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Screening and identification 
of lncRNAs in preadipocyte 
differentiation in sheep
Zhiyun Hao 1, Xiayang Jin 2, Jon G. H. Hickford 1,3, Huitong Zhou 1,3, Longbin Wang 1, 
Jiqing Wang 1*, Yuzhu Luo 1, Jiang Hu 1, Xiu Liu 1, Shaobin Li 1, Mingna Li 1, Bingang Shi 1 & 
Chunyan Ren 1

Studies of preadipocyte differentiation and fat deposition in sheep have mainly focused on functional 
genes, and with no emphasis placed on the role that long non-coding RNAs (lncRNAs) may have 
on the activity of those genes. Here, the expression profile of lncRNAs in ovine preadipocyte 
differentiation was investigated and the differentially expressed lncRNAs were screened on day 0 
(D0), day 2(D2) and day 8(D8) of ovine preadipocyte differentiation, with their target genes being 
predicted. The competing endogenous RNA (ceRNA) regulatory network was constructed by GO and 
KEGG enrichment analysis for functional annotation, and some differentially expressed lncRNAs 
were randomly selected to verify the RNA-Seq results by RT-qPCR. In the study, a total of 2517 novel 
lncRNAs and 3943 known lncRNAs were identified from ovine preadipocytes at the three stages 
of differentiation, with the highest proportion being intergenic lncRNAs. A total of 3455 lncRNAs 
were expressed at all three stages of preadipocyte differentiation, while 214, 226 and 228 lncRNAs 
were uniquely expressed at day 0, day 2 and day 8, respectively. By comparing the expression of the 
lncRNAs between the three stages of differentiation stages, a total of 405, 272 and 359 differentially 
expressed lncRNAs were found in D0-vs-D2, D0-vs-D8, and D2-vs-D8, respectively. Functional analysis 
revealed that the differentially expressed lncRNAs were enriched in signaling pathways related to 
ovine preadipocyte differentiation, such as mitogen-activated protein kinase (MAPK) pathway, the 
phosphoinositide 3-kinase protein kinase B (PI3K-Akt) pathway, and the transforming growth factor 
beta (TGF-β) pathway. In summary, lncRNAs from preadipocytes at different stages of differentiation 
in sheep were identified and screened using RNA-Seq technology, and the regulatory mechanisms 
of lncRNAs in preadipocyte differentiation and lipid deposition were explored. This study provides a 
theoretical reference for revealing the roles of lncRNAs in ovine preadipocyte differentiation and also 
offers a theoretical basis for further understanding the regulatory mechanisms of ovine preadipocyte 
differentiation.
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Lamb is one of the healthiest meat options since it has high contents of iron, zinc, selenium, vitamins B1, B2, and 
B61,2. However, fat deposition directly affects the flavor and quality of meat, and it can reduce sheep productiv-
ity. For example, intramuscular fat (IMF) is a key contributor to meat flavor and palatability3–5. In this context, 
understanding the growth and differentiation of adipose tissue in sheep may aid in controlling the amount and 
distribution of fat deposits, with this potentially boosting consumer demand for sheep meat, thus allowing for 
improved market growth and development.

Lipogenesis is a complicated process that has multiple stages and complex regulatory control6. The differentia-
tion of adipocytes from mesenchymal precursors (termed adipogenesis), is an important process for developing 
and maintaining functional adipose tissues7. The factors that affect adipocyte differentiation also affect fat depo-
sition, and include genetic factors, dietary factors, and physiological conditions6. However, these factors likely 
all act through regulation of the expression of specific genes, and the modulation of various signaling pathways.
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In recent years, research into lipogenesis and its regulatory mechanisms has become a focus for breeding and 
animal production. Researchers have identified several genes, associated proteins and transcription factors that 
affect preadipocyte differentiation, including the genes for the CCAAT enhancer binding proteins (C/EBPs)8,9, 
the peroxisome proliferator-activated receptor (PPAR)10, the early B-cell factor (EBF)11, the fatty acid binding 
proteins (FABPs)12, and the β-linked protein β-catenin13.

More recently, analysis of the genome and transcriptome has revealed a group of RNA transcripts that have 
been called long non-coding RNAs (lncRNAs). They appear to play an important role as epigenetic regulators14, 
and some of them have been shown to have regulatory functions in adipogenesis or lipid metabolism15. For 
example, a human study by Sun et al.16 analyzed the transcriptomes of primary adipocytes and identified 175 
lncRNAs that were up- or down-regulated (greater than two-fold) during differentiation of both brown and 
white adipocytes. Some of the lncRNAs were induced during adipogenesis and bound at their promoters by key 
transcription factors such as PPARG and the and CCAAT/enhancer-binding protein α (C/EBPα)16.

Xu et al.17 revealed that overexpression of lncRNA steroid receptor RNA activator (SRA) in mesenchymal 
preadipocytes promoted their differentiation to adipocytes, and that contrastingly, knockdown of this lncRNA 
inhibited 3T3-L1 preadipocyte differentiation. In addition, Xiao et al.18 found that a lncRNA ADINR (adipose 
differentiation-inducing non-coding RNA), played an important role in regulating the differentiation of human 
mesenchymal stem cells into adipocytes by regulating C/EBPα. The lncRNA HOTAIR was also revealed to be 
able to regulate key processes of adipocyte differentiation19.

LncRNAs also play a central regulatory role through a competing endogenous RNA (ceRNA) regulatory 
mechanism. For example, a novel lncRNA-miR-140-NEAT1 ceRNA was found to be essential for adipogenesis 
in humans by Gernapudi et al.20. Specifically, miR-140 enhanced lipogenic differentiation of adipocyte-derived 
stem cells from mice by interacting with lncRNA-NEAT1. The knockdown of miR-140 decreased their lipogenic 
differentiation capacity, with these results further supporting the contention that lncRNAs play an important role 
in regulating fat formation. However, while some lncRNA in human adipose tissue have been revealed and their 
regulatory mechanisms studied, little is known about their role in the differentiation of preadipocytes in sheep.

Using RNA-Seq technology and RT-qPCR methods, lncRNAs in ovine preadipocytes were identified. Func-
tional annotation of the target genes of the lncRNAs was analyzed using GO and KEGG enrichment analysis, 
and a ceRNA regulatory network was also constructed. This finding will provide data for further investigation 
into the regulatory function of lncRNAs in the differentiation of ovine preadipocytes.

Results
LncRNA expression during differentiation of ovine preadipocytes
The raw reads from the study have been deposited into GenBank with accession numbers SRR19917845-
SRR19917856. Among them, the high-quality reads obtained in all 12 samples were all above 13.5  Gb 
(1 Gb = 1.0 × 109 Bp), and the percentage of bases with a quality score of 30 (Q30) was above 93.32% (Table 1). To 
further ensure the reliability of the sequencing data, a reference genome-based alignment analysis was performed 
using HISAT2 software (University of Texas Southwestern & Johns Hopkins University), and the clean reads 
of each sample were mapped to the ovine reference genome v4.0. The unique alignment ratio to the reference 
genome ranged from 86.64 to 89.76%, and the multiple alignment proportion to the reference genome ranged 
from 4.69 to 5.40%. The proportion of all clean reads that could be localized to the genome ranged from 91.65 to 
94.45%. The clean reads from the 12 samples were compared with the regions of the genome. The results showed 
that most clean reads were found in exonic regions, followed by intronic regions. However, they were at their 
lowest in the intergenic regions (Fig. 1A).

A total of 8819 transcripts were produced. Upon identification, there was a total of 2517 novel lncRNAs and 
3943 known lncRNAs (Fig. 1B). The combined total of 6460 lncRNAs were classified into five categories based 
on their position in the ovine genome relative to protein-coding genes, and they included intergenic lncRNAs 
(59.33%), bidirectional lncRNAs (10.99%), intronic lncRNAs (2.32%), antisense lncRNAs (10.54%) and nonsense 
lncRNAs (7.80%) (Fig. 1C). The intergenic lncRNAs was the most common, with the number of known lncR-
NAs and novel lncRNAs being 2445 and 1388, respectively (Fig. 1C). Among all the lncRNAs, there were 3455 
(53.48%) lncRNAs that were expressed in the preadipocytes at all three stages of differentiation (Fig. 1D), while 
214, 226 and 228 lncRNAs were specifically expressed in preadipocytes at D0, D2 and D8, respectively. Among 
the lncRNAs that were expressed at all three stages, the novel lncRNA MSTRG.65945.1 was expressed at the 
highest level. It was revealed that the majority of lncRNAs detected were present at a low to medium abundance 
when compared to mRNA levels (Fig. 1E), with them predominantly in the fragments per kilobase of transcript 
per million mapped reads (FPKM) range of 0–10 (Fig. 1E,F).

Based on the results of the differential analyses, 405 (244 up-regulated, 161 down-regulated), 272 (167 up-
regulated, 105 down-regulated) and 359 (166 up-regulated, 193 down-regulated) differentially expressed lncRNAs 
were identified in D0-vs-D2, D0-vs-D8 and D2-vs-D8 comparisons, respectively (Fig. 2A). Among them, 19 

Table 1.   Summary of the RNA-Seq data after mapping to the reference genome.

Sample Raw reads (Gb) Q30 (%) Clean reads (%) Total mapped ratio (%) Unique Mapped ratio (%)

D0 15.7 94.99 99.82 94.27 89.36

D2 14.4 95.28 99.82 92.95 87.72

D8 14.5 93.61 99.54 93.00 88.10
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lncRNAs were differentially expression in all three stages (Fig. 2B). The hierarchical clustering results of dif-
ferentially expressed lncRNAs revealed a significant difference in the gene expression profiles among the three 
groups (Fig. 2C–E).

GO and KEGG enrichment analyses of the target genes of the differentially expressed lncRNAs
To investigate the functions of the lncRNAs associated with ovine preadipocyte differentiation, analyses were 
undertaken to predict the target genes of the differentially expressed lncRNAs using antisense, cis-action and 
trans-action analysis. In the antisense analysis, 703 lncRNA-mRNA pairs were identified, including 14 signifi-
cantly different antisense-mRNA pairs. The GO functional enrichment analysis results revealed that the target 
genes were mainly enriched in 544 biological processes (BP), 52 cellular components (CC), and 69 molecular 
functions (MF) (Fig. 3A). Most target genes were significantly enriched in the regulation of immune processes 
and enzyme activities, including immune responses (GO:0002440), positive regulation of lymphocyte activation 
(GO:0051251), phospholipase activity (GO:0004620), tRNA methyltransferase activity (GO:0008175), phospho-
diester hydrolase activity (GO:0008081), cellular glucose homeostasis (GO:0001678), and response to fatty acids 
(GO. 0070542) (Supplementary Table 1).

In the context of a cis mode of action, we identified 3517 cis-regulatory (cis-mRNA) relationship pairs, of 
which 39 were significantly different cis-mRNA relationship pairs (P < 0.05). The GO functional enrichment 

Figure 1.   An overview of the lncRNAs that were detected during the differentiation of the ovine preadipocytes, 
and their expression characteristics. (A) The distribution of the lncRNAs in intergenic, intronic and exonic 
regions based on their location in the ovine reference genome v4.0. (B) Venn diagram summarizing the number 
of lncRNAs identified using the CNCI v2 and CPC v0.9-r2 software. (C) Summary of the type of lncRNAs 
identified in this study. (D) Venn diagram summarizing the number of lncRNAs expressed at D0, D2 and D8 in 
the ovine preadipocytes. (E, F) Comparison of expression levels of lncRNAs and mRNAs identified in the D0, 
D2 and D8 preadipocytes.
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analysis of the target genes revealed that they were mainly enriched in 902 GO-BP terms. Most of the target 
genes were enriched in GO terms related to transporter protein activity and catabolic processes, including protein 
transmembrane transporter protein activity (GO:0008320), protein transporter protein activity (GO:0008565), 
aromatic amino acid family catabolic processes (GO:0009074), long-chain fatty acid transport (GO:0015909), 
and cellular amino acid catabolic processes (GO:0009063) (Fig. 3B, Supplementary Table 1).

A total of 31,502 trans-mRNA pairs were identified (P < 0.05). The GO functional enrichment analysis results 
revealed that the target genes were enriched in 3772 GO-BP, 333 GO-CC and 665 GO-MF terms. The majority 
of target genes were mainly enriched in the regulation of cell proliferation and differentiation and protein bind-
ing, including cell proliferation (GO:0008283), regulation of TGF-β receptor signaling pathway (GO:0017015), 
cell differentiation (GO:0030154), epithelial cell proliferation (GO:0050673), actin binding (GO:0003779), epi-
thelial cell differentiation (GO:0030855) and adipocyte differentiation (GO:0045444), among others (Fig. 3C, 
Supplementary Table 1).

To further analyze the possible pathways involved in ovine preadipocyte differentiation for the target genes, a 
KEGG enrichment analysis was undertaken. This revealed that most of antisense target genes were significantly 
enriched in the fatty acid degradation pathway, the glycerolipid metabolism, ether lipid metabolism, amino acid 
metabolism pathways, and glycolysis/gluconeogenesis signaling pathways (P < 0.05, Fig. 4A). Most cis target genes 
were significantly enriched in pathways including metabolic pathways, chemokine signaling pathways, amino 

Figure 2.   Summary of the differential expression analysis of the annotated lncRNAs. (A) The number of 
differentially expression lncRNAs. (B) The shared and unique lncRNAs when comparing three groups of 
differentially expressed lncRNAs. (C-E) Heat maps of differentially expressed lncRNAs were analyzed using the 
z-score method according to the FPKM values21. Blue denotes the genes with lower levels of expression, while 
red denotes the genes with higher levels of expression.
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Figure 3.   Functional categorization of the target genes of differentially expressed lncRNAs during the selected 
stages of differentiation of the ovine preadipocytes. (A) Antisense target genes. (B) Cis target genes. (C) Trans 
target genes.

Figure 4.   KEGG enrichment analysis of the target genes of differentially expressed lncRNAs during the 
differentiation stage of ovine preadipocytes. (A) Antisense target genes (B) Cis target genes. (C) Trans target 
genes.
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acid biosynthesis pathways, cytokine-cytokine receptor interactions, and taurine and hypotaurine metabolism 
pathways (P < 0.05, Fig. 4B). In contrast, most trans target genes were significantly enriched in pathways, includ-
ing the MAPK signaling pathway, the PI3K-Akt signaling pathway and the TGF-β signaling pathway (P < 0.05, 
Fig. 4C). These results suggest that lncRNAs may act on protein-coding genes through antisense, cis and trans 
modes of action, thereby regulating preadipocyte differentiation in sheep.

The structure‑interaction network of ceRNAs
This analysis revealed a total of 12,528 lncRNA-miRNA-mRNA binding pairs. That is, 427 differentially expressed 
lncRNAs would bind 421 miRNAs to increase the expression of 1571 target mRNAs (Supplementary Table 2). 
The 18 most significant ceRNA relationship pairs from all ceRNAs were chose to construct a network diagram 
(Fig. 5), and together the above findings suggest that differentially expressed lncRNAs may act as ‘molecular 
sponges’ for miRNAs during ovine preadipocyte differentiation.

RT‑qPCR verification of the RNA‑Seq data
To verify the RNA-Seq results, nine differentially expressed lncRNAs were selected and analysed using RT-qPCR. 
The RT-qPCR expression patterns of the selected differentially expressed lncRNAs were found to be consist-
ent with the expression trends from the RNA-Seq results during preadipocyte differentiation (Fig. 6), with this 
confirming the reliability of the RNA-Seq method used in this study.

Discussion
In our study, lncRNAs were isolated using an RNA-Seq technology from preadipocytes on day 0, day 2 (early-
stage differentiation) and day 8 (late-stage differentiation). The counts of raw reads from the three groups of 
12 samples were all over 13.7 Gb, and the high sequencing depth has been illustrated to increase the reliability 
of sequencing results22. The total bases number of filtered high quality data (clean reads) in this study was also 
over 13.5 Gb.

This high quality and depth of sequencing confirmed the accuracy and reliability of these sequencing data. 
The mapped ratio of clean reads to the sheep reference genome was 91.65–94.45%, which is consistent with other 
studies on adipose tissues. For example, 93–95% of adipocyte RNA clean reads in Laiwu pigs can be aligned 
with the reference genome23 and more than 95.9% of the clean reads from the adipose tissue of Hanwoo cattle 
can be mapped to reference genome24.

A total of 2517 novel lncRNAs and 3943 known lncRNAs were identified in the study, which is consistent 
with what has been reported for similar analyses of other sheep tissues. For example, Ren et al.25 identified 6924 
lncRNA transcripts associated with skeletal muscle development in Hu sheep.

In the present study, the greatest number of lncRNAs were identified from the intergenic region, with 2445 
and 1388 known and novel lncRNAs revealed respectively. This is similar to what has been reported in a previous 
study26, which found 2120 novel lncRNAs in chicken intramuscular preadipocytes.

In this study, it was found that most lncRNAs showed a medium to low abundance expression pattern. 
Accordingly, it might be speculated that these lncRNAs influence the preadipocyte differentiation process by 
interacting with related genes during the differentiation of the cells. Of the co-expressed lncRNAs, the most 

Figure 5.   Sankey plot of the lncRNA-miRNA-mRNA network related to ovine preadipocyte differentiation.
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abundant was MSTRG.65945.1. The lncRNA is transcribed from ovine chromosome 20, and the target gene 
prediction analysis, suggested that MSTRG.65945.1 would trans-regulate the fatty acid synthase gene (FASN; 
Chromosome 11), the perilipin 2 gene (PLIN2; Chromosome 2) and the Krüppel-like factor 4 gene (KLF4; 
Chromosome 2).

It has been reported that fatty acid synthase can increase lipid accumulation in adipocytes by controlling 
triglyceride synthesis and degradation27. Over-expression of PLIN2 increased lipid accumulation, whereas knock-
down of PLIN2 prevented lipid accumulation in goat mammary epithelial cells28. Xu et al.29 found that overex-
pression of KLF4 suppressed expression of C/EBPβ and PPARG​ in goat muscle preadipocytes, thereby inhibiting 
preadipocyte differentiation, and another study revealed that overexpression of PPARG induces the accumulation 
of triglycerides and the up-regulation of PLIN230, hence linking the activity of PLIN2 and KLF4. Together, this 
suggests that MSTRG.65945.1 may play a role in ovine preadipocyte differentiation through regulation of the 
activity of FASN, PLIN2 and KLF4, but the specific functions of most of the lncRNAs identified in this study 
remain unclear, and their roles in ovine preadipocyte differentiation need to be further explored.

A total of 405, 272 and 359 differentially expressed lncRNAs were identified in the comparisons of D0 and D2, 
D0 and D8 and D2 and D8. The maturation of preadipocytes is reported to involve several biological processes, 
including proliferation, apoptosis, and differentiation4, hence the differentially expressed lncRNAs may contribute 
to the different processes occurring in the ovine preadipocytes at the different stages of differentiation. This too 
will require further detailed investigation. In this respect, numerous studies have shown that the transcriptional 
regulatory functions of lncRNAs are achieved by acting on protein-coding genes. In this study, the functional 
analysis revealed that the target genes of the differentially expressed lncRNAs were annotated to biological pro-
cesses related to enzyme activity and immunological aspects by antisense action. Through cis-action, the target 
genes were annotated to biological processes related to transporter protein activity and catabolic processes, and 
through trans-action, the target genes were annotated to important biological processes related to ovine preadi-
pocyte differentiation, such as receptor binding, adipocyte differentiation, cell proliferation apoptosis and cell 
differentiation processes.

Specific examples include MSTRG.41060.2, MSTRG.66777.1, MSTRG.13516.1 and MSTRG.39279 target-
ing the genes ENPP2, NEDD9, FGF2 and SMAD7, respectively, which are enriched in the regulation of TGF-β 
receptor signaling pathway, cell differentiation, and epithelial cell differentiation, respectively. Mu et al.31 found 
that ENPP2 was significantly enriched into GO enrichment, and the KEGG pathway related to lipid metabolism, 
and it was therefore inferred that it was more likely to regulate milk fat metabolism. A study has found that the 
lack of ENPP2 has a significant protective effect on hepatic steatosis, suggesting a possible role of ENPP2 in the 
metabolism of milk lipids32. The gene NEDD9 can maintain the expression of hexokinase to promote glycoly-
sis, which provides the necessary energy for the maturation process of preadipocytes33, and another study has 
revealed that FGF2 stimulates subcutaneous adipose stem cells to promote lipogenic differentiation by activating 
thePI3K/Akt signaling pathway34. The miR-181a-5p promotes 3T3-L1 preadipocyte differentiation by directly 
targeting SMAD7 and TCF7L2 to regulate TGFβ/SMAD and Wnt signaling pathways35. Taken together, this 
strongly suggests the lncRNAs identified here, may be involved in ovine preadipocyte differentiation through 
trans-regulation of target genes.

In the KEGG enrichment analysis, it was found that differentially expressed lncRNAs exerted antisense or cis-
regulatory effects on signaling pathways, including fatty acid degradation, taurine and hypotaurine metabolism, 

Figure 6.   Comparison of RT-qPCR and RNA-Seq results for nine selected lncRNAs.
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and glycerolipid metabolism. Fatty acid degradation and glycerolipid metabolism are both major functions of 
adipocytes, and taurine chloramine may inhibit the differentiation of preadipocytes to adipocytes36. Together, 
these results suggest that differentially expressed lncRNAs may also play a role in preadipocyte differentiation 
through antisense and cis-activation.

The trans target genes of differentially expressed lncRNAs were enriched in the MAPK signaling pathway, 
the PI3K-Akt signaling pathway and the TGF-β signaling pathway. It has been reported that differentiation can 
be promoted in porcine adipocytes via the MAPK signaling pathway, which has been revealed to inhibit early 
adipogenesis in 3T3-L1 adipocytes37,38. The extract of Alchemilla monticola and Ziziphus jujuba Mill can inhibit 
adipocyte differentiation by suppressing PI3K-Akt signaling pathway39,40. Li et al.41 revealed that the TGF-β/
SMAD signaling pathway has a negative regulatory effect on lipogenic differentiation. These results suggest that 
lncRNAs play an important regulatory role in ovine preadipocyte differentiation through trans-regulatory effects.

The 18 most significant ceRNA relationship pairs were selected to construct a network diagram (Fig. 5). 
Among these possible ceRNA regulatory pathways, it was found that some lncRNAs may regulate the expres-
sion of the target genes related to adipogenesis through miRNAs. For example, lncRNA MSTRG 61777.1 
would regulate EPAS1 via miR-149, lncRNA XR_003589873.1 would regulate FASN via miR-735, and lncRNA 
MSTRG.53359.1 would affect LDLRAD4 expression level via miR-106. Previous studies have shown that these 
target genes play crucial roles in preadipocyte differentiation and lipogenesis27,42.

Materials and methods
Ethics declarations
All experiments on these sheep were conducted according to animal protection and use guidelines established 
by the Animal Care Committee at Gansu Agricultural University (Approval number GSAU-Eth-AST-2021-027).

Sample collection, cell culture and induced differentiation of ovine preadipocytes
Ovine preadipocytes were derived from subcutaneous fat from the groin of three 1.5-year-old Tibetan rams (A 
sheep breed form the Qinghai-Tibetan Plateau at altitudes above 3000 m), according to our previous reports43–45. 
Specifically, after removing visible blood vessels and connective tissue, adipose tissue samples from the three 
Tibetan rams were pooled and minced under sterile conditions into small pieces of approximately 1.0 mm3. 
Subsequently, approximately 1 g of minced adipose tissue was added to 20 mL of tissue digestion solution, con-
sisting of 0.75 U/mL collagenase IV solution (Invitrogen, CA, USA), and 1.0 U/mL neutral protease II solution 
(Invitrogen, CA, USA), and incubated at 37 °C for 1 h. The adipose tissue was digested into a cell suspension 
by stirring at 37 °C for 1 h. Ovine preadipocytes were isolated from the mixtures by centrifugation at 1500×g 
for 5 min, and then they were resuspended in growth medium. The ovine preadipocytes were then cultured in 
a growth medium containing 10% fetal bovine serum (Gibco, NY, USA) and DMEM/F12 at 37 °C and in an 
atmosphere of 5% CO2.

Differentiation inducers were used to induce differentiation of the ovine preadipocytes, and they included 
1 μg/mL insulin, 0.1 μg/mL dexamethasone, and 27.8 μg/mL 3-isobutyl-1-methylxanthine. After 2 days of induce-
ment, the preadipocytes were further differentiated in a maintenance medium (growth medium and 1 μg/mL 
insulin). After another 2 days, the maintenance medium was replaced with the growth medium without the 
insulin until differentiation was completed. The differentiation process described above lasted for 8 days in 
total. According to the differentiation models described in previous studies, we accordingly collected cells from 
days 0 (D0), 2 (D2), and 8 (D8) of the differentiation of ovine preadipocytes, respectively. We then harvested 
and used these cells to extract total RNA for RNA-Seq analysis and four biological duplicates were established 
at each period.

RNA extraction, library construction and sequencing
Total RNA was extracted using the Trizol reagent kit (Invitrogen, Carlsbad, CA, USA), and RNA quality was 
assessed using an Agilent 2100 Bioanalyzer (Agilent, CA, USA). Subsequently, rRNA was eliminated, but mRNA 
and non-coding RNA (ncRNA) were kept. With the use of fragmentation buffer and random primers, the 
enriched mRNA and ncRNA were broken up into small pieces and then reverse transcribed into cDNA. Using 
DNA polymerase I, RNase H, dNTP (dUTP instead of dTTP), and buffer, a second-strand cDNA was created. The 
cDNA fragments were then purified and end-repaired. They were poly (A) tailed and ligated to Illumina sequenc-
ing adapters using the QiaQuick PCR kit (Invitrogen, CA, USA). The UNG (uracil-n-glycosylase) enzyme was 
used to digest the second-strand cDNA. The digested products were analyzed using agarose gel electrophoresis, 
and then sequenced using Illumina HiSeqTM4000 sequencing by Gene Denovo Biotechnology (Guangzhou, 
China).

The identification of lncRNAs
The original data was filtered to assure data quality and accuracy. First, the low-quality data were filtered from the 
raw data using fastp46 to leave clean reads. Next, the clean data’s Q20, Q30, GC-content, and sequence duplica-
tion levels were determined. Using Bowtie2 v2.2.8, the clean reads were further mapped to the rRNA database 
to eliminate mapped rRNA reads. Finally, the clean reads were mapped to the ovine Oar_v4.0 reference genome 
using Hisat2 v2.1.0 (Fig. 7).

Transcripts that were revealed by the sequencing result but were un-annotated in the ovine reference genome, 
were defined as novel transcripts. Transcripts were eliminated if they were of a length of less than 200 nucleotides 
in length, or the only represented one exon of a gene. The remaining transcripts with coding capacity were iden-
tified using CNCI v2.047 and CPC v 0.9-r248 software, and the outputs from the two programs were combined. 
These transcripts were regarded as new lncRNAs since their coding potential score was less than 0. Meanwhile, 
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the types, transcript lengths, exon counts and coding potential scores of the new transcripts were also analyzed 
using Perl scripts (https://​www.​perl.​org/).

Analysis of the differential expression of lncRNAs
The expression level of lncRNAs was normalized by calculating the fragments per kilobase of transcript per 
million reads mapped (FPKM) using Stringtie v1.3.4. The lncRNAs with FPKM > 0.1 were considered to be 
meaningfully expressed. Next, DESeq v2.0 was used to analyze the differential expression of lncRNAs at the 
three stages of differentiation. These lncRNAs with |log2FoldChange|> 1 and FDR < 0.05 were concluded to be the 
significant differentially expressed lncRNAs. Heat maps of differentially expressed lncRNAs were analyzed using 
the z-score method according to the FPKM values21, and the results were displayed using omicshare platform 
(https://​www.​omics​hare.​com/​tools/​Home/​Soft/​getso​ft).

GO and KEGG analyses of the target genes of lncRNAs
To explore the role of the lncRNAs in the differentiation of ovine preadipocytes, the target genes of the lncRNAs 
were predicted based on the antisense, cis and trans principle. We also predicted the complementary binding 
between antisense lncRNAs and mRNAs using RNAplex49 and ViennaRNA50 package. Cis target genes were 
searched within the range of 10 kb from the lncRNAs. Trans-action meant that there were complementary 
sequences shared between the mRNAs and lncRNAs. Moreover, the sequences of mRNAs that overlapped with 
lncRNAs were predicted by LncTar software51. These three interaction mechanisms were considered preferen-
tial for the prediction of the lncRNA-targeted genes. Gene functional enrichment analysis included GO (Gene 
Ontology; http://​www.​geneo​ntolo​gy.​org/), and KEGG (Kyoto Encyclopedia of Genes and Genomes; http://​www.​
genome.​jp/​kegg/), which were utilized for screening the liposynthesis-related genes associated with the differ-
entially expressed lncRNAs.

A ceRNA network of lncRNA‑miRNA‑mRNA
Based on our previously published ovine preadipocyte mRNA data (SRR19917845-SRR19917856) and miRNA 
data from the same samples as those used in the study43,44, a lncRNA associated ceRNA network was constructed 
according to the ceRNA construction method established by Shen et al.52. (1) Spearman rank correlation coef-
ficient (SCC) was used to evaluate the expression association between mRNA-miRNA or lncRNA-miRNA. The 
pairs with SCC > 0.7 were selected as negatively co-expressed lncRNA-miRNA pairs or mRNA-miRNA pairs. 
Both mRNAs and lncRNAs were considered to be the target genes of miRNAs. (2) The Pearson correlation 
coefficient (PCC) was used to assess the expression relationship between lncRNAs and mRNAs. The pairs with 
PCC > 0.9 were selected as co-expressed lncRNA-mRNA pairs. (3) A hypergeometric cumulative distribution 
function test was performed to determine whether the shared miRNA sponges between the two genes were 
noteworthy. Only gene pairs with a P-value < 0.05 were selected. Finally, Cytoscape v3.5.1 was used to display a 
lncRNA-miRNA-mRNA network.

Validation of differentially expressed lncRNAs and statistical analysis
Nine differentially expressed lncRNAs were randomly selected from three periods of ovine preadipocytes dif-
ferentiation and subjected reverse transcription-quantitative PCR (RT-qPCR) to establish the RNA expression 
levels. Specifically, the HiScript II Q RT SuperMix for qPCR (+ gDNA wiper) kit (Vazyme Biotech, Xuanwu Qu, 
China) was used to synthesize first-strand cDNA with GAPDH26,53 being employed as an internal reference gene. 
The original RNA samples used for the RNA-Seq were also used as the templates for the reverse transcription 
reactions in the RT-qPCRs. The results were calculated using the 2-ΔΔCt method to verify the reliability of RNA-
Seq sequencing data.

The primer information of the selected lncRNAs and the internal reference gene is shown in Table 2.

Figure 7.   A diagram of the data analysis workflow.

https://www.perl.org/
https://www.omicshare.com/tools/Home/Soft/getsoft
http://www.geneontology.org/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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Conclusions
This study described the lncRNA expression profiles of ovine preadipocytes at three stages of differentiation. 
A total of 2517 novel lncRNAs and 3943 known lncRNAs were found to be expressed, and a total of 405, 272 
and 359 differentially expressed lncRNAs were found in the D0-vs-D2, D0-vs-D8, and D2-vs-D8 preadipocytes 
respectively. The differentially expressed lncRNAs were enriched in the signaling pathways related to ovine 
preadipocytes differentiation, such as MAPK, PI3K-Akt, and TGF-β. This study provides an improved under-
standing of the roles of lncRNAs in ovine preadipocytes differentiation.

Data availability
The data in the study has been saved in GenBank with accession numbers SRR19917845-SRR19917856.

Received: 23 September 2023; Accepted: 1 March 2024

References
	 1.	 Scollan, N. D., Price, E. M., Morgan, S. A., Huws, S. A. & Shingfield, K. J. Can we improve the nutritional quality of meat?. Proc. 

Nutr. Soc. 76(4), 603–618 (2017).
	 2.	 Bellés, M., Del Mar Campo, M., Roncalés, P. & Beltrán, J. A. Supranutritional doses of vitamin E to improve lamb meat quality. 

Meat Sci. 149(1), 14–23 (2019).
	 3.	 Fernandez, X., Monin, G., Talmant, A., Mourot, J. & Lebret, B. Influence of intramuscular fat content on the quality of pig meat: 

1. Composition of the lipid fraction and sensory characteristics of M. longissimus lumborum. Meat Sci. 53(1), 59–65 (1999).
	 4.	 Hausman, G. J. et al. Board-invited review: The biology and regulation of preadipocytes and adipocytes in meat animals. J. Anim. 

Sci. 87(4), 1218–1246 (2009).
	 5.	 Fořtová, J. et al. Preferences and acceptance of Czech and Spanish consumers regarding beef with varying intramuscular fat content. 

Meat Sci. 192(1), 108912 (2022).
	 6.	 Jeon, Y. G., Kim, Y. Y., Lee, G. & Kim, J. B. Physiological and pathological roles of lipogenesis. Nat. Metab. 5(5), 735–759 (2023).
	 7.	 Benchamana, A., Mori, H., MacDougald, O. A. & Soodvilai, S. Regulation of adipocyte differentiation and metabolism by lanso-

prazole. Life Sci. 239(1), 116897 (2019).
	 8.	 Wang, H. et al. Sequence analysis of bovine C/EBPδ gene and its adipogenic effects on fibroblasts. Mol. Biol. Rep. 41(1), 251–257 

(2014).
	 9.	 Darlington, G. J., Ross, S. E. & MacDougald, O. A. The role of C/EBP genes in adipocyte differentiation. J. Biol. Chem. 273(46), 

30057–30060 (1998).
	10.	 Rakhshandehroo, M., Knoch, B., Müller, M. & Kersten, S. Peroxisome proliferator-activated receptor alpha target genes. PPAR 

Res. 2010(1), 612089 (2010).
	11.	 Akerblad, P., Lind, U., Liberg, D., Bamberg, K. & Sigvardsson, M. Early B-cell factor (O/E-1) is a promoter of adipogenesis and 

involved in control of genes important for terminal adipocyte differentiation. Mol. Cell Biol. 22(22), 8015–8025 (2002).
	12.	 Tyra, M. et al. Association between subcutaneous and intramuscular fat content in porcine ham and loin depending on age, breed 

and FABP3 and LEPR genes transcript abundance. Mol. Biol. Rep. 40(3), 2301–2308 (2013).
	13.	 De Winter, T. J. J. & Nusse, R. Running against the Wnt: How Wnt/β-catenin suppresses adipogenesis. Front. Cell Dev. Biol. 9(1), 

627429 (2021).
	14.	 Nojima, T. & Proudfoot, N. J. Mechanisms of lncRNA biogenesis as revealed by nascent transcriptomics. Nat. Rev. Mol. Cell Biol. 

23(6), 389–406 (2022).
	15.	 Zeng, Y., Ren, K., Zhu, X., Zheng, Z. & Yi, G. Long Noncoding RNAs: Advances in lipid metabolism. Adv. Clin. Chem. 87(1), 1–36 

(2018).
	16.	 Sun, L. et al. Long noncoding RNAs regulate adipogenesis. Proc. Natl. Acad. Sci. USA 110(9), 3387–3392 (2013).
	17.	 Xu, B. et al. Multiple roles for the non-coding RNA SRA in regulation of adipogenesis and insulin sensitivity. PLoS ONE 5(12), 

e14199 (2010).
	18.	 Xiao, T. et al. Long noncoding RNA ADINR regulates adipogenesis by transcriptionally activating C/EBPα. Stem Cell Rep. 16(4), 

1006–1008 (2015).
	19.	 Divoux, A. et al. Identification of a novel lncRNA in gluteal adipose tissue and evidence for its positive effect on preadipocyte 

differentiation. Obesity (Silver Spring). 22(8), 1781–1785 (2014).
	20.	 Gernapudi, R. et al. MicroRNA 140 promotes expression of long noncoding RNA NEAT1 in adipogenesis. Mol. Cell. Biol. 36(1), 

30–38 (2015).

Table 2.   Information of primer sequence.

Name Forward primer sequence (5′ → 3′) Reverse primer sequence (5′ → 3′)

MSTRG.68215.1 AGT​GCT​CCC​CTT​TGG​ACT​TT ACT​TTC​CCG​GCT​TAC​CAG​AT

MSTRG.68215.2 CCT​GTG​TGA​GGT​GGG​AGA​AT GCC​CAG​AGA​AGG​TGA​GTG​AG

MSTRG.59454.5 AGT​AGC​CAG​TCC​CCT​CGT​CT CGG​GTC​CTT​GTT​AGG​TTT​GA

MSTRG.70662.2 CTT​TTC​CCC​ACT​GCG​TTT​TA CAC​ATG​GAG​TAG​GGC​ACC​TT

MSTRG.34983.1 TGT​GGA​GCT​GTT​CTG​CAA​TC GCA​CAA​GGA​ATC​AGC​AGA​CA

MSTRG.50579.1 TCT​GGA​CCC​TGT​CAA​CAT​CA CCC​ACA​CCA​CAC​AGC​ATA​AG

MSTRG.66776.1 CTG​CCA​AGC​CCT​AAA​GTG​AG CTT​GAC​TCC​GAC​TCC​CTC​AG

MSTRG.65389.1 ACT​TGA​CGG​ACC​TTT​GTT​GG TCT​TGG​GCT​CCA​GAA​TGA​CT

MSTRG.45547.1 CTG​CAC​TCA​CCA​TTT​GCA​CT CGC​AGA​TAA​CAC​CAC​GCT​TA

GAPDH CAC​AGT​CAA​GGC​AGA​GAA​CG CAG​CCT​TCT​CCA​TGG​TAG​TG



11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5260  | https://doi.org/10.1038/s41598-024-56091-5

www.nature.com/scientificreports/

	21.	 Shahriyari, L. Effect of normalization methods on the performance of supervised learning algorithms applied to HTSeq-FPKM-UQ 
data sets: 7SK RNA expression as a predictor of survival in patients with colon adenocarcinoma. Brief Bioinform. 20(3), 985–994 
(2019).

	22.	 Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L. & Wold, B. Mapping and quantifying mammalian transcriptomes by RNA-
Seq. Nat. Methods 5(7), 621–628 (2008).

	23.	 Wang, L., Xie, Y., Chen, W., Zhang, Y. & Zeng, Y. Identification and functional prediction of long noncoding RNAs related to 
intramuscular fat content in Laiwu pigs. Anim. Biosci. 35(1), 115–125 (2022).

	24.	 Choi, J. Y., Shin, D., Lee, H. J. & Oh, J. D. Comparison of long noncoding RNA between muscles and adipose tissues in Hanwoo 
beef cattle. Anim. Cells Syst. 23(1), 50–58 (2018).

	25.	 Ren, C. et al. Genome-wide analysis reveals extensive changes in LncRNAs during skeletal muscle development in hu sheep. Genes 
8(8), 191 (2017).

	26.	 Zhang, T. et al. Analysis of long noncoding RNA and mRNA using RNA sequencing during the differentiation of intramuscular 
preadipocytes in chicken. PLoS ONE 12(2), e0172389 (2017).

	27.	 Song, Z., Xiaoli, A. M. & Yang, F. Regulation and metabolic significance of de novo lipogenesis in adipose tissues. Nutrients 10(10), 
1383 (2018).

	28.	 Shi, H. B. et al. Adipocyte differentiation-related protein promotes lipid accumulation in goat mammary epithelial cells. J. Dairy 
Sci. 98(10), 6954–6964 (2015).

	29.	 Xu, Q. et al. KLF4 inhibits the differentiation of goat intramuscular preadipocytes through targeting C/EBPβ directly. Front. Genet. 
12(1), 663759 (2021).

	30.	 Tian, S. et al. Targeting PLIN2/PLIN5-PPARγ: Sulforaphane disturbs the maturation of lipid droplets. Mol. Nutr. Food Res. 63(20), 
e1900183 (2019).

	31.	 Mu, T. et al. Screening and conjoint analysis of key lncRNAs for milk fat metabolism in dairy cows. Front. Genet. 13(1), 772115 
(2022).

	32.	 Brandon, J. A. et al. Adipose-derived autotaxin regulates inflammation and steatosis associated with diet-induced obesity. PLoS 
ONE 14(2), e0208099 (2019).

	33.	 Deneka, A. Y., Nikonova, A. S., Lee, H. O., Kruger, W. D. & Golemis, E. A. NEDD9 sustains hexokinase expression to promote 
glycolysis. Oncogenesis 11(1), 15 (2022).

	34.	 Lu, G. M. et al. FGF2-induced PI3K/Akt signaling evokes greater proliferation and adipogenic differentiation of human adipose 
stem cells from breast than from abdomen or thigh. Aging (Albany NY). 12(14), 14830–14848 (2020).

	35.	 Ouyang, D. et al. MiR-181a-5p regulates 3T3-L1 cell adipogenesis by targeting Smad7 and Tcf7l2. Acta Biochim. Biophys. Sin. 
48(11), 1034–1041 (2016).

	36.	 Kim, K. S. et al. Effect of taurine chloramine on differentiation of human preadipocytes into adipocytes. Adv. Exp. Med. Biol. 775(1), 
247–257 (2013).

	37.	 Wu, W. et al. CTRP6 regulates porcine adipocyte proliferation and differentiation by the adipor1/mapk signaling pathway. J. Agric. 
Food Chem. 65(27), 5512–5522 (2017).

	38.	 Lee, H. W., Rhee, D. K., Kim, B. O. & Pyo, S. Inhibitory effect of sinigrin on adipocyte differentiation in 3T3-L1 cells: Involvement 
of AMPK and MAPK pathways. Biomed. Pharmacother. 102(1), 670–680 (2018).

	39.	 Mladenova, S. G. et al. Anti-adipogenic effect of alchemilla monticola is mediated via PI3K/AKT signaling inhibition in human 
adipocytes. Front. Pharmacol. 12(1), 707507 (2021).

	40.	 Savova, M. S. et al. Ziziphus jujuba Mill. leaf extract restrains adipogenesis by targeting PI3K/AKT signaling pathway. Biomed. 
Pharmacother. 141(1), 111934 (2021).

	41.	 Li, R. et al. Mechanical stretch inhibits mesenchymal stem cell adipogenic differentiation through TGFβ1/Smad2 signaling. J. 
Biomech. 48(13), 3665–3671 (2015).

	42.	 Shimba, S., Wada, T., Hara, S. & Tezuka, M. EPAS1 promotes adipose differentiation in 3T3-L1 cells. J. Biol. Chem. 279(39), 
40946–40953 (2004).

	43.	 Jin, X. Y. et al. MicroRNA-148a regulates the proliferation and differentiation of ovine preadipocytes by targeting PTEN. Animals 
11(3), 820 (2021).

	44.	 Jin, X. Y. et al. MicroRNA-200b regulates the proliferation and differentiation of ovine preadipocytes by targeting p27 and KLF9. 
Animals 11(8), 2417 (2021).

	45.	 Hao, Z. Y. et al. Functional differentiation of the ovine preadipocytes -insights from gene expression profiling. Funct. Integr. Genom. 
23(2), 97 (2023).

	46.	 Chen, S., Zhou, Y., Chen, Y. & Gu, J. Fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34(17), 884–890 (2018).
	47.	 Sun, L. et al. Utilizing sequence intrinsic composition to classify protein-coding and long non-coding transcripts. Nucleic Acids 

Res. 41(17), e166 (2013).
	48.	 Kong, L. et al. CPC: Assess the protein-coding potential of transcripts using sequence features and support vector machine. Nucleic 

Acids Res. 35(1), 345–349 (2007).
	49.	 Tafer, H. & Hofacker, I. L. RNAplex: A fast tool for RNA-RNA interaction search. Bioinformatics 24(22), 2657–2763 (2008).
	50.	 Lorenz, R. et al. ViennaRNA Package 20. Algorithms Mol. Biol. 6(1), 26 (2011).
	51.	 Li, J. et al. LncTar: A tool for predicting the RNA targets of long noncoding RNAs. Brief Bioinform. 16(5), 806–812 (2015).
	52.	 Shen, J. Y. et al. Integrated transcriptome analysis reveals roles of long non-coding RNAs (lncRNAs) in caprine skeletal muscle 

mass and meat quality. Funct. Integr. Genom. 23(1), 63 (2023).
	53.	 Xiao, C. et al. Whole-Transcriptome analysis of preadipocyte and adipocyte and construction of regulatory networks to investigate 

lipid metabolism in sheep. Front. Genet. 12(1), 662143 (2021).

Author contributions
Z.H., X.J., and J.W. conceived and designed the experiments. Z.H., Y.L., J.H., X.L., and S.L. conducted the experi-
ments. Z.H., M.L., B.S., C.R., H.M.Z., and L.W. analyzed the data. Z.H., J.W., J.G.H.H., and H.T.Z. drafted and 
revised the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by the Scientific Research Start-Up Funds for Openly-Recruited Doctors of Gansu 
Agricultural University (GAU-KYQD-2021-05), the Discipline Team Project of Gansu Agricultural Univer-
sity (GAU-XKTD-2022-21), the Innovation Fund of Gansu Provincial Department of Education (2022A-059), 
National Natural Science Foundation of China (32060746), the fund for Basic Research Creative Groups of Gansu 
Province (22JR5RA829),and the Science and Technology project of Lanzhou city (2021-1-162).

Competing interests 
The authors declare no competing interests.



12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5260  | https://doi.org/10.1038/s41598-024-56091-5

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​56091-5.

Correspondence and requests for materials should be addressed to J.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-56091-5
https://doi.org/10.1038/s41598-024-56091-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Screening and identification of lncRNAs in preadipocyte differentiation in sheep
	Results
	LncRNA expression during differentiation of ovine preadipocytes
	GO and KEGG enrichment analyses of the target genes of the differentially expressed lncRNAs
	The structure-interaction network of ceRNAs
	RT-qPCR verification of the RNA-Seq data

	Discussion
	Materials and methods
	Ethics declarations
	Sample collection, cell culture and induced differentiation of ovine preadipocytes
	RNA extraction, library construction and sequencing
	The identification of lncRNAs
	Analysis of the differential expression of lncRNAs
	GO and KEGG analyses of the target genes of lncRNAs
	A ceRNA network of lncRNA-miRNA-mRNA
	Validation of differentially expressed lncRNAs and statistical analysis

	Conclusions
	References


