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Simple Summary: Promoting fat deposition in beef cattle has been a focus of modern animal breeding
research. However, previous researchers have not examined the mechanism of adipogenesis in much
detail. MicroRNAs (miRNAs) are small noncoding RNAs that play a pivotal role in adipogenesis.
In this study, to explore the molecular regulatory mechanism of adipocyte differentiation and
formation, bovine preadipocytes were isolated and induced into adipocytes, and then the expression
patterns of miRNAs between preadipocytes and adipocytes were detected through RNA sequencing.
Deep sequence analysis has identified 78, 71, and 48 novel miRNAs and 497, 491, and 524 known
miRNAs in the preadipocytes, and 44, 54, and 47 novel miRNAs and 519, 522, and 504 known
miRNAs in the adipocytes. Among the annotated miRNAs, 131 bovine miRNAs were upregulated
in adipocytes, and 119 bovine miRNAs were downregulated in adipocytes, such as bta-miR-3604,
bta-miR-23b-3p, bta-miR-26a, and bta-miR-129-3p. Bovine target gene prediction results of these
miRNAs show that numerous genes are associated with lipid metabolism. These results can provide
both technical support and a research basis for promoting bovine adipocyte fat deposition.

Abstract: The elucidation of the mechanisms of preadipocyte differentiation and fat accumulation
in adipocytes is a major work in beef cattle breeding. As important post-transcriptional regulators,
microRNAs (miRNAs) take part in cell proliferation, differentiation, apoptosis, and fat metabolism
through binding seed sites of targeting mRNAs. The aim of this study was to isolate and identify
bovine preadipocytes and screen miRNAs associated with adipogenesis. Bovine preadipocytes were
isolated from subcutaneous fatty tissue and induced to differentiate into adipocytes. Verification of
preadipocytes and adipocytes was performed by qRT-PCR (real-time quantitative reverse transcription
PCR), Oil Red O staining, and immunofluorescence staining. Total RNA was extracted for small RNA
sequencing. The sequencing data showed that 131 miRNAs were highly expressed in adipocytes,
and 119 miRNAs were highly expressed in preadipocytes. Stem–loop qPCR (stem–loop quantitative
real-time PCR) results showed that the expression patterns of 11 miRNAs were consistent with
the sequencing results (miR-149-5p, miR-24-3p, miR-199a-5p, miR-33a, etc.). According to KEGG
pathway and Gene Ontology (GO) analyses, multiple predicted target genes were associated with
lipid metabolism. In summary, this study provides a protocol of isolating bovine preadipocytes and
screening various differently expressed miRNAs during preadipocyte differentiation.
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1. Introduction

In terms of livestock products, beef is popular for its high protein and low fat contents.
Improving beef quality is one of the main focuses of beef cattle breeding. The sensory indicators for
evaluating beef quality are mainly that of the marbling pattern, the tenderness, the juiciness, and the
meat color [1]. Fat content is the most important factor affecting beef quality sensory indicators.
Adipose tissue, which usually locates in subcutaneous fat, visceral fat, and muscle, is mainly composed
of adipocytes [2,3]. The order of fat deposition in animal ontogenesis is generally visceral fat first,
followed by subcutaneous fat (SCF), and finally intramuscular fat (IMF) [4,5]. SCF affects carcass
surface fat coverage rate, and IMF affects marbling and tenderness. However, it is difficult to achieve
high-purity IMF. The isolation of primary preadipocytes from SCF in vitro could contribute to further
studies for bovine fat deposition and beef quality improvement. In this study, we discussed the
method of isolating the primary preadipocytes, and optimized the induction conditions to improve the
induction efficiency.

Adipogenesis is a process of differentiation from mesenchymal stem cells (MSCs) to preadipocytes,
and then to adipocytes [6]. The differentiation of adipocytes is a biologically complicated pathway that
is regulated by transcription factors, signaling pathways, hormones, and other regulators. Peroxisome
proliferator-activated receptor-γ (PPARγ) regulates the transcription of target genes by connecting the
reaction components of the promoter [7]. CCAAT/enhancer-binding protein-α (CEBP/α) is involved
in transcriptional regulation of genes to promote differentiation [8]. The Wnt (wingless-type MMTV
integration site) signaling pathway regulates the activity of adipogenesis through a classic approach
(β-dependent) and a nonclassic approach (β-independent) [9,10]. The MAPK (mitogen-activated
protein kinases) signaling pathway activates enzymes to regulate preadipocyte differentiation [11].
Thus, it is important to study the gene expression pattern, proliferation, and differentiation potential
of adipocytes at a molecular level. In our study, the expression levels of genes associated with
adipogenesis were detected in order to verify the differentiation of preadipocytes. By treating the cells
with a cocktail medium, including dexamethasone (DEX), insulin, 3-isobutyl-1-methylxanthine (IBMX),
and rosiglitazone, bovine preadipocytes can differentiate into mature adipocytes. However, different
species have different sensitivities to the concentration of the induction reagent. This study briefly
discussed the effects of different media and different concentrations of reagents on induction efficiency.

MicroRNAs (miRNAs) are small noncoding RNA molecules that can regulate target gene
expression patterns through binding of the seed sites [12]. In the last few years, developments in
RNA sequencing (RNA-Seq) technology have made it possible to efficiently identify the miRNAs
that regulate fat deposition via a high-throughput approach. Medrano was the first to contrast
transcriptomic profiles between bovine gland tissue and somatic cells using RNA-Seq technology [13].
Previous studies have screened and verified three miRNAs annotated to lipid metabolism in primary
mammary epithelial cells. In addition, some transcriptome changes have been found during bovine
preadipocyte differentiation in Qinchuan cattle [14]. RNA-Seq also has been used to study the bovine
gene expression profile associated with reproduction [15,16]. Due to its high sensitivity in identifying
differential gene expression profiles and in quantitative analysis of the transcriptome, RNA-Seq has
been used in various livestock, including swine [17], sheep [18], and chickens [19].

The present study aimed to establish a standard for isolating and identifying bovine preadipocytes
in vitro and for screening miRNAs associated with adipogenesis. Small RNA-Seq was used to analyze
the different abundance of miRNAs between preadipocytes and adipocytes. The results can provide
both technical support and a research basis for promoting bovine preadipocyte differentiation and
fat deposition.
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2. Materials and Methods

2.1. Ethics Statement

Animal experiments were performed in strict accordance with the Guide for the Care and Use of
Laboratory Animals by the Animal Health and Use Committee of Jilin University (permit number:
SYXK (Ji) pzpx20181227083).

2.2. Isolation, Culture, and Induction of Bovine Primary Preadipocytes

2.2.1. Isolation and Culture of Bovine Primary Preadipocytes

Subcutaneous adipose tissue was aseptically detached from newborn Simmental calves and kept
in a glass medium bottle containing phosphate-buffered saline (PBS; HyClone, Logan, UT, USA) and
gentamicin/amphotericin B (Gibco, Shanghai, China). The sample was soaked in 75% ethyl alcohol
(Beijing Chemical Works, Beijing, China) for 30 s and washed with PBS. Then, blood vessels and
connective tissues were dissected from the adipose tissue with scissors and tweezers. Next, the tissue
was minced into fine pieces and mixed with an equal volume of collagenase type I (Gibco, Shanghai,
China) and neutral protease (Roche, Basel, Switzerland). The mixture was shaken in a water bath
for 1 h at 37 ◦C, and the enzyme reaction was then ended by the addition of equal volumes of
Dulbecco’s Modified Eagle’s Medium and Nutrient Mixture F-12 (DMEM/F12; Hyclone, Logan, UT,
USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA). The digested product
was filtered through a 200-µm mesh sieve and centrifuged at 300 g/min for 10 min. The supernatant
was discarded, and the sediment was resuspended with culture medium at an optimum density.
The cell suspension was seeded in a 10 cm2 dish (Thermo Scientific, Shanghai, China) and incubated
in an atmosphere of 5% CO2 at 37 ◦C. After 24 h, the cells were washed with PBS to discard residual
tissue and dead cells. When the density reached 80%, the cells were passaged using trypsin (Gibco,
Shanghai, China). For explant method, the operations before adding digestive enzymes were the same
as the enzyme digestion. And the tissue blocks were placed in the culture dish with a few medium.

2.2.2. Cell Proliferation Assay

Cells in the logarithmic phase were collected, adjusted to the optimum concentration, and then
seeded in 96-well plates (Falcon, Franklin Lake, NJ, USA). To each well, 100 µL medium and 10 µL
Cell Titer 96® AQ One Solution (Promega, Madison, Wisconsin, USA) were added, and the cells
were incubated at 37 ◦C for 4 h. Cell proliferation was measured with a microplate reader (Bio Tek
Instruments EON, Madison, Vermont, USA) at 490 nm every two days.

2.2.3. Adipogenic Differentiation of Preadipocytes

Preadipocytes were seeded into six-well plates (Falcon, Franklin Lake, NJ, USA) at 60% confluence
in growth medium (DMEM/F12, 10% FBS, 1% antibodies). When the cells reached the contact inhibition
stage, they were cultured in induction medium (growth medium, 10 µg/mL insulin (Sigma, Shanghai,
China), 0.5 mM 1-methyl-3-isobutylxanthine (Sigma, Shanghai, China), 1.0 µM dexamethasone (Sigma,
Shanghai, China), and 0.5 µM Rosiglitazone (Sigma, Shanghai, China). Two days later, the medium
was replaced with maintenance medium (growth medium with 10 µg/mL insulin), with continued
medium replacement every three days. Control cells were cultured without an inducer. Three different
media were used to culture preadipocytes: 10% FBS in DMEM/F12; 2% serum replacement (SR; Sigma,
Shanghai, China) and 0.5% CTS™ StemPro™MSC (SFM; Gibco, Shanghai, China) in DMEM/F12; and
COSMEDIUM H001 (COSMO, Tokyo, Japan).

2.3. Oil Red O Staining

Oil Red O staining is currently the most common method for estimating lipid accumulation.
Briefly, the cells were gently rinsed twice with cold PBS and then fixed in paraformaldehyde (Biosharp,



Animals 2020, 10, 818 4 of 14

Hefei, China) at 37 ◦C for 30 min. Next, the cells were washed with PBS and stained with Oil Red O
(Sigma, Shanghai, China) at room temperature for 20 min. After staining, the cells were soaked in
60% isopropanol (Beijing Chemical Words, Beijing, China) for 30 s and dyed in the dark for 5 min
with hematoxylin. Then, the cells were observed under a microscope (Olympus, Tokyo, Japan) within
an hour.

2.4. QRT-PCR Analysis of Adipogenic Marker Genes

Total RNA was extracted from the cells at different stages (induction for 3 days, 6 days, and 9 days,
and control) using TRIzol reagent (Invitrogen, California, USA), and the concentration was measured
using a spectrophotometer (Bio Tek Instruments EON, Vermont, USA). A total of 1 µg RNA was
reversely transcribed into cDNA using a Prime ScriptTM RT reagent kit (Takara, Dalian, China).
The expression levels of adipocyte-specific genes, including LPL, PPARγ, C/EBPα, FABP4, FASN,
and DLK1, were measured via quantitative reverse transcription PCR (qRT-PCR) with FastStart
Universal SYBR® Green Master (ROX) (Roche, Basel, Switzerland). The primers are shown in Table 1.
The following PCR amplification conditions were used: 95 ◦C for 5 min; 40 cycles of 95 ◦C for 30 s, 60 ◦C
for 30 s, and 72 ◦C for 20 s. β-Actin was selected as the housekeeping gene to normalize the quotient.

Table 1. Primer sequences used for qRT-PCR.

Primer Name Sequence (5′- 3′) Amplicon Length (bp)

ACTB for ATGCTTCTAGGCGGACTGTTA
rev TGCCAATCTCATCTCGTTTTC 154

PPARγ for TTCCACTCCGCACTATGA
rev GATACAGGCTCCACTTTGA 117

DLK1 for CTTGCTCCTGCTGGCTTTCG
rev ACCAGTGACCCTCTGTTTGG 146

FABP4 for GGATGGAAAATCAACCACCA
rev TGGACAACGTATCCAGCAGA 174

C/EBPα for TGGACAAGAACAGCAACGAGT
rev GGTCATTGTCACTGGTCAGCT 135

FASN for CACGAACAACAGCCTCTT
rev GCCTCCAGCACTCTACTA 171

LPL for CACGAACAACAGCCTCTT
rev ATCAGGAGAAAGGCGACTTGGAGC 159

2.5. Immunofluorescence Staining

Cells were fixed with 4% paraformaldehyde for 30 min and permeabilized in 0.1% Triton X-100
(BIO BASIN, Shanghai, China) for approximately 20 min. Then, the cells were blocked with 1% bovine
serum albumin (BSA; Biosciences, Franklin Lakes, New Jersey, USA) for 30 min and stained with
Anti-DLK1 antibody (Bioss, bs-1973R, Beijing, China), Anti-PPAR Gamma antibody (Bioss, bs-4590R,
Beijing, China), and Anti-lipoprotein lipase antibody (Bioss, bs-1973R, Beijing, China) at 37 ◦C for 1 h,
followed by incubation with secondary antibody (Bioss, bs-0294R, Beijing, China). The cell nuclei were
stained with DAPI (Bioss, Beijing, China) for 5 min. All images were captured with a fluorescence
microscope (Nikon, Tokyo, Japan).

2.6. Analysis of Triglyceride Content

The total triglyceride content was detected with a triglyceride kit (KeyGEN BioTECH, Beijing,
China) according to the manufacturer’s protocol. Briefly, the cells were washed with PBS twice and
lysed for 10 min at room temperature. Then, the lysate was boiled at 70 ◦C for 10 min and centrifuged
at 2000 rpm. Detection reagent R1 and detection reagent R2 were mixed at a 4:1 ratio. The absorbance
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was determined at 550 nm with a microplate reader. The cellular triglyceride content was calculated
according to a standard curve.

2.7. Small RNA-seq and Analysis

Total RNA was extracted from adipocytes and preadipocytes using TRIzol reagent according to
the manufacturer’s protocol. The RNA concentration and integrity were evaluated with agarose gel
and a spectrophotometer (Nanodrop 2000, Thermo Scientific, Waltham, MA, USA). A total of 1 µg
of RNA per sample was submitted to the Beijing Genomics Institute of Biotechnology (Wuhan) Co.,
Ltd. The sequence raw reads were filtered by removing adaptor contaminant, including 5’ primer
contaminants, no-insert tags, oversized insertion tags, low-quality tags, poly A tags, and small tags.
Then, AASRA [20] was used to map clean reads to the database of National Center for Biotechnology
Information (NCBI) (version: GCF_000003055.6_Bos_taurus_UMD_3.1.1). All annotated sRNAs
were classified according to the following order: MiRbase > pirnabank > snoRNA (human/plant)
> Rfam > other sRNA. The known miRNAs were identified using miRBase18.0, and novel miRNA
prediction was performed with miRDeep2 according to the characteristic hairpin structure of the
miRNA precursor [21]. Transcripts Per Kilobase Million (TPM) was used to calculate the small RNA
expression level to eliminate the influence of sequence discrepancy. The formula for determining TPM
is shown as follows:

TPM =
C∗106

N
where “C” represents the miRNA count number in a sample, and “N” is the total read number mapped
to the genome. For screening significantly differentially expressed SRNAs (DESs), a novel, previously
proposed method based on the MA-plot was applied [22]. DEGs were defined as genes with more
than two-fold expression differences and a Q-value ≤ 0.001. Hierarchical clustering for differentially
expressed miRNAs was performed using a function heatmap in R.

2.8. Function Analysis of the Prediction Target Genes of Differentially Expressed miRNAs

To obtain more accurate results, RNAhybrid [23], miRanda, and TargetScan [24] were used to
predict target genes. The results were filtered by free energy and score values. To find the DEGs that
correspond to specific biological functions, Gene Ontology (GO) enrichment analysis and pathway
enrichment analysis were performed with ‘GO: TermFinder’ (http://www.yeastgenome.org/help/

analyze/go-term-finder) and KEGG [25] (the major public pathway-related database), respectively.
For GO enrichment, the analysis mapped the target DEGs of differentially expressed miRNAs with
the terms of the Gene Ontology database (http://www.geneontology.org/) and calculated the number
of genes for each term. The p-value was corrected using the Bonferroni method [26], and a corrected
p-value ≤ 0.05 was used as the threshold. The network between miRNAs and target genes was
constructed with Cytoscape 3.7.1 (National Resource for Network Biology, Bethesda, MD, USA).

2.9. Validation of Differentially Expressed miRNAs

Eleven microRNAs, namely, bta-miR-193a-3p, bta-miR-199a-3p, bta-miR-199a-5p, bta-miR-199b,
bta-miR-33a, bta-miR-29b, bta-miR-379, bta-miR-148a, bta-miR-449a, bta-miR-149-5p, bta-miR-24-3p,
and bta-miR-23b-3p, were selected randomly from differentially expressed miRNAs between
preadipocytes and adipocytes. RNAs were converted with miRNA-specific reverse transcription
primers (Table 2). qRT-PCR quantification was performed following the manufacturer’s instructions
with miRNA-specific primers and a universal primer. U6 was used as a control.

http://www.yeastgenome.org/help/analyze/go-term-finder
http://www.yeastgenome.org/help/analyze/go-term-finder
http://www.geneontology.org/
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Table 2. miRNA-specific reverse transcription primers.

miRNA ID Reverse Transcription Primers miRNA-Special Primer

bta-miR-23b-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGGTAAT TGCGGATCACATTGCCAGGGAT

bta-miR-126-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGCATTAT TGCGGCGTACCGTGAGTAAT

bta-miR-149-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGGAGTGA TGCGGTCTGGCTCCGTGTCTTC

bta-miR-24-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGTTCCT TGCGGTGGCTCAGTTCAGCAG

bta-miR-199a-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTAACCAAT TGCGGACAGTAGTCTGCACAT

bta-miR-193a-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTGGGAC TGCGGAACTGGCCTACAAAGT

bta-miR-199b GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAACAGAT TGCGGCCCAGTGTTTAGACTAT

bta-miR-29b GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACACTGA TGCGGTAGCACCATTTGAAATC

bta-miR-199a-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACAGGTA TGCGGCCCAGTGTTCAGACTA

bta-miR-379 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCTACGTT TGCGGTGGTAGACTATGGAA

bta-miR-33a GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGCAATGC TGCGGGTGCATTGTAGTTGC

bta-miR-449a GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCAGCTA TGCGGTGGCAGTGTATTGTTA

bta-miR-148a GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAGTT TGCGGTCAGTGCACTACAGAA

bta-miR-15a GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAACCA TGCGGTAGCAGCACATAATG

bta-miR-u6 AACGCTTCACGAATTTGCGT CTCGCTTCGGCAGCACA

2.10. Statistical Analysis

Statistical analysis was performed with SPSS software (version: 22.0). The data are shown as the
mean ± SD. Student’s t-test, one-way ANOVA, and multiple t-test analysis were used for comparisons.
p-value < 0.05 was considered to indicate statistical significance.

3. Results

3.1. The Isolation and Induction of Bovine Preadipocytes

3.1.1. The Morphology and Proliferation of Primary Preadipocytes

Almost all of the cells digested by enzymes adhered to the Petri dish and were spindle-shaped
after 6 h (Figure 1Ia,Ib). Observation of the tissue culture revealed that cell adherence and growth
were slow. The tissue cells adhered to the wall of the flask and displayed a monolayer and a mosaic
arrangement (Figure 1Ic,Id). Cell proliferation assays showed that the bovine preadipocytes passed
into the logarithmic phase until day 4, and the growth gate reached a peak at day 4.
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Figure 1. (I) The morphology and proliferation of primary adipocytes isolated from tissue via
the explant method (a,b) and the enzyme digestion method (c,d); (II) The induction efficiency of
preadipocytes under different conditions at different days. Induction conditions: A: 10% fetal bovine
serum (FBS) in Dulbecco’s Modified Eagle’s Medium and Nutrient Mixture F-12 (DMEM/F12); B: 2%
serum replacement (SR) + 0.5% SFM; C: COSMEDIUM H001.
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3.1.2. The Induction Efficiency of Preadipocytes under Different Conditions

Three induction media were used to induce adipogenic differentiation of bovine preadipocytes.
Cells cultured with 10% FBS in DMEM/F12 proliferated rapidly and formed a dense layer (Figure 1II).
After 10 days of induction, small lipid drops formed, but bigger drops did not accumulate. Cells cultured
with the COSMEDIUM H001 medium showed a fibroblast shape. There were no apparent lipid drops
in the cytoplasm of induced cells (Figure 1II). At later stage, obvious lipid droplets could be seen in
the cells and converged into large lipid droplets over time when the preadipocytes proliferated in
DMEM/F12 with 2% SR and 0.5% SFM. The adipocytes induced with 2% SR and 0.5% SFM had the
highest induction efficiency, as determined by observing morphology and lipid droplet formation
(Figure 1II). Thus, all subsequent induction experiments were performed with 2% SR and 0.5% SFM in
DMEM/F12.

3.1.3. Cell Morphology and the Formation of Lipid Drops

Preadipocytes grew on the petri dish and developed fusiform or triangular tentacles. As the cells
became more confluent (70%–80%), their morphology resembled that of fibroblasts. Most nuclei were
located in the center of the cells. After seven days in maintenance differentiation medium, an oval or
round shape was observed in the cytoplasm (Figure 2aI,aII,aIII), which varied in size, and bright spots
were observed at the periphery of the nucleus. With prolonged differentiation time, the microdroplets
gradually merged into large and bright drops, while the nucleus was squeezed to the side of the
membrane (Figure 2aIV). The picture showed that the drops in differentiated cells were stained red
in the induced group (induction for nine days), while the uninduced differentiation group showed
no significant red lipid droplet. Lipid droplets stained with oil red O were extracted with isopropyl
alcohol, and the OD value at 510 nm was determined (Figure 2aV,aVI). The results show that the
intracellular fat content in the induced differentiation group was significantly higher than that in the
control group, which corresponded with the morphological observation.Animals 2020, 10, x 8 of 15 
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Figure 2. (a) Oil Red O staining of preadipocytes and adipocytes; (b) The mRNA expression
levels of the marker genes of preadipocytes and adipocytes; (c) Immunofluorescence staining of
preadipocytes and adipocytes. (AI: induction of day 2; AII: induction of day 6; AIII: induction of
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3.1.4. The Expression Levels of Adipogenesis Marker Genes During Preadipocytes Differentiation

According to the qRT-PCR results, the expression levels of the key genes associated with
adipogenesis, including PPARγ, C/EBPα, FABP4, FASN, and LPL, were increased. The expression
level of PPARγ peaked at day 9, while that of C/EBPα and FABP4 peaked on day 6. In the late
differentiation stage, the expression level of PPARγ, FABP4, and LPL significantly decreased (p < 0.05).
As a marker gene of preadipocytes, DLK1 was highly expressed in preadipocytes and scarcely expressed
in adipocytes (Figure 2b).

3.1.5. Immunofluorescence Staining and Detection of Cellar Triglyceride Content

Immunofluorescence staining was performed on preadipocytes and differentiated adipocytes.
The results show that DLK1 is a protein specifically expressed in preadipocytes, and the fluorescence
analysis exhibited higher expression levels in preadipocytes than in adipocytes. As a transcription
factor, the fluorescence of PPARγ only expressed in the nucleus, whereas the fluorescence of LPL
was expressed in the whole cell. Nevertheless, LPL and PPARγ showed no significant expression
difference between preadipocytes and adipocytes (Figure 2c). Furthermore, the triglyceride synthesis in
preadipocytes and differentiated adipocytes was determined. After seven days of induction, there was
a 3-fold increase in the triglyceride content of preadipocytes compared with that in adipocytes.
The results indicate that adipocyte differentiation and fat deposition increased significantly with the
increase of induction time.

3.2. Analysis of miRNA Sequencing in Adipocytes at Different Stages of Differentiation

To investigate the involvement of miRNAs in the process of bovine preadipocyte differentiation,
six miRNA sequencing libraries were generated using preadipocytes (b-PAD-1, b-PAD-2, and b-PAD-3)
and differentiated adipocytes (b-AD-1, b-AD-2, and b-AD-3). Libraries were sequenced and constructed
using the BGISEQ-500 small RNA deep sequencing technology and 18–30-base-long sequence reads
were generated. Accordingly, 31.8 and 30.7 million mean reads of the biological triplicates were
obtained from preadipocytes and adipocytes, respectively. After filtering out low-quality reads and
empty adaptors, 27.9, 23.6, and 30.6 million clean reads were obtained from the preadipocyte libraries;
meanwhile, 24.2, 24.6, and 28.4 million clean reads were obtained from the adipocyte libraries (shown
in Table 3). Quality clean reads were mapped to the bovine reference genome for both the detection
of known annotated miRNAs and the prediction of novel miRNAs. The analysis of sRNA length
showed that most reads were 23 nt in the preadipocyte samples and similar in the adipocyte samples.
The filtered clean tags were annotated using known small RNA databases, including miRBase, Rfam,
and other small RNA, and all sample annotation percentages were more than 94%. A correlation
heatmap showed that preadipocyte samples and adipocyte samples were correlated (Figure 3a). At the
same time, hierarchical clustering was performed for differentially expressed miRNAs (Figure 3b).
The results indicate that the samples had good uniformity among the three replicates.

Table 3. The statistical data of RNA sequencing.

Sample Name Total Tag Mapped Tag Percentage (%)

b_AD_1 24,216,947 23,523,986 97.14

b_AD_2 24,608,755 23,928,858 97.24

b_AD_3 28,398,824 27,860,568 98.1

b_PAD_1 27,858,763 26,797,401 96.19

b_PAD_2 23,590,905 22,347,469 94.73

b_PAD_3 30,589,648 30,064,620 98.28
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3.3. Annotation of Known miRNAs and Prediction of Novel miRNAs in Bovine Preadipocytes and Adipocytes

After comparison with databases of known small RNAs, approximately 500 known miRNAs were
identified in each sample. The remaining unknown reads were predicted as novel miRNAs using the
stem–loop structure of the miRNA precursor. According to the sets, 78, 71, and 48 novel miRNAs and
497, 491, and 524 known miRNAs were identified in the preadipocyte samples, and 44, 54, and 47 novel
miRNAs and 519, 522, and 504 known miRNAs were identified in the adipocyte samples. Screening
of differentially expressed sRNAs (DESs) is designed to find differentially expressed small RNAs
among samples and to perform further analysis. A total of 250 miRNAs were differentially expressed
between the two groups (Q-value ≤ 0.001). Among them, 119 miRNAs were highly expressed in bovine
preadipocytes, and 131 miRNAs were highly expressed in bovine adipocytes (Figure 3c). A volcano
plot showing the distribution of the differentially expressed miRNAs is presented in Figure 3d.

3.4. Functional Analysis of Target Genes and Stem–Loop qRT-PCR of miRNAs Related to
Preadipocyte Differentiation

A total of 13,480 target genes of differently expression miRNAs were predicted using the
RNAhybrid and miRanda databases. According to the results, many target genes are important
adipogenesis genes, such as FASN, C/EBPα, PPARγ, ADIPOQ, LPL, SERBP1, DLK1, etc. FASN was
predicted to be sponged by miR-24-3p, miR-197, miR-431, miR-409b, miR-11982, miR-10179-5p, miR-326,
miR-6715, and miR-370. PPARγ was predicted to be sponged by miR-10179-5p. C/EBPα was predicted
to be sponged by miR-10179-5p, miR-11976, miR-370, miR-1343-5p, and miR-2887. What is more,
we found that miR-129-5p and miR-370, whose target gene was verified as DLK1, were also significantly
expressed between preadipocytes and adipocytes. All of these results could indicate that differentially
expressed RNAs are associated with bovine preadipocytes adipogenesis.

The top three biological process terms were mainly enriched in cellular processes, signaling,
and metabolic processes. Considering the KEGG pathway analysis, a total of 44 pathways were
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enriched. Among these, 4.76% of the pathways were enriched in lipid metabolism, including the PPARγ
signaling pathway, biosynthesis of unsaturated fatty acids, and fatty acid metabolism (Figure 3e).
A total of 65 GO terms were annotated with the target genes, and 26 terms corresponded to biological
processes, 19 to cellular components, and 20 to molecular functions (Figure 3f). A total of 4723 out
of the 13,480 target genes were enriched in cell differentiation (p = 1.59 × 10−8), and 1140 out of the
13,480 target genes were enriched in cellular lipid metabolic processes. Both KEGG analysis and
GO enrichment analysis showed that the differentially expressed miRNAs are indeed associated
with adipogenesis.

Identical expression patterns of 11 miRNAs were observed between the stem–loop qRT-PCR and
the RNA-seq results (Figure 4). The expression levels of miR-149-5p, miR-24-3p, and miR-23b-3p were
higher in preadipocytes, and those of miR-193a-3p, miR-199a-3p, miR-199a-5p, miR-33a, miR-199b,
miR-379, miR-148a, and miR-449a were higher in adipocytes. The expression patterns of the miRNAs
were perfectly matched with the sequencing results. The network of miRNAs and some target genes
are presented in Figure 4b.Animals 2020, 10, x 11 of 15 
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The target genes of miR-149-5p that upregulated in preadipocytes were ABHD4, CMTM3, PDGFRB,
IGFBP5, etc., as well as miR-23b-3p and miR-24b-3p. The target genes of miR-148 that downregulated
in preadipocytes were ABCA1, PCYT23, MAFB, SERPINE1, PRRG1, etc., as well as miR-199b, miR-148a,
miR-33a, miR-379, miR-29b, and miR-199a-3p, which promote adipocyte differentiation (Figure 5).Animals 2020, 10, x 12 of 15 
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4. Discussion

The differentiation of preadipocytes into adipocytes is a process highly regulated by genes and
signal transduction pathways. Pref-1 (DLK1) can accelerate preadipocyte proliferation and inhibit
preadipocytes through two isoforms (Dlk1S and Dlk1M) [27]. Thus, DLK1 has been found to be a
landmark protein in preadipocytes, which is consistent with the results of our study. Furthermore,
we found that miR-129-5p, whose target gene was verified as DLK1, was also significantly expressed
between preadipocytes and adipocytes in the sequencing results. PPARγ is a ligand-activated
transcription factor that regulates the expression of genes related to adipocyte proliferation and
differentiation, lipid biosynthesis, and glucose metabolism [28]. CEBP/α belongs to the leucine zipper
transcription factor family and is a transcriptional regulator of adipocyte differentiation; it also plays a
key role in fat aggregation [29]. In our study, the expression levels of PPARγ and CEBP/α reached a
peak during terminal differentiation. This illustrates that the two transcriptional regulatory factors
have a pivotal role in adipogenesis.

The type and concentration of reagent are important for cell differentiation. In this study,
adipose tissue was collected from perirenal adipose and subcutaneous fat tissue obtained from newborn
cattle. A hormone cocktail that included insulin, IBMX, rosiglitazone/troglitazone, and dexamethasone
was used to promote differentiation in vitro. The four reagents played different roles in the induction.
Insulin not only promotes accumulation in adipocytes, but also has strong antiapoptotic activity
by activating IGF-1 (an insulin-like growth factor receptor). Dexamethasone is an agonist for
glucocorticoid synthesis as it stimulates the glucocorticoid receptor pathways [30]. IBMX is an
inhibitor of cAMP phosphodiesterase by stimulating the c-amp-dependent protein kinase pathways.
Rosiglitazone/troglitazone is an activator of the PPARγ receptor. Our study proved that the best
induction medium is DMEM/F12 with 2% SR and 0.5% SFM, and induction reagents are 10 µg/mL
insulin, 0.5 mM IBMX, 1.0 µM dexamethasone, and 0.5 µM Rosiglitazone.

With the development of sequence technology, miRNAs have been used for molecular breeding of
beef cattle. An increasing number of studies have proposed that miRNAs participate in cell proliferation,
differentiation, and apoptosis [31]. Some studies have found a potential role of miRNAs in lipid
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metabolism. Previous studies have also found that miR-103 can promote lipogenesis via sponging of
the marker genes of adipogenesis [32]. In our study, the expression of miR-103 was also upregulated
significantly in adipocytes. Some of the miRNAs filtered in our results have also been verified to
be associated with lipid metabolism. Among these miRNAs, the sequence of miR-199a-5p is highly
conserved in animals. MiR-199a-5p was higher expressed in the adipocytes in our study. Some evidence
suggests that this miRNA could influence fat metabolism. Simultaneously, Kajimoto has shown a
higher miR-199a-5p expression level in undifferentiated 3T3-L1 preadipocytes [33]. Furthermore,
miR-148a was higher expressed in the adipocytes in our study. Previous research has indicated that
miR-148a influences adipogenesis by regulating the target gene Wnt1 to inhibit the Wnt signaling
pathway [34], and it has also been shown that it can inhibit the expression of LDLR to increase blood
cholesterol levels [35]. We hypothesize that miR-199a-5p and miR-148a have the same effect on cattle,
and subsequent verification is ongoing. All of the above indicates that the expression level of miRNAs
could play an important part in fat metabolism. By comparing the different expression pattern of
preadipocytes and adipocytes, our study screened more miRNAs that can regulate adipogenesis.

The biological interpretation of the target genes of differentially expressed miRNAs was
investigated via KEGG pathway analysis. Some pathways related to fat regulation were significantly
enriched, including the PPARγ signaling pathway, biosynthesis of unsaturated fatty acids, fatty acid
metabolism, and focal adhesions. Focal adhesions are polyprotein structures that connect the
intracellular cytoskeleton and extracellular matrix [36]. The downstream pathways of focal adhesions
are also associated with fat metabolism. PAK1 (p21-activated kinase 1) is a key enzyme in focal
adhesions and is connected to the downstream MAPK signaling pathway [37]. Considering that
the MAPK signaling pathway is associated with energy metabolism, focal adhesions have a certain
influence on lipid metabolism. In this study, a combined analysis of the predicted target genes
of differentially expressed miRNAs and differentially expressed gene transcriptome data was also
performed [14]. GO enrichment analysis showed that many genes are correlated with lipid metabolism.
Three genes, namely, ANGPTL8 (angiopoietin-like protein 8, cholesterol metabolism, ko04979), NR1H3
(oxysterols receptor LXR-alpha, PPAR signaling pathway, ko03320), and STAR (steroidogenic acute
regulatory protein, mitochondrial precursor, cholesterol metabolism, ko04979), were associated with
fat deposition. The results show that 81.5% of the genes were annotated, which indicates that the
differentially expressed miRNAs identified as regulators by the present study play important roles in
the process of adipogenesis.

5. Conclusions

In our study, we characterized the miRNAs associated with adipogenesis in bovine preadipocytes.
The sequencing results showed that 119 miRNAs (59 known miRNAs and novel 60 miRNAs) were
downregulated and 131 miRNAs (114 known miRNAs and 17 novel miRNA) were upregulated.
The expression profiles of 11 miRNAs verified by qRT-PCR, including miR-149-5p, miR-24-3p,
miR-23b-3p miR-193a-3p, miR-199a-3p, miR-199a-5p, miR-33a, miR-199b, miR-379, miR-148a, and
miR-449a, were the same to the sequencing data. Based on the KEGG pathway analysis, the predicted
target genes were mainly enriched in signal transduction, transport and catabolism, and lipid
metabolism. This work contributes to existing knowledge by providing an understanding of bovine
adipogenesis at the molecular level.

Author Contributions: Conceptualization, R.Y. and X.Y.; methodology, X.Y. and X.F.; software, X.Z.; formal
analysis, X.F., J.M. and M.G.; investigation, X.Y. and Z.X.; resources, M.J.; data curation, L.X. and X.Y.;
writing—original draft preparation, R.Y. and X.Y.; writing—review and editing, R.Y., Z.Z. and E.A.; visualization,
X.Y. and S.M.; project administration and funding acquisition, R.Y. and S.M.; All authors read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (31672389, 31772562,
31972993), the Jilin Scientific and Technological Development Program (20180101275JC), and the Key Laboratory
of Animal (Poultry) Genetics Breeding and Reproduction, Ministry of Agriculture (Poultrylab2018-4).

Conflicts of Interest: The authors declare no conflicts of interest.



Animals 2020, 10, 818 13 of 14

References

1. Khan, R.; Raza, S.H.A.; Junjvlieke, Z.; Wang, H.; Cheng, G.; Smith, S.B.; Jiang, Z.; Li, A.; Zan, L. RNA-seq
reveal role of bovine TORC2 in the regulation of adipogenesis. Arch. Biochem. Biophys. 2020, 680, 108236.
[CrossRef]

2. Minana, M.D.; Carbonell-Uberos, F.; Mirabet, V.; Marin, S.; Encabo, A. IFATS collection: Identification of
hemangioblasts in the adult human adipose tissue. Stem Cells 2008, 26, 2696–2704. [CrossRef]

3. Peinado, J.R.; Jimenez-Gomez, Y.; Pulido, M.R.; Ortega-Bellido, M.; Diaz-Lopez, C.; Padillo, F.J.;
Lopez-Miranda, J.; Vazquez-Martinez, R.; Malagon, M.M. The stromal-vascular fraction of adipose tissue
contributes to major differences between subcutaneous and visceral fat depots. Proteomics 2010, 10, 3356–3366.
[CrossRef] [PubMed]

4. Hedrick, C.E.; Koeppel, T.A. Effect of functional group substituents on the paper chromatography of purines
and pyrimidines. Anal. Biochem. 1967, 19, 411–417. [CrossRef]

5. Hausman, G.J.; Dodson, M.V.; Ajuwon, K.; Azain, M.; Barnes, K.M.; Guan, L.L.; Jiang, Z.; Poulos, S.P.;
Sainz, R.D.; Smith, S.; et al. Board-invited review: The biology and regulation of preadipocytes and
adipocytes in meat animals. J. Anim. Sci. 2009, 87, 1218–1246. [CrossRef] [PubMed]

6. Van Pham, P.; Truong, N.C.; Le, P.T.; Tran, T.D.; Vu, N.B.; Bui, K.H.; Phan, N.K. Isolation and proliferation
of umbilical cord tissue derived mesenchymal stem cells for clinical applications. Cell Tissue Bank. 2016,
17, 289–302. [CrossRef] [PubMed]

7. Chawla, A.; Lazar, M.A. Peroxisome proliferator and retinoid signaling pathways co-regulate preadipocyte
phenotype and survival. Proc. Natl. Acad. Sci. USA 1994, 91, 1786–1790. [CrossRef]

8. Walkey, C.J.; Spiegelman, B.M. A functional peroxisome proliferator-activated receptor-gamma
ligand-binding domain is not required for adipogenesis. J. Biol. Chem. 2008, 283, 24290–24294. [CrossRef]

9. Ling, L.; Nurcombe, V.; Cool, S.M. Wnt signaling controls the fate of mesenchymal stem cells. Gene 2009,
433, 1–7. [CrossRef]

10. Prestwich, T.C.; Macdougald, O.A. Wnt/beta-catenin signaling in adipogenesis and metabolism. Curr. Opin.
Cell Biol. 2007, 19, 612–617. [CrossRef]

11. Asrih, M.; Mach, F.; Nencioni, A.; Dallegri, F.; Quercioli, A.; Montecucco, F. Role of mitogen-activated
protein kinase pathways in multifactorial adverse cardiac remodeling associated with metabolic syndrome.
Mediat. Inflamm. 2013, 2013, 367245. [CrossRef] [PubMed]

12. Bassett, A.R.; Azzam, G.; Wheatley, L.; Tibbit, C.; Rajakumar, T.; McGowan, S.; Stanger, N.; Ewels, P.A.;
Taylor, S.; Ponting, C.P.; et al. Understanding functional miRNA-target interactions in vivo by site-specific
genome engineering. Nat. Commun. 2014, 5, 4640. [CrossRef] [PubMed]

13. Li, R.; Dudemaine, P.L.; Zhao, X.; Lei, C.Z.; Ibeagha-Awemu, E.M. Comparative analysis of the miRNome of
bovine milk fat, whey and cells. PLoS ONE 2016, 11, e0154129. [CrossRef] [PubMed]

14. Cai, H.; Li, M.; Sun, X.; Plath, M.; Li, C.; Lan, X.; Lei, C.; Huang, Y.; Bai, Y.; Qi, X.; et al. Global transcriptome
analysis during adipogenic differentiation and involvement of transthyretin gene in adipogenesis in cattle.
Front. Genet. 2018, 9, 463. [CrossRef]

15. Driver, A.M.; Penagaricano, F.; Huang, W.; Ahmad, K.R.; Hackbart, K.S.; Wiltbank, M.C.; Khatib, H. RNA-Seq
analysis uncovers transcriptomic variations between morphologically similar in vivo- and in vitro-derived
bovine blastocysts. BMC Genom. 2012, 13, 118. [CrossRef]

16. Zhao, X.M.; Cui, L.S.; Hao, H.S.; Wang, H.Y.; Zhao, S.J.; Du, W.H.; Wang, D.; Liu, Y.; Zhu, H.B. Transcriptome
analyses of inner cell mass and trophectoderm cells isolated by magnetic-activated cell sorting from bovine
blastocysts using single cell RNA-seq. Reprod. Domest. Anim. 2016, 51, 726–735. [CrossRef]

17. Ropka-Molik, K.; Bereta, A.; Zukowski, K.; Tyra, M.; Piorkowska, K.; Zak, G.; Oczkowicz, M. Screening for
candidate genes related with histological microstructure, meat quality and carcass characteristic in pig based
on RNA-seq data. Asian-Australas. J. Anim. Sci. 2018, 31, 1565–1574. [CrossRef]

18. Suarez-Vega, A.; Gutierrez-Gil, B.; Klopp, C.; Tosser-Klopp, G.; Arranz, J.J. Comprehensive RNA-Seq profiling
to evaluate lactating sheep mammary gland transcriptome. Sci. Data 2016, 3, 160051. [CrossRef]

19. Yang, S.; Wang, Y.; Wang, L.; Shi, Z.; Ou, X.; Wu, D.; Zhang, X.; Hu, H.; Yuan, J.; Wang, W.; et al. RNA-Seq
reveals differentially expressed genes affecting polyunsaturated fatty acids percentage in the Huangshan
Black chicken population. PLoS ONE 2018, 13, e0195132. [CrossRef]

http://dx.doi.org/10.1016/j.abb.2019.108236
http://dx.doi.org/10.1634/stemcells.2007-0988
http://dx.doi.org/10.1002/pmic.201000350
http://www.ncbi.nlm.nih.gov/pubmed/20706982
http://dx.doi.org/10.1016/0003-2697(67)90230-8
http://dx.doi.org/10.2527/jas.2008-1427
http://www.ncbi.nlm.nih.gov/pubmed/18849378
http://dx.doi.org/10.1007/s10561-015-9541-6
http://www.ncbi.nlm.nih.gov/pubmed/26679929
http://dx.doi.org/10.1073/pnas.91.5.1786
http://dx.doi.org/10.1074/jbc.C800139200
http://dx.doi.org/10.1016/j.gene.2008.12.008
http://dx.doi.org/10.1016/j.ceb.2007.09.014
http://dx.doi.org/10.1155/2013/367245
http://www.ncbi.nlm.nih.gov/pubmed/23365487
http://dx.doi.org/10.1038/ncomms5640
http://www.ncbi.nlm.nih.gov/pubmed/25135198
http://dx.doi.org/10.1371/journal.pone.0154129
http://www.ncbi.nlm.nih.gov/pubmed/27100870
http://dx.doi.org/10.3389/fgene.2018.00463
http://dx.doi.org/10.1186/1471-2164-13-118
http://dx.doi.org/10.1111/rda.12737
http://dx.doi.org/10.5713/ajas.17.0714
http://dx.doi.org/10.1038/sdata.2016.51
http://dx.doi.org/10.1371/journal.pone.0195132


Animals 2020, 10, 818 14 of 14

20. Nawrocki, E.P.; Eddy, S.R. Infernal 1.1: 100-fold faster RNA homology searches. Bioinformatics 2013,
29, 2933–2935. [CrossRef]

21. Friedlander, M.R.; Chen, W.; Adamidi, C.; Maaskola, J.; Einspanier, R.; Knespel, S.; Rajewsky, N. Discovering
microRNAs from deep sequencing data using miRDeep. Nat. Biotechnol. 2008, 26, 407–415. [CrossRef]
[PubMed]

22. Yang, Y.H.; Dudoit, S.; Luu, P.; Lin, D.M.; Peng, V.; Ngai, J.; Speed, T.P. Normalization for cDNA microarray
data: A robust composite method addressing single and multiple slide systematic variation. Nucleic Acids Res.
2002, 30, e15. [CrossRef]

23. Kruger, J.; Rehmsmeier, M. RNAhybrid: MicroRNA target prediction easy, fast and flexible. Nucleic Acids Res.
2006, 34, W451–W454. [CrossRef] [PubMed]

24. Agarwal, V.; Bell, G.W.; Nam, J.W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian
mRNAs. eLife 2015, 4, e05005. [CrossRef] [PubMed]

25. Kanehisa, M.; Araki, M.; Goto, S.; Hattori, M.; Hirakawa, M.; Itoh, M.; Katayama, T.; Kawashima, S.;
Okuda, S.; Tokimatsu, T.; et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res.
2008, 36, D480–D484. [CrossRef]

26. Mortazavi, A.; Williams, B.A.; Mccue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian
transcriptomes by RNA-Seq. Nat. Methods 2008, 5, 621–628. [CrossRef]

27. Hudak, C.S.; Sul, H.S. Pref-1, a gatekeeper of adipogenesis. Front. Endocrinol. 2013, 4, 79. [CrossRef]
28. Kvandova, M.; Majzunova, M.; Dovinova, I. The role of PPAR gamma in cardiovascular diseases. Physiol. Res.

2016, 65, S343–S363. [CrossRef]
29. Tanaka, T.; Yoshida, N.; Kishimoto, T.; Akira, S. Defective adipocyte differentiation in mice lacking the

C/EBPbeta and/or C/EBPdelta gene. EMBO J. 1997, 16, 7432–7443. [CrossRef]
30. Qiu, H.; Yang, J.K.; Chen, C. Influence of insulin on growth hormone secretion, level and growth hormone

signalling. Sheng Li Xue Bao [Acta Physiol. Sin.] 2017, 69, 541–556.
31. Bushati, N.; Cohen, S.M. microRNA functions. Annu. Rev. Cell Dev. Biol. 2007, 23, 175–205. [CrossRef]

[PubMed]
32. Zhang, P.; Du, J.; Wang, L.; Niu, L.; Zhao, Y.; Tang, G.; Jiang, Y.; Shuai, S.; Bai, L.; Li, X.; et al. MicroRNA-143a-3p

modulates preadipocyte proliferation and differentiation by targeting MAPK7. Biomed. Pharmacother. 2018,
108, 531–539. [CrossRef] [PubMed]

33. Kajimoto, M.; Shimono, T.; Hirano, K.; Miyake, Y.; Sawada, Y.; Kato, N.; Hirata, H.; Imanaka-Yoshida, K.;
Nishikawa, M.; Yoshida, T.; et al. Development of a new method for endovascular aortic repair: Combination
therapy of cell transplantation and stent grafts with a drug delivery system. Circulation 2006, 114, I378–I383.
[CrossRef] [PubMed]

34. Shi, C.; Zhang, M.; Tong, M.; Yang, L.; Pang, L.; Chen, L.; Xu, G.; Chi, X.; Hong, Q.; Ni, Y.; et al. miR-148a is
Associated with Obesity and Modulates Adipocyte Differentiation of Mesenchymal Stem Cells through Wnt
Signaling. Sci. Rep. 2015, 5, 9930. [CrossRef]

35. Goedeke, L.; Rotllan, N.; Canfran-Duque, A.; Aranda, J.F.; Ramirez, C.M.; Araldi, E.; Lin, C.S.; Anderson, N.N.;
Wagschal, A.; de Cabo, R.; et al. MicroRNA-148a regulates LDL receptor and ABCA1 expression to control
circulating lipoprotein levels. Nat. Med. 2015, 21, 1280–1289. [CrossRef]

36. Legerstee, K.; Geverts, B.; Slotman, J.A.; Houtsmuller, A.B. Dynamics and distribution of paxillin, vinculin,
zyxin and VASP depend on focal adhesion location and orientation. Sci. Rep. 2019, 9, 10460. [CrossRef]

37. Park, E.R.; Eblen, S.T.; Catling, A.D. MEK1 activation by PAK: A novel mechanism. Cell. Signal. 2007,
19, 1488–1496. [CrossRef]

© 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/).

http://dx.doi.org/10.1093/bioinformatics/btt509
http://dx.doi.org/10.1038/nbt1394
http://www.ncbi.nlm.nih.gov/pubmed/18392026
http://dx.doi.org/10.1093/nar/30.4.e15
http://dx.doi.org/10.1093/nar/gkl243
http://www.ncbi.nlm.nih.gov/pubmed/16845047
http://dx.doi.org/10.7554/eLife.05005
http://www.ncbi.nlm.nih.gov/pubmed/26267216
http://dx.doi.org/10.1093/nar/gkm882
http://dx.doi.org/10.1038/nmeth.1226
http://dx.doi.org/10.3389/fendo.2013.00079
http://dx.doi.org/10.33549/physiolres.933439
http://dx.doi.org/10.1093/emboj/16.24.7432
http://dx.doi.org/10.1146/annurev.cellbio.23.090506.123406
http://www.ncbi.nlm.nih.gov/pubmed/17506695
http://dx.doi.org/10.1016/j.biopha.2018.09.080
http://www.ncbi.nlm.nih.gov/pubmed/30243086
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.001016
http://www.ncbi.nlm.nih.gov/pubmed/16820604
http://dx.doi.org/10.1038/srep09930
http://dx.doi.org/10.1038/nm.3949
http://dx.doi.org/10.1038/s41598-019-46905-2
http://dx.doi.org/10.1016/j.cellsig.2007.01.018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Isolation, Culture, and Induction of Bovine Primary Preadipocytes 
	Isolation and Culture of Bovine Primary Preadipocytes 
	Cell Proliferation Assay 
	Adipogenic Differentiation of Preadipocytes 

	Oil Red O Staining 
	QRT-PCR Analysis of Adipogenic Marker Genes 
	Immunofluorescence Staining 
	Analysis of Triglyceride Content 
	Small RNA-seq and Analysis 
	Function Analysis of the Prediction Target Genes of Differentially Expressed miRNAs 
	Validation of Differentially Expressed miRNAs 
	Statistical Analysis 

	Results 
	The Isolation and Induction of Bovine Preadipocytes 
	The Morphology and Proliferation of Primary Preadipocytes 
	The Induction Efficiency of Preadipocytes under Different Conditions 
	Cell Morphology and the Formation of Lipid Drops 
	The Expression Levels of Adipogenesis Marker Genes During Preadipocytes Differentiation 
	Immunofluorescence Staining and Detection of Cellar Triglyceride Content 

	Analysis of miRNA Sequencing in Adipocytes at Different Stages of Differentiation 
	Annotation of Known miRNAs and Prediction of Novel miRNAs in Bovine Preadipocytes and Adipocytes 
	Functional Analysis of Target Genes and Stem–Loop qRT-PCR of miRNAs Related to Preadipocyte Differentiation 

	Discussion 
	Conclusions 
	References

