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Abstract

:

Studies of the gene and miRNA expression profiles associated with the postnatal late growth, development, and aging of skeletal muscle are lacking in sika deer. To understand the molecular mechanisms of the growth and development of sika deer skeletal muscle, we used de novo RNA sequencing (RNA-seq) and microRNA sequencing (miRNA-seq) analyses to determine the differentially expressed (DE) unigenes and miRNAs from skeletal muscle tissues at 1, 3, 5, and 10 years in sika deer. A total of 51,716 unigenes, 171 known miRNAs, and 60 novel miRNAs were identified based on four mRNA and small RNA libraries. A total of 2,044 unigenes and 11 miRNAs were differentially expressed between adolescence and juvenile sika deer, 1,946 unigenes and 4 miRNAs were differentially expressed between adult and adolescent sika deer, and 2,209 unigenes and 1 miRNAs were differentially expressed between aged and adult sika deer. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses showed that DE unigenes and miRNA were mainly related to energy and substance metabolism, processes that are closely associate with the growth, development, and aging of skeletal muscle. We also constructed mRNA–mRNA and miRNA–mRNA interaction networks related to the growth, development, and aging of skeletal muscle. The results show that mRNA (Myh1, Myh2, Myh7, ACTN3, etc.) and miRNAs (miR-133a, miR-133c, miR-192, miR-151-3p, etc.) may play important roles in muscle growth and development, and mRNA (WWP1, DEK, UCP3, FUS, etc.) and miRNAs (miR-17-5p, miR-378b, miR-199a-5p, miR-7, etc.) may have key roles in muscle aging. In this study, we determined the dynamic miRNA and unigenes transcriptome in muscle tissue for the first time in sika deer. The age-dependent miRNAs and unigenes identified will offer insights into the molecular mechanism underlying muscle development, growth, and maintenance and will also provide valuable information for sika deer genetic breeding.
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1. Introduction


Since the beginning of the 21st century, the popularity of deer farming has been increasing. In many areas, deer farming has become an alternative to traditional agriculture. Different countries have different purposes for deer farming. Asian countries such as China, Japan, and Korea preferred velvet antlers, but western countries preferred venison [1]. For example, New Zealand’s annual sales of venison were more than six times higher than velvet antlers [2]. Venison has the characteristics of high protein, low fat, digestibility, rich nutrition, delicious taste, and can even reduce the risk of cancer [3]. This high-quality venison meets the expectations of modern consumers for a healthy diet. However, the molecular mechanism of muscle growth and development in sika deer was unclear.



Muscle growth was not only crucial for providing meat for humans but was also central to the quality of human life through its involvement in several diseases [4]. Age-related changes in the composition of skeletal muscle were associated with functional limitation, disability, and metabolic disorders [5]. Changes in muscle damage and repair during aging can have serious consequences, leading to muscle inflammation and degeneration [6]. In order to better understand muscle growth, diseases, and gene expression patterns in thr muscle development of different age groups should be characterized in sika deer.



MicroRNAs (miRNAs) are endogenous, evolutionarily conserved, small non-coding RNAs. They are important in the epigenetic regulation of various biological processes of gene expression [7]. MiRNAs regulated gene expression by binding to the 3’ untranslated region (3’UTR) of target mRNAs, resulting in the cleavage or translational inhibition of mRNAs [8]. Therefore, identifying the target of microRNAs was essential to understanding their biological function. The growth and development of skeletal muscle was a complex process, in which miRNA played a crucial regulatory role. Muscle-specific miRNAs included miR-1, miR-133a/b, and miR-206, which were involved in myoblast proliferation and differentiation by regulating the expression of target genes, such as histone deacetylase 4, serum response factor, the myogenic differentiation family, and other myogenic transcriptional factors [9,10,11]. Other non-specific muscle miRNAs have also been involved in the regulation of muscle growth and development, such as miR-17, miR-19, miR-15b, miR-322, miR-208b, miR-26a, miR-30, miR-128a, miR-203a, miR-214, and miR-3906 [12,13,14,15]. For example, miR-26a promoted myoblast differentiation by regulating the expression of target genes Smad1 and Smad4 [16]. Both miR-3906 and miR-203a impaired fast muscle differentiation by targeting Homer-1b or Dmrt2a, respectively [17,18]. Skeletal muscle degenerated progressively, losing mass over time, also known as sarcopenia, which leads to reduced physical ability. During the aging process of skeletal muscle, miRNAs were also involved in regulation, such as Let-7, miR-29, miR-99, miR-100, miR-451, miRNA-144, miRNA-18a, mRNA-15a, and miRNA-181 [19,20,21]. For example, miRNA Let-7 family members Let-7b and Let-7e were increased significantly in the skeletal muscles of the elderly, which are involved in regulating the cell cycle (such as cellular proliferation and differentiation) of let-7 target genes [22]. Aging also altered the up-regulated expression of miR-451, miR-144, miR-18a, and miR-15a and the down-regulated expression of miR-181a/b in skeletal muscle from old rhesus monkeys [5]. Thus, changes in the expression of interrelated miRNAs and target genes play a decisive role in controlling age-related alterations in muscle mass and function. In recent years, Illumina sequencing technology has been increasingly used to identify potential key interactions between miRNAs and mRNAs in the development of skeletal muscle [23,24,25]. However, miRNA-mRNA regulatory networks associated with the muscle growth, development and aging of sika deer have not been studied.



In the current study, we integrated the miRNA–mRNA paired expression profiling of muscle to identify miRNAs and genes that were differentially expressed among different developmental stages in sika deer. The age-associated miRNA–mRNA regulatory network related to the muscle growth, development, and aging of sika deer was successfully constructed. The analysis of age-dependent miRNA–mRNA interactions throughout the life cycle of muscle development, growth, and maintenance provided new insights into the potential molecular mechanisms and pathways of sika deer genetic breeding.




2. Materials and Methods


2.1. Animals and Tissues Collection


In the present study, all the sika deer were conducted according to the guidelines established by Jilin Agricultural University. One-year-old (juvenile, Msc_1), three-year-old (adolescence, Msc_2), five-year-old (adult, Msc_3), and ten-year-old (aged, Msc_4) sika deer (three sika deer for each group) were fasted and the following day humanely slaughtered, and the longissimus dorsi muscles were collected. Fresh samples were snap-frozen in liquid nitrogen and then stored at −80 °C until RNA extraction. The processing of all the Sika Deer in the present study strictly followed the approved guidelines of Jilin Agricultural University of the ethics committee (20170321).




2.2. RNA Sequencing and Data Analysis


Total RNA was isolated from skeletal muscle samples using TRIzol reagent (Invitrogen, CA, USA). The quality, concentration, and integrity of RNA were checked using a nanodrop photometer and an agilent 2100 bioanalyzer. A total of 4 cDNA libraries were sequenced from the skeletal muscle of juvenile (Msc_1), adolescence (Msc_2), adult (Msc_3), and aged (Msc_4) groups (1 pool of n= 3 for each group). Illumina HiSeq2500 sequencing was carried out, which performs a high-throughput deep sequencing of the sika deer transcriptome. Construction of an mRNA library and sequencing were performed as we have previously described [26]. Prior to differential gene expression analysis, for each sequenced library, the read counts were adjusted by the edge R program package through one scaling normalized factor. A differential expression analysis of two samples was performed using the DEGseq (2010) R package. The p value was adjusted using q value [27]. q value < 0.005 and |log2(fold change)|>1 was set as the threshold for significantly differential expression.




2.3. Small RNA Sequencing and Data Analysis


Equivalent concentrations (1.5 μg) of the RNA of three individuals from skeletal muscle were pooled to construct RNA libraries using a TruSeq small RNA Sample Pre Kit for each developmental stage (Illumina, San Diego, CA, USA). A total of 4 RNA libraries were sequenced from the skeletal muscle of juvenile (Msc_1), adolescence (Msc_2), adult (Msc_3), and aged (Msc_4) groups (1 pool of n = 3 for each group). Briefly, fragments 16~35 nt in length were excised and purified from a PAGE gel, and adaptors were ligated to the 5’and 3’ends by T4 RNA ligase. After amplification by RT-PCR, the 140~160 bp PCR products were purified on an 8% polyacrylamide gel (100V, 80 min). The purified cDNA fragments preparations were sequenced on an Illumina Hiseq 2500 platform, and 50 bp single-end reads were generated after removing ploy-N, 3’and 5’adaptor contamination, containing ploy A or T or G or C, and fragments of less than 18 nt from raw data. The clean reads were compared to the Bos taurus reference sequence by Bowtie to annotate all known rRNA, tRNA, scRNA, snRNA, and snoRNA small RNA sequences. DE miRNAs were identified with qvalue<0.01 and |log2 (fold change)|>1 as the threshold.




2.4. miRNA–mRNA Interaction Network Construction


Predicting the target unigene of DE miRNA was performed by miRanda. These target unigenes were then compared to transcriptome data. The Pearson correlation coefficients between DE-miRNAs and DE-mRNAs were further calculated. Only when the expression pattern of the target unigene was contrary to its corresponding miRNA can it be used as a candidate target unigene for differentially expressed (DE) miRNA. Finally, the miRNA–mRNA interaction networks were draw by the Cytoscape 3.1.0 (http://www.cytoscape.org/).




2.5. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analyses


To further understand the biological and metabolic pathways of the DE unigenes and the miRNA target unigenes, GO analysis (http://geneontology.org) and KEGG analysis (www.genome.jp/kegg) were performed with the DAVID Bioinformatics Resources v6.7 (http://david.abcc.ncifcrf.gov/). A GO biology process and KEGG pathway analysis were conducted based on the whole Bos taurus annotation as the background gene set. Fisher’s exact test was used to define significant GO and KEGG as having a p-value less than 0.05.




2.6. Real-Time qPCR Validation of Differentially Expressed Unigenes and miRNAs


Total RNA was isolated from skeletal muscle samples by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then, cDNA was synthesized by a reverse-transcription Kit (Takara, Kyoto, Japan). Real-time qPCR reactions were performed using SYBR Premix Ex TaqTM II (Takara, Japan) and were detected in the ABI Prism 7900 Sequence Detection System (Ambion, Austin, TX, USA). GAPDH was used as an endogenous control for mRNA, and U6 snRNA was used as an exogenous control for miRNA. Each reaction was run in triplicate. All experimental data were analyzed using the 2−∆∆CT method.




2.7. Supporting Data Information


The raw transcriptome and miRNA data from this study have been submitted to the NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE142980).





3. Results


3.1. Overview of the Transcriptome and the miRNAome


We obtained a total of 26,956,235, 27,853,896, 26,945,504, 26,562,256 raw reads were generated from Msc_1, Msc_2, Msc_3, and Msc_4 groups, respectively, by mRNA sequencing. After removing adaptors, contamination, and low-quality reads, 25,871,143, 26,752,746, 26,674,673, 26,137,950 clean reads were obtained (Table S1). A total of 37,262, 37,192, 34,803, 36,565 unigenes, which FPKM > 0.3, were obtained (Table S2). A total of 23,083 of these unigenes were co-expressed in four development stage. In our previous studies, this data was used as part of the whole body of sika deer transcriptome analysis but did not submit raw data of skeletal muscle or conduct an in-depth analysis [26].



To decipher the characteristics of miRNAs in skeletal muscle among different developmental stages in sika deer, a total of 14,103,998, 10,521,312, 11,544,954, 11,138,451 reads were obtained from the four developmental stages, respectively, by small RNA sequencing. After quality filtering and the removal of contaminant and adaptor reads, 13,828,764 (98.05%), 10,369,882 (98.56%), 11,356,719 (98.37%), 10,910,592 (97.95%) clean reads were obtained, respectively (Table S3). Since the genome of the sika deer has not been sufficiently characterized, we can only refer to the bovine genome database. About 200,240, 168,806, 115,410, 128,106 clean reads were unique small RNA mapping of the bovine reference genome (Table S4). After removing rRNAs, tRNAs, snRNAs, snoRNAs, and other small RNAs that were matched, a total of 928, 808, 743, 855 unique small RNAs were obtained (Table S5). The length distribution of small RNA reads were between 20–24 nt, and read counts with 22 nt were the highest (Figure S1). A total of 171 known miRNAs were identified, including 142, 137, 122 and 138, that were expressed, respectively, in the four developmental stages of sika deer, a nd a total of 60 novel miRNAs were predicted (Table S6).




3.2. DE Unigenes, GO and KEGG Analysis


The molecular mechanisms and pathways regulating the skeletal muscle growth, development, and aging of sika deer were related to the age-dependent regulation of abundance of unigenes. In our study, a total of 51716 unigenes were detected in the skeletal muscle of Msc_1, Msc_2, Msc_3, and Msc_4 groups (FPKM > 0.3). Of the 4921 DE unigenes, 1017 up-regulated and 1027 down-regulated unigenes in the Msc_2 vs. Msc_1 group, 916 up-regulated and 1030 down-regulated unigenes in the Msc_3 vs. Msc_2 group, 1035 up-regulated and 1181 down-regulated unigenes in the Msc_3 vs. Msc_1 group, 1135 up-regulated and 1074 down-regulated unigenes in the Msc_4 vs. Msc_3 group, 1019 up-regulated and 1099 down-regulated unigenes in the Msc_4 vs. Msc_2 group, and 1234 up-regulated and 1308 down-regulated unigenes in the Msc_4 vs. Msc_1 group with a criteria of at least a 2-fold change and a q value less than 0.005 (Figure 1A, Table S7).



GO biological processes were analyzed using the DAVID Gene Ontology database (P < 0.05, Table S8). In the Msc_2 vs. Msc_1 group, the DE unigenes were mainly involved in cell movement, such as cell migration, the regulation of cell adhesion, the regulation of cell migration, the regulation of cellular component movement, the regulation of cell motility, and cell adhesion. In the Msc_3 vs. Msc_2 group and the Msc_4 vs. Msc_3 group, the DE unigenes were mainly related to energy and substance metabolism, such as the ATP metabolic process, the purine nucleoside triphosphate metabolic process, the ribonucleoside triphosphate metabolic process, the purine ribonucleoside triphosphate metabolic process, and the nucleoside triphosphate metabolic process (Table S8). Figure S2 shows the top 20 GO categories in each group. By contrast, the KEGG pathway enrichment did not show the significant differences between these comparisons. These pathways were mainly related to energy and substance metabolism, such as Oxidative phosphorylation, Pyruvate metabolism, Glycolysis/Gluconeogenesis, and so on (Table S9). Figure S3 shows the top 20 enriched KEGG pathways in each group.




3.3. DE Unigenes Regulatory Network Analysis


By constructing networks of DE unigenes, 302 (145 up-regulated and 157 down-regulated), 279 (137 up-regulated and 142 down-regulated), and 297 (149 up-regulated and 148 down-regulated) mRNA–mRNA pairs were identified in the Msc_2 vs. Msc_1, Msc_3 vs. Msc_2, Msc_4 vs. Msc_3 comparisons, respectively (Table S10). To identify the functions of networks of DE unigenes and their potential network connections, we used DAVID to determine which unigene networks were enriched in. For the Msc_2 vs. Msc_1 comparison, the top gene–gene interaction network was found to be involved in the PI3K-Akt signaling pathway, the regulation of actin cytoskeleton, and the actin binding (Figure 2A, Table 1). Amongst them, the actin binding was one of the important pathways in this network. A total of 7 target genes of DE unigenes were members of this network, including PFN2, MYH1, MYH2, MYH7, ACTN2, ACTN3, and TMOD1 (Table 1). For the Msc_3 vs. Msc_2 contrast, the top gene network was found to be involved in the regulation of actin cytoskeleton, the cAMP signaling pathway, and focal adhesion. The analysis showed significant differences belonging to regulation of actin cytoskeleton pathway in both the Msc_2 vs. Msc_1 group and the Msc_3 vs. Msc_2 group. The ITGB1 and ACTG1 was the core of this network of DE unigenes (Figure 2B, Table 1). Finally, for the Msc_4 vs. Msc_3 comparison, the top gene network was found to be involved in viral carcinogenesis, the cAMP signaling pathway, the calcium signaling pathway (Figure 2C, Table 1), and especially the calcium signaling pathway, including CALM, PHKG1, PHKB, PHKA1, CAMK2D, MYLK2, NOS3, PPP3CA, and CAMK2A. The CALM was the core of this network of 20 DE unigenes (Table 1).




3.4. DE miRNAs, GO, and KEGG Analysis


Statistical analysis of the expression levels of known miRNAs over the lifespan of muscle development was performed. Among the 171 miRNAs, 105 miRNAs were co-expressed in four development stages. A total of 17 miRNAs were expressed only in three development stages, and 19 miRNAs were expressed only in two development stages. In addition, 11, 6, 3, and 10 miRNAs were expressed specifically in the juvenile, adolescent, adult, and aged stage, respectively (Table S11). We also found many differences in the abundances of the different miRNAs. The top 20 most abundant miRNAs of all the development stages were as follows: bta-miR-1, bta-miR-378, bta-miR-133a, bta-miR-26a, bta-miR-26c, bta-miR-378c, bta-miR-199a-3p, bta-miR-3604, bta-miR-486, bta-let-7b, bta-miR-3596, bta-miR-30c, bta-miR-199a-5p, bta-miR-145, bta-miR-133b, bta-miR-7, bta-miR-2898, bta-miR-22-3p, bta-miR-3600, and bta-let-7c (Table S11).



To generate DE miRNAs during sika deer muscle development, we detected the level of miRNAs expression patterns at the juvenile, adolescent, adult, and aged stages (Table S12). There were 7 up-regulated and 4 down-regulated miRNAs in the Msc_2 vs. Msc_1 group, 3 up-regulated and 1 down-regulated miRNAs in the Msc_3 vs. Msc_2 group, 9 up-regulated and 5 down-regulated miRNA in the Msc_3 vs. Msc_1 group, 0 up-regulated and 1 down-regulated miRNA in the Msc_4 vs. Msc_3 group, 5 up-regulated and 3 down-regulated miRNA in the Msc_4 vs. Msc_2 group, and 8 up-regulated and 8 down-regulated miRNA in the Msc_4 vs. Msc_1 group (Figure 1B). A hierarchical clustering of each group of DE miRNAs was performed (Figure 3). Meanwhile, a K-means clustering of DE miRNAs showed that the 24 DE miRNAs were divided into five subclusters based on their expression patterns (Figure 4). The expression levels of miRNAs such as miR-133a, miR-133b, miR-145, miR-22-3p, miR-22-5p (Figure 4A), miR-133c, miR-17-5p (Figure 4B), and miR-196a, miR-196b (Figure 4D) increased gradually after adolescence. By contrast, the expression levels of other miRNAs such as miR-151-3p, miR-192, miR-199a-5p, miR-26a, miR-7 (Figure 4C), miR-409a, miR-409b (Figure 4E) decreased significantly. The results suggest that different expression patterns of miRNAs may be closely related to the growth and aging of skeletal muscle.



In total, 11, 4, and 1 miRNAs and 212, 120, and 91 target mRNAs were found form the Msc_2 vs. Msc_1, Msc_3 vs. Msc_2, Msc_4 vs. Msc_3 comparisons, respectively. To further investigate the functional clusters to which these DE miRNAs belonged, GO and KEGG analyses were performed for their target genes. The GO analysis showed that the top 20 GO terms of biological process, cellular component, and molecular function enriched the combinations of Msc_2 vs. Msc_1, Msc_3 vs. Msc_2, and Msc_4 vs. Msc_3, and we found that the only one significant GO in Msc_3 vs. Msc_2 (oxidoreductase activity). The biological process categories were mainly in the metabolic process, substance synthesis, energy synthesis in Msc_2 vs. Msc_1 and Msc_4 vs. Msc_3. Only in Msc_4 vs. Msc_3 did the significant cellular component categories corresponding to miRNAs include actin cytoskeleton, an intermediate filament cytoskeleton, and an extrinsic component of membrane (Figure S4). By contrast, the KEGG pathway enrichment did not show the significant differences among these comparisons. These pathways were mainly related to substance metabolism and nutrient accumulation, such as Glycolysis/Gluconeogenesis, Citrate cycle (TCA cycle), Pyruvate metabolism, and so on (Figure S5). Interestingly, each group of comparisons are all connected to the factors affecting the regulation of blood glucose, such as the Insulin signaling pathway, Insulin resistance, the Glucagon signaling pathway, Type II diabetes mellitus, and Type I diabetes mellitus.




3.5. miRNA–mRNA Interaction Analysis


The regulation process needs to be further studied in order to use miRNAs as new targets for elucidating the mechanisms over the lifespan of muscle development, growth, and maintenance in sika deer. MiRNAs negatively regulate targeted gene expression at the post-transcriptional level by translational repression or by silencing its targeted genes. DE unigenes and DE miRNAs between the different development stages were selected for target prediction and correlation analysis. We focused on the 13 miRNAs related closely to muscle development and aging (Table 2). The results show that 502 miRNA–mRNA pairs associated with muscle development and 253 miRNA–mRNA pairs associated with muscle aging had negative relationships (Figure 5, Figure 6). During muscle development, miRNAs such as miR-133c, miR-22-3p, miR-17-5p, miR-378b, miR-133a, miR-133b, and miR-186 were at the core of the miRNA–mRNA network and were up-regulated, which related to muscle development via more than two potential target genes (Figure 5A). Among them, the important hub genes Myh1, Myh7, Myl1, and DEK, which related to muscle development, were targeted by miR-133a and miR-133c miRNAs. On the contrary, miR-192, miR-199a-5p, and miR-151-3p were down-regulated and targeted Myh2, CFL2, ACTN3, DCN, TPM3, and OGT related to muscle development (Figure 5B). Similarly, during muscle aging, miRNAs such as miR-17-5p and miR-378b were up-regulated and targeted WWP1, DEK, DHCR24, PTTG, and HSPA9 related to muscle aging (Figure 6A). On the contrary, miRNAs such as miR-199a-5p and miR-7 were down-regulated and targeted UCP3, FUS, CAV1, RAB6A, and TOM1 related to muscle aging (Figure 6B). The results show that these miRNAs and their potential target genes may have important roles in muscle development and aging in sika deer.




3.6. Validation of mRNA-seq and miRNA-seq Data


To validate the differential expression of unigenes and miRNA, 9 unigenes and 9 miRNAs were selected for qRT-PCR analysis. As the age increases, the expression of mRNAs (CALM1, COL4A1, COL6A1, ITGB1, LAMB1, RAC1, MYL12A, MYLK2, and PXN) showed significant differences between four groups (Figure 7). Similarly, as the age increases, the expression of miRNAs (miR-133a, miR-133c, miR-17-5p, miR-22-3p, miR-378b, miR-192, miR-151-3p, miR-199a-5p, and miR-7) showed significant differences between four groups (Figure 8). The vertical axis indicates the normalized unigenes and miRNAs expression level for each stage. For each unigene, the expression level and sequencing abundance in Msc_1 were given as a negative control and were set at 1. Therefore, the qRT-PCR analyses largely confirmed the results of mRNA-seq and miRNA-seq data. The expression levels of these mRNAs and miRNAs determined by qRT-PCR were consistent with mRNA-seq and the miRNA-seq data, which validated their accuracy.





4. Discussion


In recent years, deep sequencing has been used to identify the interaction between mRNA and miRNA by determining the negative expression correlation between miRNA and target mRNA. In this study, we identified the expression patterns of mRNAs and miRNAs among different developmental stages in sika deer skeletal muscle. We obtained a total of 25,871,143 (juvenile), 26,752,746 (adolescence), 26,674,673 (adult), and 26,137,950 (aged) clean reads from mRNA-seq, and 13,828,764 (juvenile), 10,369,882 (adolescence), 11,356,719 (adult), and 10,910,592 (aged) clean reads from miRNA-seq. This result was very important for the quantitative analysis of unigene and miRNA expression. We also obtained some low-read data, indicating that low-abundance unigenes and miRNAs can also be detected and quantified for subsequent analysis.



We identified 4,921 DE unigenes from the muscles of sika deer in the Msc_2 vs. Msc_1, Msc_3 vs. Msc_2, Msc_4 vs. Msc_3 groups. In the Msc_2 vs. Msc_1 group, the DE unigenes were mainly involved in cell movement. In the Msc_3 vs. Msc_2 group and the Msc_4 vs. Msc_3 group, the DE unigenes were mainly related to energy and substance metabolism. By contrast, the KEGG pathway enrichment did not show the significant differences among these comparisons. These pathways were mainly related to energy and substance metabolism. Therefore, DE unigenes corresponded to three key functions/pathways, which are related to energy metabolism, substance metabolism, and cell movement. These key functions/pathways were probably the most important three key factors to regulate muscle growth and aging.



The DE unigenes network obtained in our study revealed the regulatory relationship of genes after transcription. For the Msc_2 vs. Msc_1 comparison, the top gene–gene interaction network was found to be involved in the PI3K-Akt signaling pathway, the regulation of actin cytoskeleton, and actin binding. Among them, the actin binding signal pathway played an important role in the initial assembly, growth, and maintenance of sarcomeres [28]. In our study, the most significant differential expression of unigenes critical for actin binding, such as MYH1, MYH2, MYH7, and ACTN3, was observed. PI3K-Akt was also an important regulatory pathway for the growth and development of skeletal muscle, for example, it was closely related to the proliferation and differentiation of skeletal muscle, muscle hypertrophy, etc. [29,30]. In addition, the analysis showed significant differences belonging to the regulation of the actin cytoskeleton pathway in both the Msc_2 vs. Msc_1 group and the Msc_3 vs. Msc_2 group. ACTG1, ACTN2, and ACTN3, the most significant differential expression of unigenes critical for the regulation of actin cytoskeleton pathway was observed. Actin and actin-related proteins have been shown to control various cellular processes, including cell volume changes, cell size, and motility [31]. For the Msc_4 vs. Msc_3 comparison, the top gene–gene interaction network was found to be involved in the cAMP signaling pathway, the Calcium signaling pathway, and Viral carcinogenesis. Among them, the cAMP signaling pathway and the Calcium signaling pathway were important regulatory pathways for the aging [32,33]. In CALM, CAMK2A, and CAMK2D, the most significant differential expression of unigenes critical for the cAMP signaling pathway and the Calcium signaling pathway was observed. CALM has been known to play an important role in the aging process by regulating calcium in cells [34]. In summary, through genes regulatory network analysis, we had obtained the core regulatory unigenes that were important for sika deer muscle growth, development, and aging, such as MYH1, MYH2, MYH7, ACTN3, ACTG1, ACTN2, and CALM.



Mammalian skeletal muscle development has been confirmed to be regulated by many miRNAs. However, many of the miRNAs involved are still unknown. In this study, a total of 171 known miRNAs and 60 novel miRNAs and were identified and predicted. So far, there are no such complete reports on deer muscle miRNAs, so our findings will enrich what we know about miRNAs related to muscle growth, development, and aging. The expression level of miRNAs had obvious temporal characteristics. In this study, 105 of 171 miRNAs were co-expressed in four development stages, but these miRNAs were sequenced at variable frequencies from the adolescent to aged stage. The expression level of miRNAs also showed distinct developmental stage specificity. We found that some specific miRNAs were expressed at specific stages. Thus, miRNAs such as miR-23a, miR-199b, miR-381, and so on were expressed specifically in the juvenile stage; miR-1277, miR-1307, miR-2334, and so on were expressed specifically in the adolescent stage; miR-10b, miR-191, and miR-362-3p were expressed specifically in the adult stage; and miR-27a-3p, miR-29b, miR-30d, and so on were expressed specifically in the aged stage. These development stage-specific miRNAs were expressed at very low levels, but some, such as miR-199b, miR-23a, miR-381, and miR-27a-3p, were closely related to growth and development [23,35,36,37]; miR-191 and miR-29b were closely related to aging [38,39]. This result indicates that miRNAs with development-stage specificity might play an important role in the muscle development and aging of sika deer.



In addition, the expression level of some miRNAs was high during the muscle development of sika deer. In this study, miR-1, miR-378, miR-133a, and many miRNAs (e.g., miR-26a, miR-26c, miR-378c, miR-199a-3p, etc.) were the most abundant miRNAs in sika deer skeletal muscle. Several studies have reported transcriptome and miRNAome analyses in the skeletal muscles of ruminants. In a study by Sun et al., miRNA-206, miRNA-1, miRNA-133, miRNA-12, and miRNA-17 were the most abundant miRNAs in the skeletal muscles of bos taurus [40]. In a study by Sheng et al., miR-1, miR-133, miR-181a, and miR-206 were the most abundant miRNAs in the skeletal muscles of ovis aries [41]. This result suggested that there were significant differences in the abundance of miRNA expression in skeletal muscle between different ruminants. Due to the lack of analysis on the expression of miRNAs in different tissues of sika deer, miRNAs specifically expressed in muscle could not be determined in sika deer.



This study provided valuable mRNAs and miRNAs of sika deer muscles for the first time, allowing us to understand the molecular mechanism of sika deer muscle development more comprehensively.



A total of 24 miRNAs were identified to be differentially expressed at different stages of development. For example, the expression level of miRNAs such as miR-133a, miR-133b, miR-186, and miR-22-3p, which were associated with muscle growth and development, decreased gradually. On the contrary, the expression level of miRNAs related to aging, such as miR-199a-5p and miR-7, increased significantly. The result indicates that the miRNAs characterized by temporal or differential expression were closely related to muscle growth, development, and aging.



We identified 16 DE miRNAs and 423 target genes from sika deer muscles in the Msc_2 vs. Msc_1, Msc_3 vs. Msc_2, and Msc_4 vs. Msc_3 groups. In order to investigate how these DE miRNAs regulate muscle growth, development, and aging, through their interaction with target genes, GO and KEGG analyses were performed for the 423 target genes. These target genes corresponded to the key GO functions, which were mainly in the metabolic process, substance synthesis, and energy synthesis in Msc_2 vs. Msc_1. It was speculated that this result was related to the rapid growth of muscle from juveniles to adolescents, which requires a lot of energy and completes the metabolic process. Then, there was no significant difference in Msc_3 vs. Msc_2. This showed little change in muscle growth and aging from adolescence to adulthood. Only in Msc_4 vs. Msc_3, in addition to the metabolism process and energy synthesis, was there also important GO enrichment, such as actin cytoskeleton and intermediate filament cytoskeleton. This result suggested that the aging process of muscle was involved the changes of energy, metabolism, and skeletal muscle. It can be seen that DE miRNAs regulate the growth, development, and aging of muscles by controlling these biological functions of target genes in sika deer. By contrast, the KEGG pathway enrichment did not show the significant differences among these comparisons. These pathways were mainly related to substance metabolism and nutrient accumulation. Therefore, we speculated that DE miRNAs’ regulation of muscle growth and aging in sika deer was the utilization of pathways related to metabolism and nutrient accumulation.



In vivo, miRNAs regulated various biological processes in the network through their target genes. We constructed the miRNA–mRNA network related to muscle growth and development in sika deer. In the network, miR-133c, miR-22-3p, miR-17-5p, miR-378b, miR-133a, miR-133b, and miR-186 were at the core of the miRNA-mRNA network and were up-regulated, which related to muscle development via target genes. The target genes, comprising Myh1, Myh2, Myh7, My11, and DEK, were the key nodes in the network. Among these node genes, the Myosin heavy chain (MyHC) had four isoforms, which were namely Myh1, Myh2, Myh4, and Myh7 [42]. These MyHC isoforms were expressed during the life cycle of skeletal muscle development, which influenced the contraction–relaxation activity in skeletal muscles and were involved in the formation of the cytoskeleton and determining muscle composition [43]. Myh1 was important for the fast-twitch muscle fibers, Myh7 contributed to the slow-twitch muscle fibers, while Myh2 acted as an intermediator between Myh1 and Myh7 [44,45]. Myh1, Myh2, and Myh7 were the signature genes of myoblast differentiation [46]. Our data displayed that the up-regulated expression of miR-133a inhibited the expression of two potential target genes (Myh1 and Myh7) with age. On the contrary, the down-regulated expression of miR-192 promoted the expression Myh2 with age. Therefore, it was speculated that miR-133a and miR-192 were implicated in muscle fiber types, characteristics and myoblast differentiation by affecting the expression of Myh1, Myh2 and Myh7 in sika deer. Another important node gene, Myl1, was an early marker of differentiating fast muscle, and its transcript levels declined with development in post-somitogenic stages [47,48]. The knockdown of Myl1 has been confirmed to cause impairment in chicken myoblast/myotube cultures [49]. It can also lead to significantly reduced motility the and gross impairment of myofibre organization in zebrafish [47]. This suggests that MYL1was critical for muscle function. In our study, the up-regulated expression of miR-133c inhibited the expression of the target gene Myl1 with age. In addition, DEK highly induced satellite cell activation and proliferated the expansion of the transit-amplifying myogenic progenitors [50]. Our results suggest that up-regulation of miR-133c in actively maintaining the quiescent state of an adult stem-cell population by inhibiting the expression of the target gene DEK.



In the network, miR-192, miR-199a-5p, miR-151-3p, and miR-151-3p were at the core of the miRNA–mRNA network and were down-regulated, which related to muscle development via target genes. The target genes, comprising CFL2, ACTN3, DCN, and OGT, were the key nodes in the network. Among these node genes, CFL2, as a member of the cofilin family, was predominantly expressed in skeletal and cardiac muscles. CFL2 localized between Z-discs in myofibrils, which affected cell proliferation, apoptosis, migration, and invasion by regulating actin filaments [51]. In addition, the expression of four MyHC isoforms in undifferentiated myoblast cells with CFL2 RNAi was found to be significantly decreased compared with that in differentiated myoblast cells [52]. Our result indicated that the down-regulated expression of miR-192 may be involved in the regulation of MyHC via the up-regulated expression of CFL2. ACTN3, as the main component of the skeletal muscle Z-discs, was expressed only in fast muscle [53]. As ACTN3 controlled the proportion of fiber types, it was considered one of the main genetic factors determining muscle strength [54]. In addition, ACTN3 function was related to the regulation of muscle structure, muscle contraction, cell metabolism, and calcium pathway [55,56,57]. Our result indicates that the down-regulated expression of miR-199a-5p may be involved in the regulation of muscle strength via the up-regulated expression of ACTN3. DCN promoted muscle fiber hypertrophy by competitively binding to myostatin [58]. DCN could also regulate muscle growth and development by inhibiting the activity of IGF1R and activating AKT [59]. Our result indicates that the down-regulated expression of miR-151-3p may promote the proliferation and differentiation of skeletal muscle cells by up regulating the expression of DCN. A previous study demonstrated that OGT might regulate nutrient-sensitive intracellular processes that mediate cellular metabolism, growth, proliferation, and/or tissue function in skeletal muscle [60,61]. It could be seen that the DE miRNAs mentioned above might regulate the muscle growth and development through their target genes.



In the network, miR-17-5p and miR-378b were at the core of the miRNA–mRNA network and were up-regulated, which related to muscle aging via the target genes. It has been reported that the overexpression of miR-378 significantly reduced the skeletal muscle mass in mice. Mir-378 attenuated muscle regeneration by delaying the activation and differentiation of satellite cells in mice, especially in sarcopenia [62]. However, there were relatively few studies on target genes for miR-378 to regulate myopenia. In this study, the overexpression of miR-378 in the muscle of the aged sika deer was likely to be closely related to myopenia. The target genes, comprising WWP1, DEK, DHCR24, PTTG, and HSPA9, were the key nodes in the network. The reduction of wwp-1 by RNAi completely suppresses the extended longevity of Caenorhabditis elegans, highlighting its important role in aging [63]. Subsequently, it was found that WWP1 mutation could shorten the lifespan of Caenorhabditis elegans through its participation in the insulin/IGF-1 signaling network [64]. Moreover, the overexpression of the WWP1 delayed senescence in human fibroblasts through inhibited the replicative senescence induced by p27Kip1 by promoting p27Kip1 degradation [65]. DEK as proto-oncogene may have senescence inhibitory function [66]. It has been confirmed in the cervical cancer cell that the expression of DEK was down-regulated, which could promote cell aging, while the exogenous overexpression of DEK could prolong cell life [67]. It was later confirmed that DEK can prolong the life of keratinocytes by acting on the p53 pathway [68]. DHCR24, as an enzyme that metabolizes desmosol to cholesterol, was closely related to aging diseases such as Alzheimer’s disease. It has been reported that the activity of the gene coding for the enzyme DHCR24 was selectively reduced in the affected areas of the brain in Alzheimer’s disease [69]. Chesnokova et al. found that PTTG deletion in pituitary cells triggered the p53/p21 aging signal pathway and then induced a DNA damage checkpoint response, which lead to aging and prevented tumor occurrence and malignant transformation [70]. The overexpression of HSPA9 in normal cells could effectively prolong cell life, while the inhibition of HSPA9 expression in tumor cells could lead to senescence or apoptosis of tumor cells [71].



In the network, miR-199a-5p and miR-7 were at the core of the miRNA–mRNA network and were down-regulated, which related to muscle aging via target genes. The target genes, comprising UCP3, FUS, CAV1, NCL, and TOM1, were the key nodes in the network. Sarcopenia was measured through the reduction of hand grip strength. Studies have found that genetic polymorphisms in the UCP3 gene were suggested to be associated with hand grip performances in the elderly population’s skeletal muscle. This suggested that the uncoupling process was related to muscle metabolism/catabolism in the elderly [72,73]. In addition, there was evidence that UCP2, UCP3, and UCP4 affect the individual’s chances of surviving up to a very old age. It was confirmed that the uncoupling pathway as a human candidate pathway was related to longevity [74]. FUS was a prion like protein. Previous studies have shown that FUS plays an important role in age-related diseases, such as neurodegenerative diseases, by forming liquid compartments at sites of DNA damage and in the cytoplasm upon stress in cell [75]. CAV1 expression was significantly increased during aging and was directly bound to Toll-like receptor 5 to induce aging-related signaling and the production of proinflammatory cytokines. Inhibiting the expression of CAV1 could improve the activity of senescent cells, and further exert the effects of anti-oxidative damage and anti-aging [76]. NCL played an important role in cell senescence, mainly through the interaction with TERT to participate in the dynamic localization of telomerase complex in cells [77]. TOM1 was a lysosomal-related gene, which was highly expressed in cell senescence. It was found that the expression of the TOM1 gene can promote the expression of p16 and p21, thus accelerating cell aging. On the contrary, inhibition of the TOM1 gene expression slowed down cell aging [78]. In view of this, the interactive networks mentioned above reflect the complexity of the post-transcriptional regulation of muscle aging in sika deer. A few miRNAs may play a key role in this process, while most miRNAs maintain the stability of the regulatory network.




5. Conclusions


In the present study, we comprehensively analyzed the changes in the mRNA and miRNA profiles of skeletal muscle at 1, 3, 5, and 10-years in sika deer, which shows the distinct phenotypes of muscle growth, development, and aging. From these data, we identified unigenes and miRNAs that were differentially expressed among the different development stages. DE unigenes and miRNAs were functionally related to energy and substance metabolism. In addition, we identified key candidate unigenes and miRNAs by using the core functional mRNA–mRNA and miRNA–mRNA network analysis, which were associated with sika deer muscle growth, development, and aging. The integrative miRNA–mRNA analysis of the different development stages of muscles was reported for the first time and suggested a role for miRNA–mRNA interactions in muscle development and molecular breeding.
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Figure 1. Statistics for DE unigenes and miRNAs in each comparable group. (A) Statistics of DE unigenes. (B) Statistics of DE miRNAs. q value < 0.005 and |log2(fold change)|>1 were used as thresholds of significance for DE unigenes. q value < 0.01 and |log2 (fold change)|>1 were used as thresholds of significance for DE miRNAs. 
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Figure 2. Interaction networks of the top DE unigenes in each comparable group. (A) Msc_2 vs. Msc_1. (B) Msc_3 vs. Msc_2. (C) Msc_4 vs. Msc_3. The up-regulated unigenes were displayed as red circles, and the down-regulated unigenes were displayed as green circles. 
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Figure 3. Hierarchical clustering of DE miRNAs. 
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Figure 4. K-means clustering of ED miRNAs. (A,B,D): The expression levels of miRNAs increased gradually after adolescence. (C,E): The expression levels of miRNAs decreased gradually after adolescence. 
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Figure 5. miRNA–mRNA interaction network associated with muscle development in the sika deer. (A) Up-regulated miRNAs and down-regulated target genes related to muscle growth and development. (B) Down-regulated miRNAs and up-regulated target genes related to muscle growth and development. The up-regulated miRNAs or genes were displayed as red circles, and the down-regulated miRNAs or genes were displayed as green circles. 
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Figure 6. miRNA–mRNA interaction network associated with muscle aging in the sika deer. (A) Up-regulated miRNAs and down-regulated target genes related to muscle aging. (B) Down-regulated miRNAs and up-regulated target genes related to muscle aging. The up-regulated miRNAs or genes were displayed as red circle, and the down-regulated miRNAs or genes were displayed as green circles. 
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Figure 7. qRT-PCR validation of mRNA-seq data. The expression levels of nine differentially expressed genes (CALM1, COL4A1, COL6A1, ITGB1, LAMB1, RAC1, MYL12A, MYLK2, and PXN) were normalized against GAPDH. The vertical axis indicates the normalized genes expression level for each stage. For each gene, the expression level and sequencing abundance in Msc_1 were given as a negative control and set at 1. 
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Figure 8. qRT-PCR validation of miRNA-seq data. The expression levels of nine differentially expressed miRNAs (miR-133a, miR-133c, miR-17-5p, miR-22-3p, miR-378b, miR-192, miR-151-3p, miR-199a-5p, and miR-7) were normalized against U6 snRNA. The vertical axis indicates the normalized miRNAs expression level for each stage. For each miRNA, the expression level and sequencing abundance in Msc_1 were given as a negative control and set at 1. 
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Table 1. Summary of the represented networks generated by pathway analysis.
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Data

	
Molecules in Networks

	
Score

	
P-Value

	
Top Functions






	
Msc_2vs.Msc_1

	
COL4A2, COL4A1, COL3A1, ITGB1, COL6A3, TEK, RAC1, COL1A2, COL6A2, GYS1, JAK1, COL6A1, COL1A1, LAMC1, LAMB1, PIK3R1, GHR, THBS4

	
33

	
0.001

	
PI3K-Akt signaling pathway




	
MYLK2, ACTN2, MYL12A, ACTN3, PPP1CC, ITGB1, PPP1CB, PXN, ACTG1, PPP1CA, PFN2, RAC1, PAK1, PIK3R1

	
0.016

	
Regulation of actin cytoskeleton




	
PFN2, MYH1, MYH2, MYH7, ACTN2, ACTN3, TMOD1

	
0.001

	
actin binding




	
Msc_3vs.Msc_2

	
ACTG1, PFN2, ACTN4, CFL2, TMSB4X, ACTN2, ACTN3, ITGB1, PPP1CB, PIK3R1

	
18

	
0.034

	
Regulation of actin cytoskeleton




	
GNAI3, CAMK2D, PPP1CB, CAMK2A, PIK3R1, CALM1

	
0.050

	
cAMP signaling pathway




	
CAV2, ACTN4, COL3A1, ACTN2, ACTN3, ITGB1, PPP1CB, FLNA, ACTG1, COL1A2, PIK3R1

	
0.005

	
Focal adhesion




	
Msc_4vs.Msc_3

	
ACTN4, ACTN2, STAT3, JAK1, PIK3R1

	
20

	
0.005

	
Viral carcinogenesis




	
MAP2K1, RAF1, PPP1CC, PPP1CB, CALM, CAMK2D, PPP1R12A, PAK1, CAMK2A, PIK3R1

	
0.005

	
cAMP signaling pathway




	
CALM, PHKG1, PHKB, PHKA1, CAMK2D, MYLK2, NOS3, PPP3CA, CAMK2A

	
0.050

	
Calcium signaling pathway
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Table 2. miRNAs identified in the skeletal muscle of sika deer as well as those associated with muscle development and aging in other species.
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miRNA ID

	
Muscle Development

	
miRNA ID

	
Muscle Aging






	
miR-17-5p

	
skeletal muscle proliferation and differentiation

	
miR-7

	
ageing-related inflammation




	
miR-22-3p

	
skeletal muscle proliferation and differentiation

	
miR-17-5p

	
restored the osteogenic capacity of old mesenchymal stem cells and aging-associated pathologies




	
miR-26a

	
skeletal muscle differentiation and regeneration

	
miR-196b

	
regulating the muscle protein synthesis pathway




	
miR-133a

	
skeletal muscle proliferation, differentiation, and hypertrophy

	
miR-199a-5p

	
regulating the MPS pathway




	
miR-133b

	
miR-378b

	
myogenic differentiation of myogenic progenitors from adult and old individual




	
miR-133c

	

	




	
miR-151-3p

	
skeletal muscle proliferation and differentiation

	

	




	
miR-186

	
skeletal muscle differentiation

	

	




	
miR-192

	
skeletal muscle proliferation and differentiation

	

	




	
miR-199a-5p

	
skeletal muscle proliferation and differentiation

	

	




	
miR-378b

	
skeletal muscle autophagy and apoptosis

	

	












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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