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Abstract 

Background:  Intramuscular preadipocyte differentiation plays a critical role in bovine intramuscular fat (IMF) deposi-
tion. However, the roles of different RNAs, including mRNAs, circRNAs, lncRNAs and miRNAs, in regulating the adipo-
genic differentiation of intramuscular preadipocytes remain largely unclear.

Results:  In the present study, a whole transcriptome sequencing and analysis, including the analysis of mRNAs, 
circRNAs, lncRNAs and miRNAs, during different differentiation stages (0, 3, 6, and 9 d) of intramuscular preadipocytes 
from Qinchuan cattle was performed. All samples were prepared with 3 biological replicates. Here, a total of 27,153 
mRNAs, 14,070 circRNAs, 7035 lncRNAs, and 427 miRNAs were annotated. Among them, we identified 4848 differen-
tially expressed mRNAs (DEMs), 181 DE circRNAs (DECs), 501 DE lncRNAs (DELs) and 77 DE miRNAs (DEmiRs) between 
0 d and other differentiation days (3, 6, and 9 d). GO and KEGG functional enrichment analyses showed that these 
differentially expressed genes were mainly enriched in cell differentiation, fat metabolism and adipogenesis-related 
pathways. Furthermore, weighted gene coexpression network analysis (WGCNA) and co-expression network analysis 
screened out multiple important mRNAs, circRNAs and lncRNAs related to intramuscular adipogenesis. Based on the 
competing endogenous RNA (ceRNA) regulatory mechanism, we finally identified 24 potential ceRNA networks and 
31 potential key genes, including FOXO1/miR-330/circRNA2018/MSTRG.20301, GPAM/miR-27b/ciRNA489 and SESN3/
miR-433/circRNA2627MSTRG.20342.

Conclusions:  This study provides new insights into the differential expression patterns of different transcript types 
(i.e., mRNAs, circRNAs, lncRNAs and miRNAs) in intramuscular preadipocyte differentiation. Our findings provide data 
support for studying the molecular mechanism of key mRNAs and noncoding RNAs in IMF deposition, and provide 
new candidate markers for the molecular breeding of beef cattle.
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Background
Intramuscular fat (IMF), as an important component of 
beef marbling, directly determines the quality of beef [1, 
2]. It is closely related to the tenderness, flavour and juici-
ness of beef [3]. The monounsaturated fatty acids con-
tained in IMF are also more beneficial to cardiovascular 
health and reduce the risk of fat metabolism-related dis-
eases [4]. IMF deposition is influenced by a variety of fac-
tors, including genetics, nutrition and management [5]. 
Unlike other adipose tissues, IMF deposition in animals 
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occurs mainly from the fetal stage to weaning age. The 
differentiation of intramuscular preadipocytes mainly 
occurs in the fetal stage, while the lipid accumulation of 
intramuscular adipocytes mainly occurs from birth to the 
weaning age [6–8]. After weaning, the content of IMF is 
usually increased by means of enhanced nutrition and 
management, but it also results in the accumulation of 
visceral and subcutaneous fat, which can be detrimen-
tal to the health of the animal. Therefore, it is essential 
to study the molecular mechanism of intramuscular 
preadipocyte differentiation. The growth and develop-
ment of IMF in beef cattle are likewise subject to com-
plex regulation by a variety of genes. For example, the 
adipokine chemerin promoted the deposition of IMF in 
cattle by upregulating the expression of PPARG​, C/EBPA 
and FABP4 [9]. Single nucleotide polymorphisms in the 
CDC10 gene affected the content of bovine IMF [10]. 
Although these studies on a single regulatory factor can 
provide some reference and insight, it is more important 
to systematically reveal the molecular regulatory network 
of IMF deposition in beef cattle.

Noncoding RNAs are a class of RNAs that do not have 
or have only weak coding ability. There is growing evi-
dence that noncoding RNAs have regulatory abilities that 
are not weaker than those of coding RNAs. Three catego-
ries of important noncoding RNAs are microRNAs (miR-
NAs), circular RNAs (circRNAs), and long noncoding 
RNAs (lncRNAs), which play important roles in a vari-
ety of physiological processes, including the regulation of 
bovine adipose tissue growth and development through 
chromatin modification, transcriptional activation, and 
transcriptional/translational interference [11–13]. miR-
NAs are strongly and functionally conserved among spe-
cies and were the first noncoding RNAs identified and 
characterized [14]. Our previous studies have shown 
that bta-miR-150 regulates the mTOR pathway by tar-
geting the 3’UTR of AKT1, thereby affecting the prolif-
eration and differentiation of bovine preadipocytes [15]. 
bta-miR-376a inhibited bovine adipocyte differentiation 
through the KLF15/PPARG​ axis [16]. Studies on circR-
NAs have mainly focused on regulatory effects through 
competitive endogenous RNA (ceRNA) networks. circ-
FUT10 has been reported to affect PPARGC1B expres-
sion by adsorbing let-7 and thereby inhibiting bovine 
preadipocyte differentiation [17]. circINSR indirectly 
affected CCND1 and Bcl-2 expression by binding miR-
15/16, thereby regulating bovine fat development [18]. 
The effects of lncRNAs on bovine fat development are 
more diverse. For example, different spliceosomes of 
lncFAM200B differentially affected preadipocyte pro-
liferation [19]. In addition, a newly identified lncRNA 
BADLNCR1 was able to inhibit bovine adipogenesis by 
directly suppressing GLRX5 expression [20].

Whole transcriptome sequencing is the simultaneous 
sequencing of mRNA, lncRNA, circRNA and miRNA in 
a sample. The results can truly reflect the actual biologi-
cal processes and allow direct analysis of the interaction 
effects between key regulatory elements. Compared with 
previous sequencing analyses of one type of RNA alone, 
whole transcriptome sequencing eliminates the batch 
effect well, and its analysis results have higher accuracy. 
Whole transcriptome sequencing in porcine subcutane-
ous adipogenesis and longissimus dorsi muscle of dif-
ferent breeds screened a series of mRNAs/lncRNAs/
circRNAs with potential regulatory functions on fat 
and muscle growth and development, respectively [21, 
22]. However, the application of whole transcriptome 
sequencing technology in the field of bovine IMF deposi-
tion is still lacking, and the molecular network regulat-
ing bovine IMF deposition is still unclear. In this study, 
intramuscular preadipocytes isolated from the longis-
simus dorsi muscle of Qinchuan cattle were used as 
the research objects. Whole transcriptome sequencing 
(including circRNA-seq and miRNA-seq) was performed 
on intramuscular preadipocytes at Days 0, 3, 6 and 9 of 
adipogenic differentiation. Based on the analysis of dif-
ferentially expressed genes, the differentially expressed 
circRNAs, lncRNAs and miRNAs were further screened 
through a series of bioinformatics analyses. Then, impor-
tant circRNAs, lncRNAs and miRNAs with poten-
tial regulatory effects on bovine IMF deposition were 
finally identified by predicting the interaction regula-
tory networks among them. Our results contribute to an 
improved understanding of the molecular mechanisms of 
bovine IMF deposition.

Results
Adipogenic differentiation of intramuscular preadipocytes
Lipid droplets in intramuscular preadipocytes gradually 
increased with the induction of adipogenic differentia-
tion (Fig. 1A). Meanwhile, the results of Oil Red O quan-
tification and triglyceride assays also showed a gradual 
increase in lipid droplets on Days 0, 3, 6, and 9 of adipo-
genic differentiation (Fig. 1B, C). These results indicated 
that the bovine intramuscular preadipocytes isolated in 
the present study exhibited excellent adipogenic differen-
tiation ability and could be used for subsequent studies.

Expression patterns of mRNA/circRNA/lncRNA 
during intramuscular preadipocyte differentiation
Total RNA from Days 0, 3, 6, and 9 of intramuscular 
preadipocyte differentiation were extracted for RNA-
seq. Principal component analysis (PCA) found that 
the intragroup repeatability of the four groups of sam-
ples (0 d, 3 d, 6 d and 9d) was high, and the differences 
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between the groups were obvious (Fig.  2A). Among 
them, the correlation between 6 d and 9 d was higher 
(Fig.  2A). RNA-seq generated 66,224,070  -  92,352,434 
valid reads in all samples, of which more than 96% 
were mapped to the reference genome of Bos tau-
rus (Additional  file  1). They all had a Q30 of > 98% 
(Additional file  1). A total of 27,153 mRNAs, 14,070 
circRNAs, and 7035 lncRNAs were annotated from 
four stages (0, 3, 6, and 9 d) of adipogenic differen-
tiation (Additional  file  2). Meanwhile, the identified 
lncRNAs contained 45.52% long intergenic noncod-
ing RNA (lincRNAs), and 91.06% of typical circRNAs 
were identified (Fig.  2B, C). As shown in Fig.  2D and 
E, the clustered expression heatmaps of mRNAs 
(Fig.  2D), circRNAs (Fig.  2E) and lncRNAs (Fig.  2F) 
showed differences between groups and biological 
replicates within groups. The distribution of mRNA/
circRNA/lncRNA expression was measured and dis-
played in a violin plot, respectively (Fig. 2G-I). In addi-
tion, the mRNAs, lncRNAs, and circRNAs annotated 
at each differentiation time point (0, 3, 6 and 9 d) 
were overlapped. We found 600, 697, 386, 389 specifi-
cally expressed mRNAs and screened 18,583 common 
genes (Fig.  2J). However, there were only 1103 com-
mon circRNAs and 2225, 2553, 2053, and 2879 specifi-
cally expressed circRNAs, respectively (Fig.  2K). The 
numbers of specifically expressed lncRNAs were even 
lower, only 68, 56, 37, and 43, respectively, but there 
were 6344 common lncRNAs (Fig. 2L).

Differential expression analysis of mRNA/circRNA/lncRNA
To discover the differentially expressed genes (DEGs) 
during adipogenic differentiation of intramuscular 
preadipocytes, three comparison groups (3 d vs. 0 d, 
6 d vs. 0 d, and 9 d vs. 0 d) were used. Among these 
comparison groups, DEGs were characterized as 4848 
differentially expressed mRNAs (DEMs) (Fig.  3A and 
Additional  file  3), 181 differentially expressed circR-
NAs (DECs) (Fig.  3B and Additional  file  4) and 501 
differentially expressed lncRNAs (DELs) (Fig.  3C and 
Additional  file  5). Subsequently, we performed func-
tional enrichment analysis of DEMs, host genes of 
DECs and cis-regulated genes of DELs to further pre-
dict the potential functions of these DEGs in intramus-
cular adipogenesis. The results showed that the GO 
terms and KEGG signaling pathways of DEMs were 
mainly enriched in negative regulation of cell prolifera-
tion, positive regulation of the MAPK cascade, brown 
fat cell differentiation, the PI3K-Akt signaling pathway 
and Regulation of lipolysis in adipocytes (Fig.  3D, E 
and Additional  file  6). DECs might be mainly involved 
in the positive regulation of cell proliferation, fatty acid 
beta-oxidation, the MAPK signaling pathway, the Thy-
roid hormone signaling pathway and the FoxO signaling 
pathway (Fig. 3F, G and Additional file 6). The results of 
functional enrichment analysis of DELs indicated that 
DELs might be involved in fatty acid beta-oxidation, the 
MAPK signaling pathway, Focal adhesion and the FoxO 
signaling pathway (Fig. 3H, I and Additional file 6).

Fig. 1  Adipogenic differentiation of bovine intramuscular preadipocytes. A, B Oil Red O staining at the different differentiation stages (A) and 
quantitative results (B). C Triglyceride content of bovine preadipocytes on days 3, 6, and 9 of differentiation. n = 3. Different lowercase letters 
indicate P < 0.05 and the same letters indicate P > 0.05
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Weighted gene Coexpression network analysis (WGCNA)
A large number of common mRNAs and DEMs were 
identified during the adipogenic differentiation of intra-
muscular preadipocytes (Fig. 2 J and Fig. 3 A), therefore, 
we performed WGCNA to screen the key mRNAs among 

them. First, with the total mRNA expression matrix as 
input, after cluster analysis confirmed that there were 
no outlier samples, a soft threshold of 4 was chosen, and 
the connectivity was calculated (Fig. 4A). Then, mRNAs 
were divided into different modules based on different 

Fig. 2  Expression patterns of mRNAs, circRNAs and lncRNAs during the adipogenic differentiation of bovine intramuscular preadipocytes. A PCA 
of four groups of samples. B The type and proportion of circRNAs. C The type and proportion of lncRNAs. D-F Clustered expression heatmaps of 
all mRNAs (D), circRNAs (E) and lncRNAs (F). G-I Violin plot of gene expression levels all mRNAs (G), circRNAs (H) and lncRNAs (I). J-L Venn diagram 
showing the specifically expressed and commonly expressed mRNAs (J), circRNAs (K), and lncRNAs (L) in four adipogenic differentiation stages (0d, 
3d, 6d and 9d)
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Fig. 3  Differential expression analysis of mRNAs, circRNAs and lncRNAs. A-C Expression analysis of common DE genes during the intramuscular 
preadipocyte differentiation. The number of common DE mRNAs (A), DE circRNAs (B) and DE lncRNAs (C). D, E GO (D) and KEGG (E) enricment 
analysis of common DE mRNAs. F, G) GO (F) and KEGG (G) enricment analysis of common DE circRNAs. H, I GO (H) and KEGG (I) enricment analysis 
of common DE lncRNA
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expression patterns (Fig.  4B). The correlations of these 
modules with other modules and different differentiation 
stages were estimated (Fig. 4C and Additional file 7). In 
total, six modules were generated: turquoise, blue, brown, 
yellow, green and red, containing 5093, 4053, 3186, 2623, 
1490 and 1221 coding genes, respectively. We selected 
the modules with strong correlations with different dif-
ferentiation stages for further study, which included the 
blue, brown, turquoise and green modules. Finally, the 
hub genes in the blue, brown, turquoise and green mod-
ules were filtered out by calculating and restricting both 
gene significance (GS) and module membership (MM) 
values greater than 0.8 (Fig.  4D and Additional file  7). 
Finally, these hub genes that were differentially expressed 
during adipogenic differentiation and were related to 
lipid metabolism and cell differentiation were selected for 
further investigation (Additional file 7).

Construction of the circRNA/lncRNA–mRNA coexpression 
network
To identify the key genes involved in IMF deposition, 61 
DEMs were identified from fat deposition-related path-
ways in this study (Additional file 7). We then constructed 
a circRNA/lncRNA–mRNA coexpression network based 
on the screened DECs and DELs, and visualized the top 
100 genes with the highest degree and their linked genes 
(Fig. 5 and Additional file 8). A total of 10 potential DECs 
and 108 key DELs that may be closely related to fat dep-
osition were predicted and screened (Fig.  5). The find-
ings revealed that the coexpression network included 
891 connections and that each lncRNA might be associ-
ated with numerous mRNAs. A total of 2 circRNAs and 
34 lncRNAs were discovered to be co-expressed with 
FABP4, 3 circRNAs and 42 lncRNAs were discovered to 
be coexpressed with PLIN2, and the network also com-
prised circRNAs/lncRNAs coexpressed with DGAT2, C/
EBPA, FOXO1, KLF4, FGF1 and IL6. These findings sug-
gested that these circRNAs/lncRNAs may play significant 
roles in regulating adipogenesis.

A miRNA landscape during intramuscular adipogenesis
In the present study, we continued to perform miRNA-
seq on samples from intramuscular preadipocyte dif-
ferentiation Days 0, 3, 6, and 9. A total of 427 miRNAs 
were acquired from these four stages (0, 3, 6, and 9 d) of 
differentiation by removing other noncoding RNAs, such 
as rRNA and tRNA (Fig.  6A). The initial base of these 
miRNAs was uridine and they were mostly expressed at 
the middle (10 < count < 100) levels (Fig.  6B). As shown 
in Fig.  6C and D, we also drew a violin plot of miRNA 
expression and a heatmap of clustered expression. We 
then identified 32, 31, 56 and 41 specifically expressed 
miRNAs at different stages of differentiation, and there 

were 82 common miRNAs (Fig. 6E and Additional file 9). 
Differential expression analysis of 3dv0d, 6dv0d and 
9dv0d revealed a total of 77 differentially expressed 
miRNAs (DEmiRs) during the adipogenic differentia-
tion of intramuscular preadipocytes (Fig.  6F and Addi-
tional  file  10). To further explore the functions of these 
DEmiRs, we performed functional enrichment analysis 
on the target genes of DEmiRs. The GO terms and KEGG 
signaling pathways of DEmiRs were mainly enriched in 
negative regulation of cell proliferation, insulin receptor 
signaling pathway, negative regulation of fat cell differ-
entiation, AMPK signaling pathway, Insulin resistance, 
MAPK signaling pathway and PI3K-Akt signaling path-
way (Fig. 6G, H and Additional file 11).

Construction of the circRNA/lncRNA–miRNA–mRNA ceRNA 
network
The target gene prediction results of miRNAs were inte-
grated into the previously established circRNA/lncRNA–
mRNA coexpression network to further discover the 
key genes regulating IMF deposition. We analysed the 
DEmiRs involved in the ceRNA regulatory network 
and finally constructed a circRNA/lncRNA–miRNA–
mRNA network based on the results of the circRNA/
lncRNA–mRNA coexpression network (Fig. 7 and Addi-
tional  file  12). The network contains 24 ceRNA axes, 
consisting of 4 mRNAs, 10 circRNAs, 10 lncRNAs and 
7 miRNAs. Among them, SESN3, FOXO1, GPAM, and 
miR-27b were all related to lipid storage, activation of 
MAPK activity and fat cell differentiation [23–26], sug-
gesting that the screened circRNAs/lncRNAs/miRNAs 
may play important roles in regulating adipogenesis 
(Fig. 7).

Validation of differentially expressed genes, circRNAs, 
lncRNAs and miRNAs
All 31 genes in the ceRNA regulatory network were dif-
ferentially expressed during intramuscular adipogenic 
differentiation (Fig. 7). Among them, 4 mRNAs (SESN3, 
FOXO1, GPAM, and PELI2), 4 circRNAs (circRNA2018, 
ciRNA489, circRNA2627 and ciRNA105), 4 lncRNAs 
(MSTRG.20301.1, MSTRG.5025.1, MSTRG.20342.1, and 
MSTRG.11050.1) and 4 miRNAs (bta-miR-330, bta-miR-
27b, bta-miR-433, bta-miR-7857-5p) were selected for 
qRT–PCR validation (Fig.  8). The expression trends of 
these genes during adipogenic differentiation were highly 
consistent with the results of RNA-seq, demonstrating 
the reliability of the RNA-seq data (Fig. 8).

Discussion
A large body of evidence suggests that adipogenic dif-
ferentiation of preadipocytes is precisely regulated by 
multiple cytokines, including transcription factors, 



Page 7 of 16Yang et al. BMC Genomics          (2022) 23:691 	

signaling pathways and noncoding RNAs [27]. Some of 
these cytokines are well conserved functionally across 
species, but there is a subset of regulatory elements, 
such as lncRNAs, whose functions are not conserved 

across species [28]. This means that many previous stud-
ies focusing on humans and mice have lost their origi-
nal reference value in the field of livestock production. 
Additionally, most studies on animal adipogenesis have 

Fig. 4  WGCNA of mRNAs. A Clustering information of samples. B The dendrogram of gene clustering was generated utilizing hierarchic clustering 
of adjacency-based dissimilarity. Co-expression modules detected by the dynamic hybrid-cutting approach are represented by the color blocks 
below the tree graph. C Heatmap of the correlation between module and four adipogenic differentiation stages. D Module Membership in blue, 
brown, turquoise and green
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focused on subcutaneous and perirenal fat [13, 15–21], 
with fewer studies on intramuscular adipose tissue. The 
origin and development of IMF are different from that of 
other adipose tissues, which makes it impossible to fully 
replicate the studies of other adipose tissues in IMF tis-
sue as well [6–8]. Meanwhile, the molecular mechanisms 
of these regulatory cytokines have mostly been studied 
individually. However, they may in fact act synergisti-
cally in fat deposition in a more complex way. For exam-
ple, a new study found that circFLT1 and lncCCPG1 
could promote the expression of lncSLC30A9 by adsorb-
ing miR-93, and ultimately regulate the adipogenesis of 
bovine adipocytes through the AKT/FOS axis [29]. The 
above results indicate that the combined analysis of mul-
tiple regulatory elements is more beneficial for reveal-
ing the molecular mechanism and regulatory network of 
IMF deposition in beef cattle. In this study, whole tran-
scriptome sequencing of the same batch of intramus-
cular adipocytes at different differentiation time points 
was performed to screen the key regulators involved in 

regulating bovine intramuscular preadipocyte differ-
entiation, including mRNAs, circRNAs, lncRNAs and 
miRNAs.

In the present study, we annotated a total of 27,153 
mRNAs, 14,070 circRNAs, 7035 lncRNAs and 427 miR-
NAs that were expressed during bovine intramuscular 
preadipocyte differentiation. The number of circRNAs 
annotated in this study was much higher than anno-
tated in similar studies in bovine muscle tissue (1318 
ciRNAs and 5177 circRNAs) [30, 31] and higher than 
the sequencing results of porcine subcutaneous adipo-
cyte differentiation (8623 circRNAs) [21]. However, it is 
close to the recent circRNA-seq results of sheep muscle 
(11,749 circRNAs) [32]. In terms of the observed distri-
bution of ncRNA types, the numbers of intergenic lncR-
NAs and canonical circRNAs accounted for the largest 
proportions of lncRNAs and circRNAs, respectively, and 
were similar to the results during porcine subcutaneous 
fat differentiation [21] and in line with the general rule 
[33, 34].

Fig. 5  circRNA/lncRNA-mRNA coexpression network. Coexpressed network of DE circRNA/lncRNAs and their targeted DE mRNAs involved 
in adipogenesis. DEmRNAs and DE circRNAs/lncRNAs are represented by circles and diamonds, respectively. The top 30 genes with the most 
connection were highlighted. The higher the connectivity, the larger the icon and the redder the color
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Studies have shown that the PI3K-Akt, MAPK, and 
FoxO signaling pathways regulate subcutaneous and 
visceral adipogenesis [35–38]. Recent studies have also 
found that these pathways are important for IMF deposi-
tion in pigs and cattle [39–41]. In this study, differentially 
expressed genes, including mRNAs and ncRNAs, were 
significantly enriched in these pathways, indicating their 
potential regulatory effects on bovine IMF deposition. 
We will explore the molecular mechanisms of these genes 
in the future. Meanwhile, we found that DEMs, DECs and 
DELs were significantly enriched in the Focal adhesion 
and the ECM-receptor-interaction pathways, which was 
consistent with the findings in goat and chicken IMF [42, 
43]. Studies have found that focal adhesion kinase (FAK) 

and ECM-receptor interactions can regulate intramus-
cular adipogenesis in goats and chickens [43, 44]. IMF is 
rich in unsaturated fatty acids [4], and our results showed 
that DELs were significantly enriched in the α-linolenic 
acid and linoleic acid metabolism pathways. The results 
suggest that DELs may also be involved in fatty acid 
metabolism in bovine IMF deposition.

To identify key candidate genes regulating intramus-
cular adipocyte differentiation, we performed WCGNA 
on the annotated mRNAs. The differentially expressed 
mRNAs among them related to adipogenesis were fur-
ther identified. The obtained DEMs were then combined 
with DELs and DECs for coexpression network analy-
sis to construct a circRNA/lncRNA–mRNA regulatory 

Fig. 6  The landscape of miRNA. A The type and proportion of ncRNAs. B Initial base preference of different length miRNAs. C Violin plot of miRNAs 
expression levels. D Clustered expression heatmap of all miRNAs. E Venn diagram showing the specifically expressed and commonly expressed 
miRNAs in four adipogenic differentiation stages (0d, 3d, 6d and 9d). F Expression analysis of common DE miRNAs during the intramuscular 
preadipocyte differentiation. G, H) GO (G) and KEGG (H) enricment analysis of DE miRNAs
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network in intramuscular adipocyte differentiation. We 
found some genes in the network, such as FABP4, PLIN2, 
DGAT2, FOXO1 and CEPBA, whose roles in adipogen-
esis are well known. Many studies have also found that 
ncRNAs interact with these genes to regulate adipogen-
esis. For example, lncRNA MIR31HG affected adipo-
cyte differentiation by regulating histone modifications 
of the FABP4 promoter [45]. The lncRNA ADINR has 
been reported to activate CEBPA expression at the tran-
scriptional level to positively regulate adipogenic dif-
ferentiation [46]. circEVI5 can bind miR-4793-3p as a 
ceRNA to promote FOXO1 expression [47]. More inter-
estingly, CEBPA can mediate the expression of lncRNA 
PLIN2 from PLIN2 transcripts to activate the Wnt path-
way [48]. Additionally, we also identified the SH2B2 gene 
in the coexpression network, and our previous stud-
ies have shown that the polymorphism of the SH2B2 
gene is closely related to the growth traits of cattle [49]. 
These studies suggest that the mRNAs and ncRNAs we 
screened may serve as candidate targets for follow-up 
studies.

miRNAs can directly target mRNAs to regulate gene 
expression and often interact with mRNAs and ncRNAs 

through the ceRNA network to play regulatory roles 
[50]. Through differential expression and functional 
enrichment analyses, we identified many miRNAs, 
including miRNA-30c [51], miR-25-3p [52] and miR-
23a ~ 27a ~ 24-2 [53], that have been found to target 
key genes to regulate human and bovine adipogenesis. 
More importantly, our results revealed several potential 
ceRNA regulatory networks during bovine intramuscu-
lar preadipocyte differentiation. Among them, multiple 
studies have reported that SESN3, FOXO1, GPAM, and 
miR-27b regulate adipocyte differentiation and lipid 
metabolism [23–26]. Furthermore, the expression levels 
of SESN3, PELI2, GPAM and FOXO1 have been found 
to be regulated by the competitive binding of lncRNAs/
circRNAs and miRNAs in adipogenesis or other biologi-
cal processes [23, 54–58]. Finally, we further verified the 
expression of the genes in the ceRNA network by qRT–
PCR, which demonstrated the reliability of the sequenc-
ing results in this study. Apparently, the expression 
trends of mRNAs and circRNAs in the ceRNA networks 
were largely consistent, whereas the expression patterns 
of miRNAs were opposite (e.g., FOXO1/bta-miR-330/
circRNA2018, GPAM/bta-miR-27b/circRNA489 and 

Fig. 7  mRNA-miRNA-circRNA/lncRNA co-expression network. Co-expressed network of DE miRNAs and their targeted DE circRNAs/lncRNAs and 
DE mRNAs. DE mRNAs, DE circRNAs, DE lncRNAs and DE miRNAs are represented by circles (red), octagons (green), hexagons (blue) and rhombuses 
(yellow), respectively
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SESN3/bta-miR-433/circRNA2627), implying that these 
miRNAs may target and repress the expression of these 
mRNAs and circRNAs. These results suggest that the 
genes we screened have important roles in regulating 
bovine IMF deposition. We will also continue to verify 
the specific mechanism of action of these candidate 
mRNAs and noncoding RNAs.

Conclusion
In conclusion, genome-wide identification of mRNAs, 
lncRNAs, circRNAs and miRNAs during bovine intra-
muscular adipogenesis was performed using whole tran-
scriptome sequencing. Finally, 31 key potential genes, 
including 4 mRNAs, 10 circRNAs, 10 lncRNAs and 7 

miRNAs, related to adipogenesis were screened and 
identified through WGCNA, coexpression network 
analysis and ceRNA mechanism analysis. Our results 
provide new candidate molecular markers for the selec-
tion and improvement of beef cattle, and provide a the-
oretical basis for studying the molecular mechanisms 
of key noncoding RNAs in intramuscular preadipocyte 
differentiation.

Material and methods
Isolation, culture and differentiation of bovine 
intramuscular preadipocytes
Intramuscular preadipocytes from the longissimus dorsi 
muscle in newborn Qinchuan cattle were isolated using 

Fig. 8  The expression level of four transcript types (mRNA, circRNA, lncRNA and miRNA) in the ceRNA network during bovine intramuscular 
preadipocyte differentiation. Data from qRT-PCR are shown as column (blue) and Y-axis on the left, while the data from RNA-seq are shown as line 
(red) and Y-axis on the right. n = 3. Different lowercase letters indicate P < 0.05 and the same letters indicate P > 0.05
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the methods of separating intramuscular preadipocytes 
established in our laboratory [59]. Briefly, minced lon-
gissimus dorsi muscles were digested with collagenase 
type I (Gibco, NY, USA) for 1 h at 30 °C. Neutralize the 
digestion solution with an equal volume of DMEM/
F12 medium (BI, MA, USA) containing 15% FBS 
(PAN-Seratech, Germany) and 1% penicillin/strepto-
mycin (Hyclone, UT, USA) (i.e., growth medium). Pass 
through a cell sieve and centrifuge at 700 g for 10 min. 
Add serum-free DMEM/F12 to the sediment and wash 
2 times and centrifuge at 700 g for 10 min. After resus-
pending the cells with DMEM/F12 medium containing 
15% FBS, inoculate them in cell culture dishes. After 
incubation at 37 °C and 5% CO2 for 2 h, the medium and 
unadhered cells were removed. Wash with PBS 3 times 
and new growth medium was added and the medium 
was changed every 2 days. Adipogenic differentiation 
was performed by replacing complete medium con-
taining 0.5 mM 3-Isobutyi-1-methylxanthine (IBMX, 
Sigma, MO, USA), 1 μM dexamethasone (Sigma) and 
2 μM insulin (Sigma) when intramuscular preadipocytes 
reached 90% confluency, and 2 days later using complete 
medium containing 2 μM insulin to maintains adipo-
genic differentiation.

Oil red O staining
After removal of the culture medium, the intramuscu-
lar preadipocytes were fixed with 4% paraformaldehyde 
(Solarbio, Beijing, China) and stained with Oil Red O dye 
solution (Solarbio) for 30 min. After washing off excess 
Oil Red O with PBS, photographs were taken using an 
Olympus IX71 microscope (Olympus Corporation, 
Tokyo, Japan).

Cellular triglyceride assay
The levels of cellular triglyceride during the adipogenic 
differentiation of bovine intramuscular adipocytes were 
detected using the Tissue Triglyceride (TG) Content 
Assay Kit (Applygen Technologies, Beijing, China). Total 
protein concentrations were determined by the TaKaRa 
BCA Protein Assay Kit (Takara). All of the experiments 
were performed according to the manufacturer’s recom-
mended protocol. The values obtained were normalized 
to the total cellular protein content and were expressed 
as nmol/μg protein.

RNA isolation, library preparation, and sequencing
Intramuscular adipocytes on day 0, 3, 6 and 9 of dif-
ferentiation were harvested. Cells at each time point 
included 3 biological replicates. RNAiso Plus Kit 
(Takara, Beijing, China) was used to extract cellular 
total RNA. NanoQuantplate™ (Infinite M200 PRO, 

TECAN, Switzerland) was used to measure the con-
centration and purity of RNA. The certified RNA was 
stored at 80 °C for subsequent use. Then, the RNA 
samples were sent to LC-BIO Bio-tech ltd (Hangzhou, 
China) for RNA sequencing. Strand-specific libraries 
were created via rRNA depletion. The average insert 
size for the final cDNA library was 300 bp (±50 bp). At 
last, we performed the paired-end 2 × 150 bp sequenc-
ing on an Illumina Novaseq™ 6000 platform at the 
LC-BIO Bio-tech ltd (Hangzhou, China) following the 
vendor’s recommended protocol.

Identification of circRNA, lncRNA and miRNA
Trimmomatic [60] was used to remove adaptor con-
tamination, low-quality bases, and uncertain bases from 
sequencing reads. FastQC v0.11.9 was used to check the 
sequence quality. Bowtie2 2.2.3 [61] and Hisat2 2.1.0 [62] 
were used to map the reads to the genome of the Bos tau-
rus (ARS-UCD1.2).

Identification of circRNA: CIRCExplorer2 [63, 64] and 
CIRI [65] were used to denovo assemble the mapped 
reads to circular RNAs first. Then, tophat-fusion was 
used to identify back splicing reads in unmapped reads. 
Unique circular RNAs were produced for each sam-
ple. The above software uses default parameters for 
calculation.

Identification of lncRNA: After removed the other 
non-coding RNAs (ribosomal RNA (rRNA), transfer 
RNA (tRNA), small nucleolar RNA (snoRNA), and small 
nuclear RNA (snRNA)), the transcripts that overlapped 
with known mRNAs were eliminated, as were transcripts 
shorter than 200 bp. Then, to identify transcripts with cod-
ing potential. All transcripts with a CPC < − 1 and a CNCI 
< 0 were discarded [66, 67]. The remaining transcripts were 
classified as long non-coding RNAs (lncRNAs).

Identification of miRNA: ACGT101-miR (LC Sci-
ences, Houston, Texas, USA) was used to eliminate 
adaptor dimers, trash, low complexity, common RNA 
families (rRNA, tRNA, snRNA, snoRNA), and repeti-
tions from raw readings. Subsequently, BLAST searches 
were used to map unique sequences with lengths of 18-26 
nucleotides to specific species precursors in miRBase 
22.0 [68] in order to find recognized miRNAs and novel 
3p- and 5p-derived miRNAs. The alignment allowed for 
length variance at both the 3′ and 5′ ends, and one mis-
match inside the sequence. The hairpin arms with unique 
sequences matching to specific species mature miRNAs 
were recognized as known miRNAs. The sequences that 
mapped to the other arm of a known specific species pre-
cursor hairpin opposite the annotated mature miRNA-
containing arm were novel 5p- or 3p-derived miRNA 
candidates.
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Analysis of differentially expressed genes (DEGs)
The fragments per kilobase of transcript per million reads 
mapped (FPKM) value was used to estimate the expression 
levels of mRNAs and lncRNAs, while the spliced reads per 
billion mapping (SRPBM) value was utilized to determine 
the amount of circRNAs, and the normalized raw counts 
was utilized to measure the number of miRNAs. The R 
package-edgeR provides statistical procedures for deter-
mining differential expression in digital gene expression 
data using models based on the negative binomial distri-
bution. The p-values are adjusted using quasi-likelihood 
method to control the false discovery rates. Normalized 
data using Weighted trimmed mean of M-values (TMM). 
In three comparisons (3d versus 0d, 6d versus 0d, and 9d 
versus 0d), the differentially expressed genes, including 
mRNAs, circRNAs, lncRNAs and miRNAs, were selected 
with log2 (fold change) > 1 or log2 (fold change) < − 1 and 
adj P value < 0.05 by R package–edgeR [69].

Screening potential target gene of differentially expressed 
circRNA/lncRNA/miRNA
According to the diverse function modes of circRNA, 
lncRNA, and miRNA, three screening methodologies 
were devised. For differentially expressed circRNAs 
(DECs), the host gene of them was regarded as their 
potential target genes. For differentially expressed lncR-
NAs (DELs), screened based on their genomic positional 
relation 100 kilobase pairs (kb) upstream and 100 kb 
downstream transcripts as cis-target mRNAs of lncR-
NAs. For DE miRNAs, obtained potential target genes of 
differentially expressed miRNAs (DEmiRs) based on Tar-
getScan 8.0 [70] and miRanda 3.3 [71], and the mRNA/
circRNA/lncRNA-miRNA pairs which TargetScan 
score > 90 and miranda energy < − 20 were reserved.

GO and KEGG functional enrichment analysis
GO biological function enrichment analysis and KEGG 
signaling pathway enrichment analysis of genes were ana-
lyzed using DAVID 2021 online tool [72, 73] to explain 
the role of differentially expressed mRNAs (DEMs) and 
potential target genes of DECs, DELs and DEmiRs in 
the adipogenic differentiation of bovine intramuscular 
preadipocytes. The p-value of GO and KEGG enrich-
ment was adjusted by the Fisher’s Exact Test method. The 
R program ggplot2 3.3.5 exhibited the top 20 adj P-value 
GO terms and signaling pathways.

Weighted gene co‑expression network analysis (WGCNA)
The weighted gene co-expression network was estab-
lished using WGCNA 1.69, an R program [74]. The vari-
ance degree of each gene expression level among samples 
was calculated using the standardized gene expression 

matrix as input. The expression matrix was standardized 
by log2(FPKM+ 1), the top 75% of genes with the median 
absolute deviation (MAD) were chosen, and genes with 
expression levels MAD of less than 0.01 were removed in 
each sample. After threshold screening, power process-
ing with a = 4 returned the scaleless adjacency matrix. 
The adjacency matrix was transformed into a topo-
logical overlap matrix (ToM), and the dynamic cutting 
technique was used to cluster and split genes using the 
topological difference matrix (distom = 1-tom) in order 
to further examine the correlation of gene expression 
patterns. The modules with more than 75% similarity 
were merged by using the default tree height cut of 0.25: 
MEDISSTHRES = 0.25 in WGCNA.

Co‑expression network construction
Based on possible cis-acting, host relationship, the Pear-
son correlation coefficient of circRNA/lncRNA-mRNA, 
prediction of miRNA target genes and protein-protein 
interaction analysis, Cytoscape software 3.8.0 [75] was 
used to construct the co-expression regulatory net-
work, including DEMs, DECs and DELs, with potentially 
important roles in adipogenic differentiation. DECs and 
DELs were chosen based on host-regulatory relation-
ships, cis-regulatory relationships, and gene expression 
level Pearson correlation coefficients > 0.95. The MCC 
plug-in built in cytoHubba was used to mark the top 30 
connected nodes according to default parameters.

Quantitative real‑time PCR (qRT‑PCR)
Three RNA samples per differentiation stage were reverse 
transcribed according to the manufacturer’s instruc-
tions using PrimeScrip RT reagent Kit with gDNA Eraser 
(Perfect Real Time) (Takara) and miRcute Plus miRNA 
First-Strand cDNA Kit (TIANGEN, Beijing, China), 
respectively. The CFX Connect Real-Time PCR Detec-
tion System was used to perform qRT-PCR using TB 
Green Premix Ex Taq II (Tli RNaseH Plus) (Takara) and 
miRNA Plus miRNA qPCR Kit (TIANGEN), respectively. 
Additional  file  13 contains a list of the primers used in 
qRT-PCR. Meanwhile, β–actin and U6 was used as the 
normalization controls, respectively. The 2-ΔΔCT method 
[76] was used to calculate the relative expression levels.

Statistical analysis
All samples were prepared with 3 biological replicates, 
each including 3 technical replicates. Data are expressed 
as mean ± SD. GraphPad Prism 9.00 (CA, USA) was used 
for statistical analysis and graphing. P values were cal-
culated using one-way ANOVA with Tukey’s correction 
among multiple groups, where *P < 0.05 and **P < 0.01 
indicate significant differences.
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