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Abstract
Background

Intramuscular fat development is regulated by a series of complicated processes, and non-coding RNA
(ncRNA) such as microRNA (miRNA) plays a critical role during intramuscular preadipocyte proliferation
and differentiation development in pigs. In present research, we detected the expression pro�les of
miRNA during different differentiation stages, namely, day 0 (D0), day 4 (D4), and day 8 (D8), of
intramuscular preadipocytes from the longissimus dorsi muscle of Chinese Guizhou Congjiang pigs to
provide �rst insights into their potential involvement in intramuscular preadipocyte development. And we
investigated the function of miR-148a-3p in adipocyte proliferation, apoptosis, and differentiation.

Results

A total of 67, 95, and 16 differentially expressed (DE) miRNAs were detected between D4 and D0, between
D8 and D0, and between D8 and D4, respectively. We further characterized the role of miR-148a-3p which
was differentially expressed and highest expressed abundance in D0, D4, and D8. To explore the role of
miR-148a-3p in porcine intramuscular preadipocyte, miR-148a-3p mimics and inhibitors were used to
perform miR-148a-3p overexpression and knockdown, respectively. Overexpression of miRNA-148a-3p
increased the number of intramuscular preadipocytes in the S/G2 phase of the cell cycle and decreased
the proportion of cells in the G0/G1 phase. Moreover, it promoted proliferation by regulation of cyclin B,
cyclin G1, cyclin D1, CDK2, CDK3, and CDK4 and inhibited apoptosis of intramuscular preadipocyte by
regulating the expression of Caspase-3, Bax, and Bcl-2. Meanwhile, the mimics of miR-148a-3p
dramatically promoted intramuscular preadipocyte differentiation and upregulated the expression levels
of adipogenic marker genes PPARγ, FASN, FABP4, HSL, APOE, LPL, and CEBPα. Furthermore, miR-148a-3p
promoted intramuscular preadipocyte differentiation via restraining the AMPK/ACC/CPT1C signaling
pathway. PPARGC1A was identi�ed as a target gene of miR-148a-3p by luciferase activity and western
blotting assays.

Conclusion

Our study provides novel insights into the regulatory mechanisms underlying intramuscular preadipocyte
development and identi�ed amount of miRNAs whose regulatory potential will need to be explored in the
future. Our results establish that miR-148a-3p promoted adipocyte differentiation by targeting
PPARGC1A. 

Background
Intramuscular fat (IMF) content plays a key role in various quality traits of meat such as �avor,
tenderness, and juiciness [1]. The proven technique of isolation and in vitro culture of primary
intramuscular preadipocytes make it possible for us to understand the mechanisms of IMF deposition [2].
Intramuscular fat content is positively correlated with the number of fat-cell and the size of fat-cell [3].
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Therefore, understanding the proliferation and differentiation of pig intramuscular preadipocytes may
provide valuable information in animal body development and improvement of meat quality [4]. 

Over the last decade, genome-wide analyses of mammalian transcriptomes discovered that more than
50% of transcripts are not translated into proteins but act as transcriptional noise or functional RNAs,
including non-coding RNA (ncRNA) [5]. Generally, ncRNAs are divided into small or short ncRNA and long
ncRNAs (lncRNAs) [6]. MicroRNAs (miRNA) are a kind of 22~nt small non-coding RNAs that direct
posttranscriptional repression of mRNA targets in mammals [6]. In recent years, a large number of
miRNAs have been identi�ed in eukaryotic organisms from nematodes to humans [7-9]. Moreover,
miRNAs have been regarded as key regulators because they play a critical role in various biological
processes, such as animal development, cell proliferation, and differentiation, transcriptional regulation,
and homeostasis [10]. Numerous studies have demonstrated that miRNAs regulate intramuscular
preadipocytes adipogenesis and differentiation through versatile gene-regulatory mechanisms [11]. Wei
et al. [12] have researched the expression pattern of miRNAs with longissimus dorsi muscles from the
higher and lower longissimus dorsi content of pigs by RNA-Seq and found 73 differentially expressed
miRNAs were potential candidates in�uencing the longissimus dorsi trait by their target genes. Several
researchers have reported that miR-199a-3p [13], miR-21 [14], miRNA-143a-3p [15], miR-
425 [16] in�uenced the fat deposition by their target genes which involved in cell proliferation and
differentiation. However, there is limited research on the expression pro�les and the function of miRNAs
in intramuscular preadipocytes during different differentiation stages, especially in livestock
intramuscular preadipocytes differentiation; for example, in pigs. 

Chinese Guizhou Congjiang pigs, known as the fragrant and tender of its meat, have excellent meat
qualities. This study aimed to identify miRNAs with potential roles in Chinese Guizhou Congjiang pigs’
intramuscular preadipocyte proliferation and differentiation. In the present study, the expression
characters of miRNAs were detected using RNA sequencing (RNA-Seq) during different differentiation
stages (day 0 (D0), day 4 (D4), day 8 (D8) of intramuscular preadipocyte differentiation in Chinese
Guizhou Congjiang pigs. We further characterize on abundant and differentially expressed miRNA, miR-
148a-3p, which functions by target of PPARGC1A and inhibits intramuscular preadipocyte proliferation
and promote intramuscular preadipocyte differentiation. Our research will extensively bene�t the
improvement of pigs breeding in China and provide new insight, describing the genetic mechanism of the
excellent meat quality of Chinese Guizhou Congjiang pigs. 

Materials And Methods
Assurance of regulatory compliance and animals

Three 3-day-old Chinese Guizhou Congjiang piglets were obtained from local livestock farms. All
experimental procedures were approved by the Guizhou University Animal Care and Use Committee,
Guizhou, China. 

Intramuscular preadipocyte culture and differentiation
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Piglets were killed by venous administration of sodium pentobarbital (30 mg/kg of body weight) and
sterilized by 75% ethanol to obtain samples of longissimus doris muscle. Then, the tissue was washed
with phosphate-buffered saline (PBS) by three times and cut into 1-2 cm pieces. Immediately, the tissue
was digested with 2 mg/mL collagenase type at 37℃ for 65 min and shakes well every 10 min. The
digested tissue was terminated with equal volume DMEM/F12 growth medium and �ltrated with gauze
for removing the undigested tissues. The �ltrated solution was then �ltered with a 200 and 400μm cell
strainer and centrifuged at 1500r/min for 10 min to collect the progenitor cells. The cells were cultured in
DMEM/F12 growth medium containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at
37℃ with an atmosphere of 5% CO2. Because preadipocytes attach much earlier than myoblasts, the
cultured cells were washed with PBS three times for removing unadherent cells and insoluble myo�brillar
proteins after culturing for 2 hours [4]. After the preadipocytes reach con�uence (D0), the growth medium
was changed with induction medium which is the growth medium supplement with 5mM IBMX, 1μM
DEX, and 5μg/mL insulin. After 2 days, the cells were subjected to maintenance medium (growth medium
supplemented with 5μg/mL insulin) for an additional 2 days (D4) and then changed every 2 days until
day 8 (D8). Three samples were collected at day 0, 4, 8, respectively for sequencing. 

RNA extraction, library preparation, clustering, and sequencing

Total RNA was isolated at each time point (D0, D4, and D8) using the Trizol reagent (Takara, Dalian,
China). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA) and 1% agarose gels electrophoresis, which showed that the RNA
integrity number (RIN) values of all samples were larger than 9.8. RNA concentration was measured using
Qubit® RNA Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies, CA, USA). A total amount of 3 μg
total RNA per sample was used as input material for the small RNA library. Sequencing libraries were
generated using NEBNext® Multiples Small RNA Library Prep Set for Illumina® (NEB, USA.) following
manufacturer’s recommendations and index codes were added to attribute sequences to each sample.
Library quality was assessed on the Agilent Bioanalyzer 2100 system using DNA High Sensitivity Chips.
The clustering of the index-coded samples was performed on a cBot Cluster Generation System using
TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to the manufacturer’s instructions. After cluster
generation, the library preparations were sequenced on an Illumina Hiseq 2500/2000 platform and 50bp
single-end reads were generated. 

 Data analysis

The data were analyzed through the following principle: Firstly, raw data (raw reads) of fastq format were
processed through custom perl and python scripts. Secondly, low quality reads, including reads
containing ploy-N, with 5’adapter contaminants, without 3’adapter or the insert tag, containing ploy A or T
or G or C, were removed from raw data, and Q20, Q30, and GC-content of the raw data were calculated.
Thirdly, the remaining clean reads were mapped to the porcine reference genome sequence (Sus scrofa
11.1) by Bowtie [17] without mismatch. The known porcine miRNA were searched using modi�ed
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software mirdeep2 [18] and srna-tools-cli. Fourthly, the hairpin structures of miRNA precursor were used
to predict novel miRNA through the software miREvo [19] and mirdeep2 [18].  

Differentially expressed (DE) miRNAs and pathway analysis

The miRNA expression levels were estimated by TPM (transcript per million) method. The differential
expression of miRNAs were performed using the DESeq R package (1.8.3) [20]. The corrected P-
value≤0.05 was set as the threshold for signi�cantly differential expression by default. The function of
DE miRNAs was predicted by the GO analysis of their target mRNAs. Gene Ontology (GO) enrichment
analysis was performed for DE miRNAs using GOseq [21]. We used KOBAS [22] software to test the
statistical enrichment of the target gene in KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
enrichment. 

Construction of the miRNA-mRNA Network

According to the miRanda and RNAhybrid, the DE mRNA-miRNA interaction pairs were obtained. The
network was performed using Cytoscape [23]. The function analyses of DE mRNAs in the ceRNA network
were performed by KEGG pathway analysis [22].   

cDNA synthesis and quantitative real-time RT-PCR

 The RNA reversed to cDNA with RevertAid First Strand cDNA Synthesis Kit (Thermo, Waltham, USA). The
stem-loop primers were used for reverse-transcribed cDNA of miRNA (Table S1). Meanwhile, U6 (for
miRNA) and GAPDH were used as the reference gene for the normalization of the data. The gene
expression levels were calculated using the 2 △△Ct method and qPCR primers were listed in Table S2.    

Cells Transfection

Mimics (Sequence: 5 -UCAGUGCACUACAGAACUUUGU-3 , 5 -AAAGUUCUGUAGUGCACUGAUU-3  ),
Mimics NC (Sequence: 5 -UUCUCCGAACGUGUCACGUTT-3 , 5 -ACGUGACACGUUCGGAGAATT-3 ),
inhibitor (Sequence: 5 -ACAAAGUUCUGUAGUGCACUGA-3 ), and inhibitor NC (Sequence: 5 -
CAGUACUUUUGUGUAGUACAA-3 ) oligonucleotides of miRNA-148a-3p were synthesized by GenePharma
(Shanghai, China). For proliferation, intramuscular preadipocyte was transfected with the miR-148a-3p
mimics (60 nM), mimics NC (60 nM), inhibitors (60 nM), and inhibitor NC (60 nM) using the FuGENE®HD
Transfection Reagent (Promega Corporation, Madison, USA) according to the manufacturer’s introduction
when cell con�uence reached 40% for proliferation. For apoptosis and differentiation, when cell
con�uence reached 80%, miR-148a-3p mimics, mimics NC, inhibitors, and inhibitor NC were transfected
into cells in the same way.  

Cell Proliferation Assay

Porcine intramuscular preadipocytes were plated in 96-well culture plates. Each treatment had eight
independent replicates. Cell proliferation was measured at 0, 24, 48, 72, 96, 120, 144, 168, 192 h after
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translated with miR-148a-3p mimics, mimics NC, inhibitor, inhibitor NC according to the manufacturer’s
protocol using cell counting kit-8 (CCK-8) assay (APExBIO, Houston, USA). Furthermore, EdU was used to
assess cell proliferation following the manufacturer’s instructions (APExBIO, Houston, USA). 

Flow Cytometry for Cell Cycle assays

To analysis the effect of miR-148a-3p in different periods of the cell cycle, we analyzed the cell cycle with
miR-148a-3p mimics, mimics NC, inhibitor, inhibitor NC groups using the cell cycle testing kit (BD, New
Jersey, USA). The cells cultivated in six-well plates were collected and then centrifuged at 800g/min for
5min. The supernatant was discarded, and the cells were washed with PBS and �xed with 75% alcohol
for 24 hours. The �xed cells were centrifuged at 1000g/min for 10min, washed with PBS to remove
alcohol, stained with PI/RNase for 15 minutes in the dark at room temperature, and detected for �ow
cytometry (FACS Canto II plus, BD BioSciences, USA). 

Flow Cytometry for Apoptosis Assays

To analysis the effects of miR-148a-3p in cell apoptosis by Annexin V-FITC/PI staining assay (BD, New
Jersey, USA). After transfection, cells from the different treatment groups (three independent replicates
per treatment) were washed three times with PBS buffer (pH=7.4), collected by trypsinization, washed
again with PBS, and then resuspended in 1ml 1×binding buffer (BD, New Jersey, USA). Afterward, we
incubated the cells for 15 min in the dark at room temperature in the presence of Annexin V-FITC (5μl)
and propidium iodide (PI) (5μl, BD, New Jersey, USA). Afterward, cells were analyzed using �ow cytometry
(FACS Canto II plus, BD BioSciences, USA). 

Hoechst 33342 and PI Dual Staining Assays

Hoechst 33342 and PI double staining (Solarbio, Beijing, China) were performed to analyze cell
apoptosis. In brief, after transfection with miR-148a-3p for 48 hours, cells were washed with PBS for three
times and incubated with Hoechst 33342 and PI for 30 min at 4℃. Then the cells were washed with PBS
and the �uorescence signal was assessed using a �uorescence microscope (Nikon 80i, Tokyo, Japan). 

Luciferase Activity Assay

The wild-type and mutant-type 3’UTR of PPARGC1A were cloned into a pmir-GLO vector which was made
by a manufacturer (TsingKe Biotech, Chongqing, China). The miR-148a-3p mimics, mimics NC, PmirGLO-
3’UTR-WT, PmirGLO-3’UTR-MUT were co-transfected into 293T cells, when the cell con�uence reached
about 80%. After transfection 24h, the cell was washed with PBS and lysed with 500μL passive lysis
buffer (PLB). The dual-luciferase activity was measured with the Dual-Luciferase® Reporter Assay
System (Promega Corporation, Madison, USA) according to the manufacturer’s instructions. 

Oil Red O Staining, Triglyceride, and Cholesterol analysis 
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The cultured cells were washed thrice with PBS, �xed in 4% paraformaldehyde for 30 min and stained
with Oil Red O for 20min. The stained cells were washed three times with PBS and token photos to
observe under an inverted microscope (Nikon, Tokyo, Japan).  

Western Blotting

We extracted protein from different treatment porcine intramuscular preadipocytes using RIPA Lysis
Buffer (Solarbio, Beijing, China), according to the manufacturer’s instructions. We prepared total protein
and detected protein concentrations using the Bradford method. Proteins were then separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred to a PVDF membrane and
blocked with 5% skim milk powder solution for 2 h at 37℃ temperature. We incubated membranes
overnight with the primary antibodies, washed the membranes with TBST three times, 8 minutes each
time, and incubated them for 2h with horseradish peroxidase-conjugated secondary antibodies (Abcam,
Cambridge, England). We purchased anti-PPARγ and anti-CEBPα from Abcam (Abcam, Cambridge,
England). Anti-CDK4, anti-Phospho-AMPK, anti-AMPK, anti-ACC and anti-LPL were purchased from
Thermo �sher scienti�c (Thermo, Waltham, USA). Anti-cyclinD1 was purchased from Aviva Systems
Biology (Aviva Systems Biology, California, USA). Anti-Phospho-ACC was purchased from Biorbyt
Company (Biorbyt, Cambridge, England). Anti-GAPDH, anti-PCNA, anti-PPARGC1A, and anti-CPT1C were
purchased from Proteintech Group (Proteintech, Wuhan, China). Protein bands were detected after
treatment with BeyoECL Moon (Beyotime, Shanghai, China). 

Statistical analysis 

Data were analyzed by one-way ANOVA using the procedures of SPSS Version 18.0 statistical software.
Differences were considered signi�cant at P<0.05. 

Results
Characters of RNA-seq results and quality control 

In our present study, we constructed nine small RNA libraries (d0_1, d0_2, d0_3, d4_1, d4_2, d4_3, d8_1,
d8_2, d8_3) using porcine intramuscular preadipocyte with different stages of differentiation. A total of
16050754, 20667858, 18521184, 15356301, 14585607, 16028024, 14393598, 15354839, and 13928901
high quality clean reads were obtained from d0_1, d0_2, d0_3,d4_1, d4_2, d4_3, d8_1, d8_2 and d8_3
respectively (Table S3). Additionally, the clean reads were mapped to the pig reference genome (Sus
scrofa 11.1), and the mapping ratio ranged from 98.71% to 99.10% (Table S4). These results indicated
that our data were satis�ed for further analysis. The size distribution of mappable reads was similar in
nine libraries, and the majority of reads were distributed to 23 nt in length, accounting for 52.87% (d0_1,
Figure S1 a), 49.57% (d0_2, Figure S1 b) , 45.09% (d0_3, Figure S1 c), 51.65% (d4_1, Figure S1 d), 49.74%
(d4_2, Figure S1 e), 52.70% (d4_3, Figure S1 f), 43.12% (d8_1, Figure S1 g), 46.74% (d8_2, Figure S1 h),
and 41.36% (d8_3, Figure S1 i). The secondary mappable reads were distributed to 22 nt in length,
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ranging from 20.54% to 28.29%. The detailed length distribution of clean reads was displayed in Table
S5. 

Identi�cation of porcine known and novel candidate miRNAs

The mapped small RNA was used to identify the known mature miRNAs and precursors. MiRBase 20.0
database was used as a reference to obtain the known miRNA. A total of 326, 327, 321, 321, 318, 323,
319, 319, and 325 porcine known miRNAs were detected from d0_1, d0_2, d0_3, d4_1, d4_2, d4_3, d8_1,
d8_2 and d8_3 groups, respectively (Table 1). Furthermore, we performed base bias analysis for known
miRNAs; the results indicated that U is the most preferred base at the �rst nucleotide in 20 nt, 21 nt, 22 nt,
23 nt and 24 nt lengths of known miRNAs (Figure S2). Meanwhile, miRNA nucleotide bias at each
position was displayed in Figure S3. 

Table 1. Summary of known miRNA. 

Types Mapped mature Mapped hairpin Mapped uniq sRNA Mapped total sRNA

Total 349 314 3,2813 119,781,230

d0_1 326 297 3,619 13,426,884

d0_2 327 299 3,916 17,276,190

d0_3 321 291 3,974 14,393,249

d4_1 321 291 3,573 12,929,026

d4_2 318 292 3,336 12,410,722

d4_3 323 294 3,532 13,359,639

d8_1 319 289 3,655 11,596,430

d8_2 319 295 3,486 13,014,289

d8_3 325 300 3,722 11,374,801

The numbers and percentage of the reads mapping to certain known classes of RNA sequences,
including rRNA, tRNA, snRNA, snoRNA, exon, and intron were shown in Table S6. The certain known
classes of RNA sequences were excluded, and the remaining reads were analyzed to identify the potential
novel miRNAs. A total of 76, 79, 76, 69, 67, 71, 55, 59, 61 novel potential miRNAs were predicted from
d0_1, d0_2, d0_3, d4_1, d4_2, d4_3, d8_1, d8_2 and d8_3 groups, respectively (Table 2). The base bias
analysis for novel predicted miRNAs were performed. The length of predicted novel miRNA was 22 nt,
while the length of known miRNA was mainly clustered in 23 nt. The �rst nucleotide bias of the novel
predicted 22 nt miRNA is G difference with U in known miRNA at 22 nt. The �rst nucleotide bias both of
known and novel predicted 23 nt and 24 nt is U (Figure S4). The predicted novel miRNA nucleotide bias at
each position was displayed in Figure S5. 
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Table 2. Summary of predicted novel miRNA

Types Mapped
mature

Mapped
star

Mapped
hairpin

Mapped uniq
sRNA

Mapped total
sRNA

d0_1 76 20 84 182 5,762

d0_2 79 19 87 194 7,486

d0_3 76 16 82 184 6,927

d4_1 69 10 74 150 3,926

d4_2 67 13 70 146 3,201

d4_3 71 12 78 155 3,745

d8_1 55 15 65 141 4,024

d8_2 59 13 64 140 4,109

d8_3 61 13 67 138 4,306

Differentially expressed (DE) of miRNA during intramuscular preadipocyte differentiation

The TPM (tag per million) was used to calculate and normalize the relative expression level of miRNA. A
total of 471 miRNA was obtained from three differentiation stages in Table S7. The TPM density
distributions of the miRNA expression level in different groups were similar (Figure S6). Three
comparison groups (D4 vs D0, D8 vs D0, D8 vs D4) were set to analyze the DE miRNAs during the
intramuscular preadipocyte differentiation. A total of 67, 95, 16 miRNAs were detected differentially
expressed in group D4 vs D0 and D4 vs D0, D4 vs D0 and D8 vs D4, D8 vs D0, and D8 vs D4, respectively
(Table 3). The twenty most up-regulated in group D4 vs D0 and D8 vs D0 are presented in Tables 4 and 5.
The Venn diagram of DE miRNAs at different time-point comparisons was shown in Figure 1. We found 7
miRNAs that were commonly differentially expressed genes during the entire differentiation process
(Figure 1D). The volcano plot of differentially expressed miRNAs was shown in Figures 2A, B, and C. To
further explore the potential function of miRNA, we prepared a clustered heatmap (Figure 3).

Table 3. The number of DE miRNAs in the D4 vs. D0, D8 vs. D0, and D8 vs. D4 comparison.

Groups DE miRNAs Upregulated miRNAs Downregulated miRNAs

D4 vs D0 67 37 30

D8 vs D0 95 48 47

D8 vs D4 16 8 8

Table 4. The top 20 most up-regulated miRNAs at the D4 compared to the D0.
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miRNA D4
(readcount)

D0
(readcount)

log2FoldChange pval padj

ssc-miR-708-
5p

5,220 982 2.41 4.22E-52 1.15E-49

ssc-miR-708-
3p

2,165 462 2.23 8.91E-40 1.22E-37

ssc-miR-146b 1,843 192 3.26 3.10E-32 2.82E-30

ssc-miR-181a 29,864 9,898 1.59 1.89E-25 1.29E-23

ssc-miR-455-
3p

916 370 1.31 2.42E-14 1.32E-12

ssc-miR-126-
3p

2,570 1,002 1.36 5.40E-14 2.46E-12

ssc-miR-181b 6,461 2,787 1.21 2.07E-13 7.06E-12

ssc-miR-455-
5p

6,890 2,899 1.25 4.11E-13 1.25E-11

ssc-miR-378 11,981 6,153 0.96 1.74E-09 4.76E-08

ssc-miR-199b-
5p

41,476 21,059 0.98 8.29E-08 2.06E-06

ssc-miR-19b 4,578 2,143 1.10 3.12E-07 7.10E-06

ssc-miR-148a-
3p

382,600 204,421 0.90 4.94E-07 9.64E-06

ssc-miR-148b-
5p

671 349 0.94 6.94E-07 1.18E-05

ssc-miR-532-
5p

23,008 13,830 0.73 1.89E-06 3.04E-05

ssc-miR-30a-
5p

16,610 10,506 0.66 3.00E-05 0.0003413

ssc-miR-1343 641 384 0.74 4.66E-05 0.00048942

ssc-miR-99a-
5p

51,110 30,673 0.74 7.13E-05 0.00072047

ssc-miR-30d 58,223 36,038 0.69 0.00011594 0.0010914

ssc-miR-126-
5p

123 61 1.02 0.00012548 0.0011177

Table 5. The top 20 most up-regulated miRNAs at the D8 compared to the D0. 
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miRNA D8 (readcount) D0 (readcount) log2FoldChange pval padj

ssc-miR-708-5p 4,248 1,007 2.08 1.96E-48 6.82E-46

ssc-miR-181a 44,462 10,149 2.13 3.18E-37 5.53E-35

ssc-miR-146b 2,295 197 3.54 3.74E-33 4.33E-31

ssc-miR-126-3p 2,918 1,027 1.51 1.15E-25 1.00E-23

ssc-miR-708-3p 1,610 474 1.76 6.54E-23 4.55E-21

ssc-miR-455-5p 9,233 2,969 1.64 1.06E-20 6.12E-19

ssc-miR-34c 284 81 1.81 1.22E-18 6.07E-17

ssc-miR-455-3p 1,133 379 1.58 3.42E-17 1.49E-15

ssc-miR-181b 8,339 2,860 1.544 3.94E-17 1.52E-15

ssc-miR-378 149,879 6,304 1.25 6.19E-17 2.15E-15

ssc-miR-378b-3p 1,356 417 1.70 7.25E-16 2.29E-14

ssc-miR-6516 388 106 1.87 3.99E-12 9.91E-11

ssc-miR-34a 4,971 2,471 1.01 1.99E-10 3.64E-09

ssc-miR-148b-5p 774 358 1.11 4.87E-10 8.08E-09

ssc-miR-199b-5p 471,495 21,615 1.13 5.94E-10 9.40E-09

ssc-miR-148a-3p 443,734 209,486 1.08 4.70E-08 5.64E-07

ssc-miR-423-5p 7,051 4,190 0.75 1.21E-06 1.24E-05

ssc-miR-199a-5p 354,121 201,019 0.82 2.29E-06 2.27E-05

ssc-miR-532-5p 23,303 14,181 0.72 2.54E-06 2.33E-05

ssc-miR-664-5p 154 57 1.43 2.47E-06 2.33E-05

MiRNAs target gene prediction and function pathway analysis

The nucleotide at 2-8 position of a mature miRNA is called seed region which is critical for binding to the
3’-UTR of its target genes. To explore the potential regulatory network during intramuscular preadipocyte
differentiation, the target genes of differentially expressed known and novel miRNAs were predicted. The
target genes predicted of miRNA were shown in Table S8. A total of 130041 corresponding relationships
between target genes and miRNA were found in our research. 

Based on differentially expressed miRNAs with target genes, signi�cantly GO terms were mainly involved
in: (1) metabolic process, single-organism process, intracellular part, intracellular, cell part, cell, cellular
component, protein binding, binding, catalytic activity between D4 and D0 (Figure S 7a; Table S9); (2)
metabolic process, cellular metabolic process, organic substance metabolic process, intracellular part,
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intracellular, protein binding between D8 and D0 (Figure S 7b; Table S10); (3) cytoplasm, cytoplasmic
part, protein binding between D8 and D4 (Figure S 7c; Table S11); Based on differentially expressed
miRNAs with target genes, signi�cantly KEGG enrichment were mainly involved in: (1) sphingolipid
signaling pathway, regulation of actin cytoskeleton, ras signaling pathway, rap1 signaling pathway,
proteoglycans in cancer, PI3K-Akt signaling pathway, pathway in cancer, oxytocin signaling pathway,
metabolic pathway, MAPK signaling pathway, HTLV-I infection, focal adhesion, Epstein-Barr virus infetion,
endocytosis, chemokine signaling pathway, cAMP signaling pathway, Axon guidance, Apoptosis, AMPK
signaling pathway, Adrenergic signaling in cardiomyyocytes between D4 and D0 (Figure 4A); (2) TNF
signaling pathway, sphingolipid signaling pathway, regulation of actin cytoskeleton, ras signaling
pathway, rap1 signaling pathway, proteoglycans in cancer, PI3K-Akt signaling pathway, Pathways in
cancer, NF-kappa B signaling , Metabolic pathways, MAPK signaling pathway, HTLV-1 infection, focal
adhesion, endocytosis, cytokine-cytokine receptor interaction, chemokine signaling pathway, axon
guidance, apoptosis, AMPK signaling pathway, adrenergic signaling in cardiomyocytes between D8 and
D0 (Figure 4B); (3) viral myocarditis, type I diabetes mellitus, transcriptional misregulation in cancer,
toxoplasmosis, T cell receptor signaling pathway, staphylococcus aureus infection, rheumatoid arthritis,
proteoglycans in cancer, PI3K-Akt signaling pathway, NF-kappa B signaling pathway, malaria,
leishmaniasis, intestinal immune network for IgA production, in�ammatory bowel disease (IBD),
hematopoietic cell lineage, graft-versus-host disease, autoimmune thyroid disease, asthma, antigen
processing and presentation, allograft rejection between D8 and D4 (Figure 4C). 

Function analysis of common DE genes during intramuscular preadipocyte differentiation

Based on differentially expressed miRNAs with their target genes, signi�cantly enrichment KEGG terms
were commonly involved in: (1) sphingolipid signaling pathway, regulation of actin cytoskeleton, ras
signaling pathway rap1 signaling pathway, proteoglycans in cancer, PI3K-Akt signaling pathway, pathway
in cancer, metabolic pathway, MAPK signaling pathway, HTLV-  infection, focal adhesion, endocytosis,
chemokine signaling pathway, axon guidance, apoptosis, AMPK signaling pathway, adrenergic signaling
in cardiomyocytes in group D4 vs. D0 and D8 vs. D0 (Figure 4); (2) proteoglycans in cancer, PI3K-Akt
signaling pathway in group D4 vs. D0 and D8 vs. D4 (Figure 4); (3) proteoglycans in cancer, PI3K-Akt
signaling pathway, NF-kappa B signaling pathway in group D8 vs D0 and D8 vs D4 (Figure 4).
Signi�cantly enrichment KEGG terms were commonly involved in proteoglycans in cancer and PI3K-Akt
signaling pathway for DE miRNA with their target genes in group D4 vs. D0, D8 vs. D0, and D8 vs. D4
(Figure 4). 

Network of miRNAs and mRNAs  

MiRNA is a novel family of non-coding RNAs, and the potential for functionality of most miRNAs is
currently uncharacterized. To further investigate whether miRNAs regulate the transcription of their target
genes, we performed the network of the miRNA and their target mRNA. A porcine intramuscular
preadipocyte development associated ceRNA network containing 85 miRNA-mRNA, 93 miRNA-mRNA, 2
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miRNA-mRNA pairs in group D4 vs D0, D8 vs D0, and D8 vs D4, respectively (Table S12). The ceRNA
network may provide a novel perspective for porcine intramuscular preadipocytes (Figure 5).  

DE mRNAs of the ceRNA network function analysis

To uncover the biological mechanisms associated with the development of the porcine intramuscular
preadipocyte development, a KEGG pathway enrichment analysis of the DE mRNAs in the ceRNA network
was performed. The signi�cant KEGG pathway enrichment included arrhythmogenic right ventricular
cardiomyopathy (ARVC), PPAR signaling pathway, phagosome, malaria, lysosome, hematopoietic cell
lineage, glycosaminoglycan degradation, fat digestion and absorption, ECM-receptor interaction, AMPK
signaling pathway, and adipocytokine signaling pathway (Figure S8).  

Validation of RNA-Seq by qRT-PCR

QRT-PCR was conducted to validate the RNA-Seq data. We randomly selected nine miRNAs (miR-34c,
miR-100, miR-126-3p, miR-148a-3p, miR-199b-5p, miR-222, miR-381-3p, miR-455-5p, novel_25) to validate.
The RNA samples used in the sequencing were the same as those used in the qRT-PCR. Relative
expression levels of genes were calculated based on the mean value from 9 cell samples by using the
comparative Ct method. After comparison with the RNA-Seq data, similar expression trends for qRT-PCR
were discovered (Figure 6). The qRT-PCR data were shown as the histogram and the y-axis on the left,
while the RNA-seq data were shown as the line and y-axis on the right. Error bars for qRT-PCR data and
RNA-seq data were standard errors.   

Expression pattern analysis of miR-148a-3p 

In the following, we focused on the differentially expressed and highest expression abundance in D0, D4,
and D8 miRNA (ssc-miR-148a-3p). To explore the expression characteristics of miR-148a-3p in different
tissues of China Guizhou Congjiang pigs and different differentiation stages of intramuscular
preadipocyte. We detected the relative expression level by qRT-PCR (Figure 7). We found that miR-148a-3p
was the highest level of expression in the pancreas, followed in the small intestine. The order of tissue
relative expression level from high to low was pancreas, small intestine, large intestine, liver, muscle,
adipose, spleen, stomach, kidney, heart, and lung (Figure 7A). As shown in �gure 7B, the expression level
of miR-148a-3p gradually increased from day 0 to day 8. The expression level of miR-148a-3p on day 2, 4,
6, and 8 were signi�cantly higher than on day 0.

Effects of miR-148a-3p on porcine intramuscular preadipocyte proliferation 

To elucidate the potential effect of miR-148a-3p in porcine intramuscular proliferation, cell counting kit-8
(CCK-8), cell cycle assay, 5-Ethynyl-2’-deoxyuridine (EdU), qPCR, and western blotting assays were used.
As shown in Figure 8A, synthetic miR-148a-3p mimics, mimics NC, inhibitor, and inhibitor NC were
transfected into porcine intramuscular preadipocytes, respectively. As expected, miR-148a-3p mimics
signi�cantly increased the expression level of miR-148a-3p compared to mimics NC in porcine
intramuscular preadipocytes, while miR-148a-3p inhibitor remarkably decreased the expression level of
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miR-148a-3p compared to inhibitor NC. The CCK-8 assay reveals that transfection miR-148a-3p mimics
could signi�cantly increase the total number of preadipocytes compared to the mimics NC group.
However, the total number of preadipocytes was signi�cantly decreased by transfection with miR-148a-3p
inhibitor compared to inhibitor NC group (Figure 8B). A cell phase assay revealed that miR-148a-3p
mimics decreased the proportion of cells in G0/G1 phase and increased the number of preadipocytes in S
and G2 phases, while the proportion of cells in the G0/G1 phase signi�cantly increased and decreased
the number of preadipocytes in S and G2 phases by transfection miR-148a-3p inhibitor compared to NC
group (Figure 8C). The cell phase result suggests that miR-148a-3p may improve porcine intramuscular
preadipocytes proliferation. EdU assay was also indicated that miR-148a-3p overexpression promotes cell
proliferation (Figure 8D). Then we also detected the effect of miR-148a-3p on the mRNA expression of
cell proliferation-related genes CyclinB, CyclinG1, CyclinD1, and cyclin-dependent-kinase 2, 3, 4 (CDK2,
CDK3, CDK4). And found that miR-148a-3p signi�cantly increased the expression of these genes at mRNA
levels (Figure 9A, B). The protein expression of proliferating cell nuclear antigen (PCNA), CyclinD1, and
CDK4 was analyzed, and also found that miR-148a-3p signi�cantly increased the expression of these
genes at protein levels (Figure 9C). These results reveal that miR-148a-3p promotes porcine intramuscular
preadipocyte proliferation.

Effects of miR-148a-3p on porcine intramuscular preadipocyte apoptosis

 Hoechst 33342 and propidium iodide (PI), Annexin V-�uorescein isothiocyanate (FITC)/ PI dual staining,
and qPCR assays were used to elucidate the potential effect of miR-148a-3p in porcine intramuscular
apoptosis. The Annexin V-FITC/PI staining assay showed that miR-148a-3p overexpression inhibited
apoptosis in porcine intramuscular preadipocyte (Figure 10A, B). In similar to the �nding, miR-148a-3p
overexpression signi�cantly decreased the expression levels of Bax and Caspase-3 (Figure 10C).
Moreover, we found miR-148a-3p to promote the expression of Bcl-2 which has been described as an anti-
apoptotic protein (Figure 10C). Hoechst 33342 and propidium iodide (PI) dual staining assays showed
that miR-148a-3p signi�cantly decreased the numbers of the dead cells (Figure 10D). These results
demonstrate that miR-148a-3p inhibits porcine intramuscular preadipocyte apoptosis. 

Effects of miR-148a-3p on porcine intramuscular preadipocyte differentiation 

To assess the effect of miR-148a-3p on porcine intramuscular preadipocyte differentiation, the
expression of adipose differentiation markers, hormone-sensitive lipase (HSL), apolipoprotein E (APOE),
lipoprotein lipase (LPL), fatty acid-binding protein 4 (FABP4), CCAAT/enhancer-binding protein α (CEBPα),
peroxisome proliferator-activated receptor γ (PPARγ), and fatty acid synthase (FASN) were detected in
porcine intramuscular preadipocyte transfection with miR-148a-3p mimics, mimics NC, inhibitor, or
inhibitor NC and differentiated for 8 days. We found that mRNA expression of HSL, APOE, LPL, FABP4,
CEBPα, PPARγ, and FASN were signi�cant increased by transfection with miR-148a-3p mimics (Figure
11A), while miR-148a-3p inhibitor remarkably decreased the mRNA expression level of HSL, APOE, LPL,
FABP4, CEBPα, PPARγ, and FASN (Figure 11B). Overexpression of miR-148a-3p signi�cantly increased the
Oil red O staining signal (Figure 11C) at day 8 of preadipocyte differentiation. The protein level of LPL,
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CEBPα, PPARγ were signi�cantly increased in the miR-148a-3p mimic group (Figure 11D). These results
demonstrate that miR-148a-3p promotes porcine intramuscular preadipocyte differentiation. 

MiR-148a-3p promote porcine intramuscular preadipocyte differentiation by directly targeting PPARGC1A 

The main mechanisms of miRNA participate in many biological processes by negatively regulating target
genes through interaction with the 3’-untranslated region (3’-UTR) of the target genes. Therefore, to
explore the regulatory mechanism of miR-148a-3p which promotes porcine intramuscular preadipocyte
differentiation, we speculated and screened PPARGC1A as a potential target gene of miR-148a-3p by
bioinformatics software TargetScan 7.2. We observed that the 3’-UTR region of PPARGC1A mRNA had a
binding site for the miR-148a-3p seed sequence (Figure 12A). To con�rm this prediction, dual-luciferase
reporter assays were performed. We observed that transfection of miR-148a-3p mimics in 293T cells
directly repressed the luciferase activities of the wild-type PPARGC1A 3’-UTR reporter when compared to
the control group while mutation of the miR-148a-3p binding site in porcine PPARGC1A 3’-UTR completely
stopped this response (Figure 12B). The protein expression level of PPARGC1A signi�cantly decreased
when transfected with miR-148a-3p mimics in porcine intramuscular preadipocytes (Figure 12C). These
results suggest that PPARGC1A is a direct target gene of miR-148a-3p during differentiation of porcine
intramuscular preadipocytes.

MiR-148a-3p promote porcine intramuscular preadipocyte differentiation by inhibiting AMPK/ACC/CPT-1
signaling pathway 

To further explore the underlying mechanism of how miR-148a-3p promotes porcine intramuscular
preadipocyte differentiation, the signal transducer, and the activator of transcription of the
AMPK/ACC/CPT-1 signaling pathway was detected at day 8 of adipogenic differentiation. As shown in
Figure 13A, B, C, the levels of p-AMPK/AMPK, p-ACC/ACC, and carnitine palmitoyltransferase 1C (CPT1C)
were signi�cantly decreased when over-expressed  miR-148a-3p. In contrast, the knockdown miR-148a-3p
expression could signi�cantly increase the level of p-AMPK/AMPK, p-ACC/ACC, and CPT1C (Figure 13D,
E, F). These results demonstrate that miR-148a-3p promotes porcine intramuscular preadipocyte
differentiation by inhibiting the AMPK/ACC/CPT-1 signaling pathway.  

Figure 13. MiR-148a-3p promotes porcine intramuscular preadipocyte differentiation through inhibiting
the AMPK/ACC/CPT-1 signaling pathway. (A, B) Protein levels of phosphorylated and total AMPK and
ACC treated with miR-148a-3p mimic. (C) The protein level of CPT1C treated with miR-148a-3p mimic. (D,
E) Protein levels of phosphorylated and total AMPK and ACC treated with miR-148a-3p inhibitor. (F) The
protein level of CPT1C was treated with miR-148a-3p inhibitor. All cells were measure at day 8 of
adipogenic differentiation. Results were presented as means±SEM, n=3; *p<0.05; **p<0.01. 

Discussion
In livestock production, the improvement of the meat quality is crucial, especially the intramuscular fat
content [24]{Du, 2021 #364}. Most researches examining the molecular mechanisms in porcine
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intramuscular preadipocyte development focus on protein-coding genes; therefore, studies using high-
throughput RNA-seq analysis usually detected in mRNAs [25]. However, the potential function of miRNAs
in porcine intramuscular preadipocyte development remains largely unknown. Three critical stages
consist of the whole intramuscular preadipocytes differentiation process including growth arrest (D0),
mitotic clonal expansion (D4), and late events and terminal differentiation (D8). Therefore, Our present
research provides an overview of the types and relative abundances of miRNAs that can be found in
porcine intramuscular preadipocyte different differentiation stages (D0, D4, and D8). A total of 16050754,
20667858, 18521184, 15356301, 14585607, 16028024, 14393598, 15354839, and 13928901 clean reads
from d0_1, d0_2, d0_3, d4_1, d4_2, d4_3, d8_1, d8_2 and d8_3 respectively, were obtained through RNA-
seq, which was su�cient for quantitative analysis of miRNA expression. In present study, we identi�ed
471 miRNAs (TPM≥1) as reliably expression genes during intramuscular preadipocyte development.
Nevertheless, more than 178 miRNAs were differentially expressed in porcine intramuscular preadipocyte
different differentiation stages, which revealed that they may have a developmental stage-speci�c role in
porcine intramuscular preadipocyte. Otherwise, we detected 7 miRNAs that were shared as common
differentially expressed genes during the entire differentiation process. The �rst nucleotide bias of known
20 nt, 22 nt, 24 nt miRNAs is U which was similar to others [12]. While, the �rst nucleotide bias of known
21nt and 23nt miRNA and novel miRNA was different from other researches [7, 8]. The length of predicted
novel miRNA was largely aggregated in 22 nt, while the length of known miRNA was mainly clustered in
23 nt which was different from other reports [26]. The different characteristics of miRNA in our present
research may because of the different animal species-speci�c and cell-speci�c [27], suggesting the
classes and expression abundant of miRNA may display spatial and temporal characteristics [28]. Thus,
our data may provide a new insight to comprehensively understand the transcriptional regulation
mechanism in the porcine intramuscular preadipocyte of Guizhou Congjiang pig. 

 To explore the potential regulatory function affecting intramuscular preadipocytes, the target genes of
DE miRNAs were predicted. Thereafter, GO and KEGG pathway analysis was performed with DE miRNA-
regulated target genes. As expected, many classical functional categories such as cellular component,
single-organism process, metabolic process, organic substance metabolic process, cytoplasm,
cytoplasmic part, and protein binding were detected. These functional groups might play critical roles in
intramuscular preadipocyte differentiation [29]. We found that the PI3K-Akt signaling pathway was
commonly enriched in group D4 vs. D0, D8 vs. D0, and D8 vs. D4. PI3K-Akt signaling pathway plays a
pivotal role in lipid metabolism, glucose metabolism, and cell development, regulated by insulin receptor
substrate [30]. The signaling pathway, including regulation of actin cytoskeleton, metabolic pathway,
MAPK signaling pathway, and AMPK signaling pathway, were signi�cantly enriched during intramuscular
preadipocyte differentiation. This result was similar to previous researched [28, 31, 32] and may be
related to the development of intramuscular preadipocyte [33]. Unexpectedly, the related-disease signaling
pathway, including proteoglycans in cancer, pathway in cancer, and HTLV-  infection, were enriched which
may give us a new view to comprehensively understand the mechanism of miRNA in diseases [34, 35].  

Based on our observation of several miRNAs being differentially expressed across intramuscular
preadipocyte differentiation, we propose that studying miRNAs may lead to the discovery of a large
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number of regulatory miRNAs involved in porcine intramuscular preadipocyte proliferation and
differentiation. In our present study, we exemplify the involvement of one miRNA (miR-148a-3p) in
regulating intramuscular preadipocyte proliferation, differentiation, and apoptosis. We found that miR-
148a-3p expression level was increased during intramuscular preadipocyte differentiation, indicating that
miR-148a-3p might regulate intramuscular preadipocyte adipogenesis. 

Cell-cycle entry in the early G1 phase relies on the activation of CDK4 and CDK6 through combing with
cyclin D [36, 37]. Cyclin-dependent kinases 2 (CDK2) have been recognized as key regulators of cell
growth and proliferation and essential for G1 to S phase transition by binding of cyclin E [38, 39]. Cyclin G
can associate with CDK5 and serves as a negative regulator of p53 by activating Mdm2 through
dephosphorylation to improve cell proliferation [40]. The gain and loss-of-function studies in porcine
intramuscular preadipocytes were applied to detect the function of miR-148a-3p in porcine intramuscular
preadipocytes. The genes and protein expression level assay showed that overexpression of miR-148a-3p
promoted the expression of cell cycle-related genes, including CDK2, CDK3, CDK4, CCNB, CCNG1, and
CCND1, and signi�cantly accelerated the cell cycle progression by decreasing the proportion of cells in
G0/G1 phase by �ow cytometry. The proliferation of bone marrow mesenchymal stem cell and non-small-
cell lung cancer can also be promoted by miR-148a-3p mimic [41, 42] which consistent with our present
research. However, Bao et al. and Wang et al. have reported that overexpression of miR-148a-3p inhibited
the proliferation of gastric cancer cells [43] and diabetic retinopathy cell model [44], respectively.
Therefore, miR-148a-3p displays inconsistent effects in the proliferation of different cell types. The
discrepancy of the function of miR-148a-3p in different cell lines may because of miRNA-mRNA targeting
and the interplay relationship that differs among tissue and cell types [6, 10]. 

MiRNAs have a profound impact on many processes including cell proliferation, apoptosis, stress
responses, maintenance of stem cell potency and metabolism. A lot of miRNAs have been shown to have
an impact on cell proliferation, such as miR-34, miR-14-92, miR-372-373, and miR-155 [45]. Caspases and
the Bcl-2 family are the two most important groups of proteins that participate in all pathways of
apoptotic [46]. The �ow cytometry, PI dual staining and apoptosis-related genes expression level assay
showed that miR-148a-3p promotes apoptosis in porcine intramuscular preadipocyte. However, previous
research reported that miR-148a-3p decreased apoptosis in the human retinal microvascular endothelial
cell by targeting TGFB2 and FGF2 [44]. The difference function of miR-148a-3p in cell apoptosis might
associate with cell type and the target genes [47, 48]. 

In past years, many studies have proved that miRNAs play key roles in regulating adipogenesis [4, 49]. In
adipogenesis, miR-425-5p, miR-540, miR-98, and miR-125a-5p inhibited adipogenic differentiation [4, 29,
50, 51], while miR-146b, miR-223, and miR-145 promoted adipogenic differentiation [52-54]. In present
study, we explored the physiological role of miR-148a-3p in porcine intramuscular preadipocyte
differentiation. We found that miR-148a-3p level was increased during porcine intramuscular
preadipocyte differentiation, indicating that miR-148a-3p might regulate intramuscular preadipocyte
adipogenesis. We found that the protein expression level of PPARγ CEBPα and LPL increased in cells
transfected with miR-148a-3p mimics. Consistently, inhibiting of miR-148a-3p expression declined



Page 18/39

intramuscular preadipocyte differentiation. These data suggest that miR-148a-3p is a positive regulator
for porcine intramuscular preadipocyte adipogenesis. 

Previously, several studies demonstrated that miRNA takes part in many biological processes by
negatively regulating target genes through interaction with the 3’-untranslated regions (3’-UTR) of the
target mRNAs [6]. To further explore the molecular mechanisms that miR-148a-3p promotes porcine
intramuscular preadipocytes differentiation, we predicted target genes of miR-148a-3p using TargetScan
7.2. Among the potential target genes, we observed that the 3’-UTR region of proliferator-activated
receptor gamma coactivator 1-alpha (PPARGC1A) mRNA had a binding site for miR-148a-3p seed
sequences. Luciferase reporter assays and western blot experiment were con�rmed that miR-148a-3p is a
direct target gene of miR-148a-3p during differentiation of porcine intramuscular preadipocyte. The
PPARGC1A is a nuclear hormone receptor coactivator peroxisome that regulates the gluconeogenesis,
lipid metabolism, energy metabolism, and detoxi�cation of reactive oxygen species produced by
mitochondria [55, 56]. In recent years, a total of reporters have been proved that PPARGC1A might
promote insulin resistance [57], regulate IRS1:IRS2 ratio [55], and lipid oxidation [58]. Speci�cally,
PPARGC1A has been proved to be a key fatty acid oxidation factor through regulating the fatty acid
oxidation signaling pathway [59]. 

In present study, we showed that miR-148a-3p could target PPARGC1A, which is associated with fatty
acid oxidation [59]. So, we further researched a mechanism for the promotion function of miR-148a-3p in
porcine intramuscular preadipocyte adipogenesis through the fatty acid oxidation pathway. 5’Adenosine
monophosphate (AMP)-activated protein kinase (AMPK) is a highly adaptive complex that as a biologic
sensor and becomes active in response to the elevated AMP/ATP ratio via attachment to adenosine
diphosphate and/or AMP [60]. AMPK can suppress the lipogenic gene expression and triglyceride
synthesis and accumulation via the phosphorylation of ACC and CPT1C pathways [61]. Therefore,
AMPK/ACC/CPT1C signaling pathway plays an important role in the regulation of fatty acid
metabolism [62]. In a diet-induced obese mice model, Hakka stir-fried tea could effectively ameliorate
obesity and related metabolic disorder by the activation of the AMPK/ACC/CPT1 pathway in the liver [63].
In an insulin resistance C57BL/6J mice model, Yin Zhi Huang has associated with a decrease of
AMPK/SREBP-1 pathway-mediated de novo lipogenesis and an increase of AMPK/ACC/CPTI pathway-
mediated mitochondrial fatty acid β oxidation to ameliorate insulin resistance and facilitate lipid
metabolism [64]. In current study, we found that miR-148a-3p inhibited AMPK to phosphorylate ACC
activating its’ ability to convert malonyl-CoA from acetyl-CoA consequently decreased CPT1C content to
reduce mitochondrial fatty acid oxidation. These data were also parallel to the degree of increased
adipose differentiation markers. These data suggest that miR-148a-3p can positive regulator for porcine
intramuscular preadipocyte adipogenesis by decreased the AMPK/ACC/CPTIC pathway-mediated
mitochondrial fatty acid β oxidation. 

Conclusions
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In summary, our study provides a catalog of miRNA expression during the porcine intramuscular
preadipocyte differentiation. Numbers of miRNAs were annotated, several of which present a highly
different abundance in different differentiation stages. We further characterized an abundant miRNA,
miR-148a-3p, to promote proliferation and differentiation during intramuscular adipogenesis in Chinese
Guizhou Congjiang Pigs Breeds by targeting PPARGC1A. We anticipate that these results will be a
stepping stone to identifying the genetic mechanisms governing intramuscular adipogenesis formation
and regeneration, which may be implemented improvement of meat quality.
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Figure 1

Venn diagram of DE miRNAs at different time-point comparisons.
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Figure 2

Volcano plot of differentially expressed miRNAs in D4 vs. D0 (A), D8 vs D0 (B), and D8 vs D4 (C). Blue
points represent the insigni�cant genes, red points represent the upregulated genes, and green points
represent the downregulated genes, and padj 0.05.



Page 28/39

Figure 3

The heatmap of DE miRNA during intramuscular preadipocyte differentiation.
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Figure 4

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of differentially expressed
miRNAs with their target genes in group D4 vs D0 (A), D8 vs D0 (B), and D8 vs D4 (C).
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Figure 5

Co-expression network in porcine intramuscular preadipocyte of the miRNA-mRNA in group D4 vs D0 (A)
and D8 vs D0 (B). The red nodes represent the upregulated genes, and the blue nodes represent the
downregulated genes. The circle and quadrate represent miRNAs and mRNA, respectively.
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Figure 6

Validation of miRNAs involved in the three differentiation stages of lipid metabolism using qRT-PCR. Data
from qRT-PCR are shown as column and Y-axis on the left, while the data from RNA-Seq are shown as
line and Y-axis on the right.
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Figure 7

The relative expression level of miR-148a-3p in different tissues of China Guizhou Congjiang pigs (A) and
different differentiation stages of intramuscular preadipocyte (B).
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Figure 8

MiR-148a-3p promotes the proliferation of porcine intramuscular preadipocytes. (A) Relative expression
of miR-148a-3p in porcine intramuscular preadipocyte transfected with miR-148a-3p mimics, mimics NC,
inhibitor, and inhibitor NC. (B) Cell proliferation was detected using the cell counting kit 8(CCK-8). (C-D)
Porcine intramuscular preadipocytes were transfected with miR-148a-3p mimics, mimics NC, inhibitor,
inhibitor NC, and cell phases were analyzed using �ow cytometry. (E) 5-ethynel-2’-deoxyuridine (EdU) was
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used to determine the proliferation. Data are shown as means ± SEM for three individuals. *P 0.05, **P
0.01.

Figure 9

MiR-148a-3p promotes the proliferation of porcine intramuscular preadipocyte using qPCR and western
bolt analysis. (A, B) The mRNA of proliferation marker genes (CDK2, CDK3, CDK4, cyclinB, cyclinG1,
cyclinD1) was detected using real-time qPCR. (C) The protein level of cyclinD1, CDK4, and PCNA were
detected by western blotting. Data are shown as means ± SEM for three individuals. *p 0.05, **p 0.01.
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Figure 10

MiR-148a-3p inhibits apoptosis of porcine intramuscular preadipocyte. (A) Porcine intramuscular
preadipocytes apoptosis was analyzed by Annexin V-FITC and PI binding using �ow cytometry and
counted (B). (C) The mRNA of apoptosis marker genes (Caspase-3, Bax, Bcl-2) was detected using real-
time qPCR. (D) Cell apoptosis was detected by Hoechst 33342 and PI dual staining assays. Data are
shown as means ± SEM for three individuals. *p 0.05, **p 0.01.
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Figure 11

MiR-148a-3p promotes differentiation of porcine intramuscular preadipocyte. (A, B) The mRNA of
differentiation marker genes were detected using real-time qPCR. (C) The lipid accumulation of porcine
differentiated intramuscular adipocytes detected by Oil Red O staining; (D) Protein levels of LPL, CEBPα,
PPARγ were examined by western blotting. All cells were measure at day 8 of adipogenic differentiation.
Results were presented as means±SEM, n=3; *p<0.05; **p<0.01.
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Figure 12

MiR-148a-3p promotes porcine intramuscular preadipocyte differentiation by targeting PPARGC1A. (A)
RNAhybrid and TargetScan predicted miR-148a-3p binding sites in the PPARGC1A 3’UTR. (B) 293T cells
were co-transfected with the miR-148a-3p mimics and PmirGLO-PPARGC1A-3’UTR-WT or PmirGLO-
PPARGC1A-3’UTR-WT, and Renilla and �re�y luciferase activity was analyzed. (C) The protein expression
of PPARGC1A was detected by western blotting. Different letters mean signi�cant differences.
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Figure 13

MiR-148a-3p promotes porcine intramuscular preadipocyte differentiation through inhibiting the
AMPK/ACC/CPT-1 signaling pathway. (A, B) Protein levels of phosphorylated and total AMPK and ACC
treated with miR-148a-3p mimic. (C) The protein level of CPT1C treated with miR-148a-3p mimic. (D, E)
Protein levels of phosphorylated and total AMPK and ACC treated with miR-148a-3p inhibitor. (F) The
protein level of CPT1C was treated with miR-148a-3p inhibitor. All cells were measure at day 8 of
adipogenic differentiation. Results were presented as means±SEM, n=3; *p<0.05; **p<0.01.
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