies, United States) and denaturing agarose gel electrophoresis were used to test the purity, concentration and integrity, respectively, of the isolated RNA. Samples with high RNA integrity number (RIN) values (larger than eight) were used for library preparation. Ribosomal RNA was removed from the total RNA using the Ribozero™ rRNA Removal Kit (Epicenter, United States). Then, linear RNA was removed using an RNAse R kit (Epicenter, United States). The rRNA-free and linear RNA-free RNA was used to generate sequencing libraries with the NEBNext® Ultra™ Directional RNA Library Prep Kit (NEB, Ipswich, MA, United States).
CircRNA sequencing and circRNA identification
The Illumina HiSeqTM 2,500 platform (Novogene, Beijing, China) was used to sequence the generated libraries. TopHat2 software (v2.1.1) was used to map the clean data to the porcine reference genome (Sscrofa11.1). Find_circ algorithms (Rao et al., 2021) and CIRI2 (Gao et al., 2018) were used to identify circRNAs from the unmapped reads (read count ≥2). The expression levels of circRNAs are shown as transcripts per kilobase per million mapped reads (TPM). According to the mapping region to the annotated gene, circRNAs were classified as exonic, intronic, and intergenic circRNAs.
Principal component analysis and hierarchical clustering
PCA of circRNA expression profiles was conducted using the R packages FactoMineR and Facto Extra. Hierarchical clustering of circRNAs was generated using the R package heatmap.
Identification of DECs and analysis of their functional differences in circRNA expression
HN and LW animals at 38, 58, and 78 dpc were analyzed using the DEseq2 package (Love et al., 2014), and│log2foldchange│≥1 and padj ≤ 0.05 were used to identify DECs. DECs’ parental genes were subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses using the DAVID tool (http://david.abcc.ncifcrf.gov/), and p < 0.05 was considered significant.
DEC-miRNA network construction
MiRanda software (v3.3a) was used to predict potential binding sites of miRNA to DECs, as previously described (Wang et al., 2019b). The miRNAs were derived from the LD muscle between HN and LW at 38, 58, and 78 dpc, and these results have not been published before. Cytoscape (V3.2) software was used to visualize the potential DEC-miRNA regulatory network.
Reverse transcription quantitative PCR
According to the manufacturer’s instructions, the Prime Script RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) was used to convert total RNA to cDNA using random primers. A SYBR Green PCR kit (TaKaRa, Dalian, China) was used to perform qPCR. The outward-facing primers were used for circRNA identification. GAPDH was used as an internal control. All primers used for RT‒qPCR are shown in Table 1. Each qPCR experiment was performed in triplicate, and the fold-changes of circRNAs were calculated using the 2−△△Ct method (Xu et al., 2017).
TABLE 1 | Primers used for RT‒PCR.
[image: Table 1]Culture and differentiation of porcine intramuscular adipocytes
Following previously described methods (Chen et al., 2017), intramuscular adipocytes were isolated from porcine LD muscle and cultured in normal medium, defined here as DMEM/F12 supplemented with 10% FBS and antibiotics (100 IU/ml penicillin and 100 μg/ml streptomycin) at 37°C and 5% CO2 (Day 0, D0).
Differentiation was induced as follows: differentiation medium I (“normal medium” supplemented with 5 μg/ml insulin, 1 mM DEX, and 0.5 mM IBMX) was changed 48 h after 100% confluence (Day 2, D2). Two days later, differentiation medium II (“normal medium” supplemented with 5 μg/ml insulin) was changed (Day 4, D4). Two days later, the normal medium was changed (Day 6, D6).
CircRNA overexpression
Circ_0030593 was amplified to construct the pCD2.1-circ_0030593 overexpression vector (Geneseed, Guangzhou, China). When the intramuscular adipocytes reached 70%–80% confluence, the pCD2.1-circ_0030593 and pCD2.1 empty vectors were transfected using DharmaFect 2 (Dharmacon, Lafayette, CO, United States) at a final concentration of 7 μL/mL, and the medium was changed 12 h later. Overexpression efficiency was assessed 24 h after transfection. Four days (D4) and six days (D6) after differentiation, the cells were harvested for RT‒qPCR of several adipogenesis marker genes and Oil Red O staining.
Statistical analysis
The R statistical package (version 3.6.1) was used to analyze the data. The results are presented as the mean ± standard error, and a p-value <0.05 was considered statistically significant.
RESULTS
Basic features of CircRNAs
A total of 39,887 circRNAs were identified from 18 samples. The length of the circRNAs ranged from 150 to 98,866 nucleotides (nt), 30.87% of which were larger than 10,000 nt, and for circRNAs less than 10,000 nt, those with lengths of 200–500 comprised the highest percentage (Figure 1A). These circRNAs were distributed across all chromosomes, with chromosome one having the most circRNAs (4,255) and chromosome Y having the fewest circRNAs (only 18) (Figure 1B). Based on chromosome location, these circRNAs can be classified into exonic, intergenic and intronic circRNAs. In each sample at each stage in both breeds, the most circRNAs were located in intronic regions, and the fewest circRNAs were located in intergenic regions (Figure 1C).
[image: Figure 1]FIGURE 1 | The genomic features of novel circRNAs in LD muscle of HN and LW at different embryonic periods (A) Length distribution of novel circRNAs. (B) Chromosome distribution of novel circRNAs. (C) Classification of the novel circRNAs.
Differential expression of circRNA between HN and LW pigs
As shown by PCA (Figure 2A) and the heatmap (Figure 2B), the 18 samples clustered together at the same stage in the same breeds, and it is evident that the genetic relationship of three samples of HN78dpc are far away from other samples, followed by LW38dpc and H58dpc, while nine samples of LW58dpc, H38dpc, and LW78dpc were closer together. Comparing these two breeds, the number of DECs for the three stages were 60, 78 and 86, respectively, and in each stage, there were more downregulated DECs than upregulated DECs (Figures 2C–E). There were four shared DECs in all three stages: circ_0032738, circ_0010646, circ_0030593, and circ_0032760 (Figure 2F). Compared these four shared DECs with our previous results between HN and DLY, and it was found that the expressional difference of circ_0010646 and circ_0030593 between HN and DLY were also significantly, and both of these circRNAs showed lower expressional level in HN (Wang et al., 2019a).
[image: Figure 2]FIGURE 2 | Principal component analysis (PCA) plot (A) and heatmap (B) of all detected circRNAs from 18 samples. Volcano plots of differential circRNAs between HN and LW pigs at 38 dpc (C), 58 dpc (D), and 78 dpc (E). (F) Venn diagrams of DECs between HN and LW at different stages.
Functional enrichment analyses of DECs
The GO results indicated that at 38 dpc, the parent genes of DECs were mainly enriched in the transportation of folic acid, vitamins, and the location of mitochondria and muscle development-related pathways, such as adult heart development and myofibril assembly (Figure 3A). In 58 dpc, synthesis, metabolism, and regulation of lipoprotein were enriched, along with cholesterol transport, cell differentiation and Fas pathways (Figure 3B). At 78 dpc, the genes were mainly enriched in muscle development-related pathways, such as muscle filament sliding, myofibril assembly, actin filament-based process, muscle contraction, striated muscle cell development, muscle cell development, and striatal muscle contraction, in addition to the Fas pathway (Figure 3C).
[image: Figure 3]FIGURE 3 | GO enrichment analyses based on parent genes of differential circRNAs at 38 dpc (A), 58 dpc (B), and 78 dpc (C).
As shown in Figure 4, the KEGG results indicated that muscle development-related pathways were enriched in different stages, involving hypertrophic cardiomyopathy (HCM), cardiomyopathy (DCM), viral myocarditis dilation, adrenergic signaling in cardiomyocytes, and cardiac muscle contraction. Meanwhile, adipose differentiation- and lipid deposition-related pathways were also enriched, such as PI3K-Akt, cAMP, Wnt, type I diabetes mellitus, cholesterol metabolism, cGMP-PKG, sphingolipid metabolism, and the TCA cycle. In addition, muscle fiber type transition-related pathways were enriched, such as AMPK, Wnt, and thyroid hormone.
[image: Figure 4]FIGURE 4 | KEGG pathway analysis based on parent genes of differential circRNAs at 38 dpc (A), 58 dpc (B), and 78 dpc (C).
DEC-miRNA network construction
All DECs in the three stages in HN and LW pigs were subjected to interaction analysis with miRNA (Figure 5). A total of 38 DECs corresponding to 47 miRNAs were selected, and their interactions were made into a network with a total of 271 edges, of which miR-4331-3p corresponded to the most circRNAs (36 circRNAs), while circ_0035380 had the most target miRNAs (27 miRNAs).
[image: Figure 5]FIGURE 5 | The circRNA-miRNA network of all differentially regulated circRNAs between HN and LW at 38 dpc, 58 dpc, and 78 dpc. Circular nodes represent circRNAs; triangular nodes represent miRNAs.
Validation of cric_0030593 and circ_0032760
The junction sites of circ_0030593, circ_0025881, circ_0011630, circ_0028985, circ_0032760 and circ_0002895 were confirmed by PCR amplification and sequencing (Figure 6A). The RT‒PCR results revealed that these circRNA expression patterns were consistent with the RNA-seq results (Figures 6B–E). Two shared DECs were subjected to tissue expression profiling, and circ_0030593 was most highly expressed in intramuscular adipose and subcutaneous adipose tissues (Figure 7A). Circ_0032760 was most highly expressed in adipose tissues, with the highest concentration found in intermuscular adipose tissue, followed by muscle tissue (Figure 7A). It was found that both circRNAs showed highest expressional levels in intramuscular adipose tissue, indicating that these two DECs might play an important role in intramuscular fat deposition, so we firstly verified their regulation role in adipogenesis of porcine intramuscular adipocytes. To further evaluate the role of circ_0032760 and circ_0002895 in IMF deposition, a potential correlation with IMF content of LD muscle was examined in another cohort comprising 40 DLY pigs with high IMF and 40 with low IMF. The results revealed that circ_0030593 exhibited higher expression levels in the low IMF group than in the high IMF group (p < 0.01), but the expressional difference of circ_0032760 between these two groups was not significant (p > 0.05) (Figure 7B). Further overexpression of circ_0030593 in porcine primary intramuscular adipocytes, the expression of circ_0030593 was significantly upregulated, but the expression of its parental gene ZDHH7 was not affected (Figure 7C). And oil red O staining suggested that elevated expression of circ_0030593 had an inhibitory effect on lipid deposition (Figures 7D,E). The RT‒qPCR results suggested that upregulation of circ_0030593 inhibited lipogenic differentiation, and the expression of PPAR gamma, FABP4, AdipoQ, GLUT4 and ADD1 was downregulated (Figure 7F).
[image: Figure 6]FIGURE 6 | Validation of differently expressed circRNAs (A) The back-splicing junction sequence of circRNAs by sanger sequencing using the convergent primers. RNA sequecing (B,D) results and RT-qPCR results (C,E) of six differently expressed circRNAs between HN and LW at 58 dpc and 78 dpc.
[image: Figure 7]FIGURE 7 | Function validation of differently expressed circRNAs (A) The expression level of circ_0030593 and circ_0032760 in different tissues by RT-qPCR. (B) circ_0030593 and circ_0032760 expression in longissimus dorsi muscle from high IMF and low IMF pigs (C)The effect of pCD2.1-circ_0030593 on expression of circ_0030593 and its parent gene ZDHH7. Overexpression of circ_0030593 inhibited adipogenesis by Oil Red O staining (D), OD value (E) and RT-qPCR (F).
DISCUSSION
Pork is the most commonly consumed meat in the world, and pork production has largely met the demand. Currently, consumers are increasingly interested in meat quality, so screening for key regulatory factors related to meat quality has significant economic value. Many studies have identified meat quality-related circRNAs, such as those regulating myoblast proliferation and differentiation (circMYBPC1 (Chen et al., 2021), circ-FoxO3 (Li et al., 2019), and circEch1 (Huang et al., 2021)) and those regulating fat deposition (circINSR (Shen et al., 2020), circ-PLXNA1 (Wang et al., 2020b), and circPTK2 (Ding et al., 2021)). Most studies on porcine circRNAs have only performed differential expression analyses, such as screening DECs in LD muscle between obese and lean pigs at one developmental stage (Wang et al., 2019b; Li et al., 2021c; Li et al., 2022a) or screening DECs in different muscle fiber types (Li et al., 2020; Jin et al., 2021). In contrast, research about specific DECs’ molecular regulatory mechanisms is limited; however, it was reported that circTUT7 regulates HMG20B expression through miR-30a-3p and thus affects embryonic development of skeletal muscle (Hong et al., 2019). Furthermore, circPPARA promotes intramuscular adipogenesis via miR-429 and miR-200b (Li et al., 2022a). Therefore, this study compared circRNA expression in LD muscle between HN and LW pigs at different embryonic stages (38, 58, and 78 dpc) and performed functional enrichment and ceRNA regulatory network analysis of DECs. In addition, a preliminary analysis of the molecular regulatory mechanisms of shared DECs at different stages was performed. Considering the animal welfare and economic cost, in current study 3 litters were taken from the same sow, genetically unrelated litters could be sampled to further validate the conclusions in this study. But the results of the current study still provide some material for understanding the role of circRNAs in meat quality.
Most circRNAs regulate expression of their parental gene, which in turn affects related traits. Therefore, in this study, DECs’ parental genes were subjected to GO and KEGG analysis. Previous studies have shown that there are significant differences in embryonic muscle development between Chinese indigenous pig breeds and Western commercial breeds. Zhao et al. compared embryonic developmental differences in LD muscle between LT (obese) and LR (lean) breeds and found that the primary fibers emerged at 35 dpc and 49 dpc, respectively. At 49 dpc, secondary muscle fibers could be detected in both breeds, but at 91 dpc, LT had fewer muscle fiber numbers and smaller muscle fiber diameters (Zhao et al., 2011). Similarly, the number and density of myoblasts in TC were greater than those in YK pigs at 30 dpc (Zhao et al., 2015). These studies indicate that during the embryonic period, compared to Western commercial pig breeds, Chinese indigenous pig breeds exhibit earlier myogenesis, shorter proliferation, and consequently lower meat production. In the present study, many muscle development-related signaling pathways were enriched, with HCM and DCM being consistently upregulated in HN. The transcription and metabolism of folic acid were enriched at 38 dpc, and it was reported that folic acid is necessary for the proliferation and differentiation of myoblasts (Hwang et al., 2018). In contrast, the Wnt pathway, which promotes myogenic differentiation (Zhou et al., 2015), was significantly upregulated at both 38 and 58 dpc. These results are consistent with earlier myogenic differentiation and proliferation in Chinese indigenous pig breeds. Rap1 (Li et al., 2018), adhesion junctions (Ghosh et al., 2022), tight junctions (Kusch et al., 2009), ras (Tyurin-Kuzmin et al., 2020) and other signaling pathways associated with myoblast proliferation and muscle development were downregulated at 58 dpc and/or 78 dpc. These results suggest that at 58 dpc and 78 dpc, muscle development in the HN was less active than that in the LW, consistent with previous findings that Chinese indigenous pig breeds exhibit slower muscle development than Western commercial breeds during the later embryonic period (Zhao et al., 2011). This result is also consistent with our previous studies on lncRNAs (Wang et al., 2020a).
It has been reported that during the later embryonic development period, intramuscular fat deposition in Chinese indigenous pigs is different from that in Western commercial breeds (Zhao et al., 2015). In the present study, multiple pathways associated with adipose differentiation and lipid deposition were enriched at different stages, such as the cAMP pathway, which inhibits adipogenesis and promotes lipolysis (Liu et al., 2017), was upregulated at 38 dpc and downregulated at 78 dpc. The cGMP/PKG pathway, which promotes adipogenesis (Chen et al., 2007), displayed higher expression at 78 dpc. The estrogen pathway, which inhibits IMF deposition (Renaville et al., 2012), was downregulated at both 38 and 78 dpc. The Fas signaling pathway, which is involved in intramuscular fat deposition (Cui et al., 2012), was enriched at 58 and 78 dpc. Other pathways associated with lipid metabolism, such as type I diabetes mellitus, cholesterol metabolism, and sphingolipid metabolism, were upregulated in HN at different developmental periods. These results coincide with the higher IMF content in Chinese indigenous pig breeds.
Muscle fiber type also affects meat quality, such as meat color and tenderness (Lee et al., 2010). The proportion of muscle fiber types was found to be different between Chinese and Western commercial pig breeds (Kunej et al., 2005; Huang et al., 2016). In this research, AMPK exhibited lower expression in HN at 78 dpc, and Wnt displayed higher expression levels in HN at 38 and 58 dpc. Both of these pathways can promote a fast-to-slow fiber type shift (Tee et al., 2009; Liu et al., 2016). The thyroid hormone pathway, which affects muscle fiber type, was also enriched (Salvatore et al., 2014).
CircRNAs can also function as miRNA sponges. For example, circ-FoxO3 inhibits C2C12 myoblast cell differentiation by sponging miR-138-5p (Li et al., 2019). CircINSR inhibits preadipocyte adipogenesis by regulating Foxo 1 and EPT 1 via miR-15/16 (Shen et al., 2020). CircHIPK3 promotes the proliferation and differentiation of myoblasts by sponging miR-7 (Gao et al., 2021). CircFUT10 promotes adipocyte proliferation via the let-7-PPARGC1B (peroxisome proliferator-activated receptor γ coactivator 1-β) pathway (Jiang et al., 2020). In the current study, the DEC-miRNA network included 62 nodes (44 circRNAs and 16 miRNAs) and 141 edges, of which miR-370 had the most target circRNAs (23 circRNAs) and circ_0032738 had the most miRNA binding sites (12 miRNAs). Therefore, these DECs might participate in the regulation of meat quality by sponging these miRNAs.
To validate the RNA sequencing results, 6 circRNAs were confirmed by amplification with convergent primers. Expression of these circRNAs at the 58 dpc and 78 dpc stage was analyzed by RT‒qPCR, and the results were consistent with the sequencing results. To determine how these circRNAs regulate muscle development or fat deposition, two shared DECs (circ_0030593 and circ_0032760) were selected for functional verification. Both circRNAs showed the highest expression levels in intramuscular adipose tissue, indicating that these two DECs might play an important role in intramuscular fat deposition, so we first verified their regulatory role in the adipogenesis of porcine intramuscular adipocytes. The expression difference of circ_0030593 between the high and low IMF group was significant (p < 0.05), suggesting that circ_0030593 may have an inhibitory effect on intramuscular fat deposition. Further overexpression experiments in porcine primary intramuscular adipocytes confirmed that elevating circ_0030593 inhibited lipid deposition. However, the mechanism of circ_0030593 is still not entirely clear. Circ_0030593 contains binding sites for many miRNAs associated with adipogenesis and lipid deposition, such as the miRNAs promoting adipogenesis and lipid deposition (miR-574-5p (Li et al., 2022b), miR-326 (Feng et al., 2020), miR-296-5p (Cazanave et al., 2011), and miR-378 (Podkalicka et al., 2022)) and miRNAs inhibiting lipid deposition (miR-125a (Xu et al., 2018), miR-127 (Gao et al., 2019), miR-34a (Wang et al., 2020c), miR-199a-5p (Alexander et al., 2013; Shi et al., 2014), and miR-370 (Chu et al., 2021; Zhang et al., 2021)). Therefore, circ_0030593 may be involved in regulating lipid deposition and thereby affecting intramuscular fat deposition by binding these miRNAs, but the specific miRNA or miRNAs need to be verified using dual luciferase, RIP and ChIRP assays in future research.
In conclusion, circRNA expression differences in LD muscle between HN and LW pigs at different embryonic stages were compared, and a DEC-miRNA network was constructed. The results indicated that circRNAs participate in the regulation of embryonic muscle development differences between HN and LW by regulating myogenesis, proliferation, adipogenesis and muscle fiber transformation. We also identified a novel circRNAs circ_0030593, that showed the highest expression levels in intramuscular adipose tissue, and in primary intramuscular adipocytes, it inhibited lipid deposition. These results provide basic material for understanding the effect of circRNA on meat quality.
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Name Sequence (5-3") Size (bp)

circ_0030593 F: GTCCGAGGGCAGTGGACTGG 123
R: GGCTTGATGCAGCAGCACTT

circ_0011630 F: AATGGCATTTCCAGGAGGTT 123
R: TTGTCAGACTCCATGGTACTT

circ_0002895 F: GTGACATGGAGTCCATCATC 166
R: ATGACGAATTGAATTCTGCT

circ_0032760 F: CTGAACCACTGAGCGCTGAG 121
R: ACGGCGCAGAGGTCAAGAAG

circ_0025881 F: GCAAAACACACTCAGATGAT 126
R: CTTGTCCATTAATTCGTTCTTC

circ_0028985 F: CCATCGATATCCAGGTTGTTGAG 129
R: TCAGTGATGCCGTACTGGAA

PPAR gamma F: AGGACTACCAAAGTGCCATCAAA 142
R: GAGGCTTTATCCCCACAGACAC

FABP4 F: ATGAAAGAAGTGGGAGTGG 156
R: ATCAAATTCCTGGCCCAATT

AdipoQ F: CGATTGTCAGTGGATCTGACG 151
R: CAACAGTAGCATCCTGAGCCCT

GLUT4 F: TAAGACAAGATGCCGTCGGG 136
R: GAGAAGACGGCGAGGACAAG

ADD1 F: CGATTCGCCCCTGAGAACAC 129
R: CTGGGACCATTCAGCCTCTC

GAPDH F: ACCAGGTTGTGTCCTGTGAC 94
R: AGCTTGACGAAGTGGTCGTT
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