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Abstract

MicroRNA (miRNA) is a kind of noncoding RNA whose function involved in various biological
processes in neuronal maturation and adipocyte cells, such as differentiation, proliferation,
development, apoptosis, and metabolism. Herein, miRNA-Seq was used to identify miRNAs
in the tail fat tissue of Hu sheep (short-fat-tailed) and Tibetan sheep (short-thin-tailed). In
this study, 155 differentially expression miRNAs (DE miRNAs) were identified, including 78
up-regulated and 77 down-regulated. Among these DE miRNAs, 17 miRNAs were reported
and related with lipid metabolism. MiRanda and RNAhybrid software were used to predict
the target genes of DE miRNAs, obtaining the number of targeting relationships is 38553.
Target genes were enriched by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG). 742 terms and 302 single pathways are enriched, including lipid meta-
bolic process, response to lipid, cellular lipid catabolic process, lipid catabolic process, cellu-
lar lipid metabolic process, inositol lipid-mediated signaling, calcium channel activity, PI3K-
Akt signaling pathway, MAPK signaling pathway, ECM-receptor interaction, AMPK signaling
pathway, Wnt signaling pathway and TGF-beta signaling pathway. Notably, miR-379-5p
was associated with tail fat deposition of sheep. Dual-Luciferase reporter assays showed
miR-379-5p and HOXC9 had targeted relationship. The result of RT-qPCR showed that the
expression trend of miR-379-5p and HOXC9 was opposite. miR-379-5p was down-regu-
lated and highly expressed in tail adipose tissue of Tibetan sheep. HOXC9 was highly
expressed in adipose tissue of Hu sheep. These results could provide a meaningful theoreti-
cal basis for studying the molecular mechanisms of sheep tail adipogenesis.

Introduction

Sheep is an important livestock used for meat, milk, wool, and fur. About 11000 years ago,
sheep was domesticated [1]. With the development of domestication, sheep were divided into
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fat-tailed and thin-tailed sheep and study implied fat-tailed sheep evolved from thin—tailed
sheep before 5000 years ago [2]. The tail type was determined by the degree and shape of fat
deposition along the tail vertebrae. According to this standard, sheep can be divided into five
types: short-thin-tailed sheep, long-thin-tailed sheep, short-fat-tailed sheep, long-fat-tailed
sheep, and fat-buttock sheep [3]. Up to now, fat-tailed sheep account for approximately 25% of
the world’s sheep population [4]. Although, tail fat deposition is a way to store energy for sur-
viving in the harsh environment. But too much fat is not convenient for breeding. With the
improvement of living standards, people’ eating habits have also changed to favor lean-meat
with high protein, so sheep tail fat is becoming less and less popular among producers and
consumers.

The formation of sheep tail type was regulated by multiple genes. Omics technique, an effi-
cient and accurate method was used to study the mechanism of tail type trait. Wang et al.
through genome-wide analysis reveals PDGFD, which related to angiogenesis, was significantly
selected in Chinese indigenous sheep breeds of differential tail type [5]. Zhu et al. used ovine
high-density 600K SNP arrays to detected genes associated with fat deposition, including
PPARA, RXRA, KLF11, ADDI, FASN, PPPICA, PDGFA, and PEX6 [6]. Based on Fst and
hapFLK approaches, identified HOXA11, BMP2, PPP1CC, SP3, SP9, WDR92, PROKRI and
ETAAI may have important function in the formation of fat tail [7]. Among Chinese indige-
nous sheep breeds with extreme tail types, Altay sheep and Tibetan sheep, WDR92, TBX12,
WARS2, BMP2, VEGFA, PDGFD, HOXA10, ALX4, and ETAA1 whose function related to fat
metabolism were identified association with sheep tail types [8]. About transcriptome, the
expression profile of IncRNA and mRNA were described between various sheep breeds. Wang
et al. analyzed the transcriptome information of tail adipose tissue between small-tailed F2
hybrid of wild Argali sheep and fat-tailed bash bay sheep to find SCD, PHYH and CPAM,
which were related with tail fat and help understand molecular mechanism of fat tail [9].
Researches have investigated the first profile of IncRNA between Lori-Bakhtiari (fat-tailed)
and Zel (thin-tailed) Iranian sheep [10]. In this study, miRNA-Seq was used to obtain the first
comprehensive miRNAs expression profile between Hu sheep (short-fat-tailed) and Tibetan
sheep (short-thin-tailed) in sheep tail fat. This study identified some miRNAs that may play an
important role in fat metabolism. These data will provide a meaningful theoretical basis for
studying the molecular mechanisms of miRNAs in sheep tail adipogenesis.

Materials and methods

Ethics statement and sample collection

All animal experiments were allowed by the Science Research Department of the Institute of
Animal Sciences, Chinese Academy of Agriculture Sciences (IAS-CAAS). And ethical approval
was given by the Animal Committee of the IAS-CAAS (No. IAS 2020-82). Samples of ovine
tail fat were collected from three Hu sheep (short-fat-tailed sheep, Yongdeng, Gansu, China)
and three Tibetan sheep (short-thin-tailed sheep, Yushu, Qinghai). All sheep were males and
slaughtered at age 1.5. Collecting tail fat tissue of each sheep, immediately frozen in liquid
nitrogen in RNase-free 1.5 mL freezing tubes, and store at -80°C for use.

miRNA library preparation and sequencing

Total RNA was extracted by TRIzol (Invitrogen, CA, USA) following the manufacturer’s
instruction. Using NanoDrop2000 spectrophotometer to quantify RNA purity at 260 and 280
nm (Thermo Fisher Scientific, MA, USA). Integrity of RNA and library was examined by Agi-
lent 2100 Bioanalyzer (Agilent Technologies, CA, USA). Six libraries were constructed, named
HZ1,HZ2,HZ3, ZZ1, ZZ2 and ZZ3. All libraries were sequenced using BGISEQ-500
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technology [11]. All FASTQ sequencing files have been stored in Sequence Read Archive
(accession numbers PR] NA 777369).

Sequencing analysis

The raw sequencing data are called raw tags. Following these steps: remove low quality tags;
remove tags with 5 primer contaminants; remove tags without 3 primer contaminants; remove
tags without insertion; remove tags with poly A; remove tags shorter than 18 nt to obtain clean
tags. After filtering, the clean tags were mapped to the reference genome of Oar_v3.1 (http://
www.ensembl.org/Ovis_aries/Location/Genome?db=core) and miRbase21.0 (http://www.
mirbase.org) with Bowtie2 [12]. miRDeep2 was used to predict novel miRNA by exploring the
secondary structure [13]. Known miRNA were described with “oar-miR-". Novel miRNAs
were described with “novel_mir”.

miRNA expression analysis

miRNAs expression level is calculated by counting absolute numbers of molecules using
unique molecular identifiers [14]. After obtaining the clean tags, we divided these libraries into
two groups, including HZ (HZ1, HZ2, HZ3) and ZZ (ZZ1, ZZ2, ZZ3). Using DESeq2 to per-
formed the differential expression analysis of miRNAs [13]. The corrected P <0.05 and |Log2-
Foldchange |> 1 as the default threshold to judge the significance of expression difference.

Target genes prediction and functional analysis of DE miRNAs

Using miRanda [15] and RNAhybrid [16] to predict target genes of differently expression
miRNAs. The DE miRNAs target genes were annotated by Gene ontology (GO) (http://www.
geneontology.org/) including the cellular component, biological process, and molecular func-
tion. KEGG biological pathways database (http://www.genome.jp) was used to enrich target
genes. The P value was corrected using the Bonferroni method and P < 0.05 was taken as sig-
nificantly enriched terms [17].

RT-qPCR

DE miRNAs were selected randomly and RT-qPCR was used to verify the accuracy of the
sequencing data. Using Stem-loop method to synthesize cDNA from miRNAs and miRNA
Design V1.01 and Primer 5.0 were used to design primers. miRNA 1st Strand cDNA Synthesis
Kit and miRNA Universal SYBR qPCR Master Mix were (Vazyme, Nanjing, China) used. 5s
was used to be housekeeping gene. HiScript IIT 1st Strand cDNA Synthesis Kit (+gDNA wiper)
and ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) were used to
detected the expression of HOXC9. B-actin was used to be housekeeping gene. All primers
sequences are listed in S1 Table. And the relative expression level of mRNA and miRNA were
calculated using the 24" method.

Dual-Luciferase reporter assays

To verify the target relationship between HOXC9 and miR-379-5p. The wild-type 3’UTR of
the HOXC9 mRNA was amplified between the Xho I and Not I restriction enzyme cutting
sites. The primers used in plasmid construction are designed by SnapGene and showed in S1
Table. The fragments were inserted into psiCHECK?2 vector (Promega, WI, USA) and named
psiCHECK2-HOXC9-3'UTR-WT. Site-Directed Mutagenesis Kit (Thermo Fisher Scientific,
MA, USA) was used to generate the mutant type of 3’'UTR of HOXC9 and named psi-
CHECK2-HOXC9-3'UTR-MT. There are four groups including psiCHECK2-HOXC9-
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3'UTR-WT with miR-379-5p mimics, psiCHECK2-HOXC9-3'UTR-MT with miR-379-5p
mimics, psiCHECK2 pure vectors with negative control (NC) and psiCHECK2 pure vectors
with miR-379-5p mimics for cell transfection. Lipofectamine 2000 Reagent (Thermo Fisher
Scientific, MA, USA) was used to co-transfect into 293T cells. After incubation for 6 h, the cul-
ture medium was changed. After 48 hours of incubation, the relative luciferase activity in the
cells was measured by Dual-Luciferase Reporter Assay System (Promega, Promega, WI, USA).
Each treatment was performed 4 times for each group.

Statistical analysis

The data of dual-luciferase reporter and RT-qPCR processed by T.TEST of Excel 2019. The
results are presented as means * standard deviation. Furthermore, P < 0.05 was regarded as
statistically significant, P < 0.01 was highly significant, and P > 0.05 was not significant.

Results

Overview of miRNA sequencing

To identify differentially expressed miRNAs in HZ (HZ1, HZ2 and HZ3) and ZZ (ZZ1, ZZ2
and ZZ3), six libraries were constructed. The results of miRNA-Seq data of each library after
quality controlled were shown in Table 1. The clean tag count of each sample ranged from 26
to 28 million and the Q20 of clean tag ranged 98.30 to 98.60%. About 76.37-89.01% of the
clean reads were mapped to the sheep reference genome. Most of sequences were concentrated
between 20 and 23nt. The number of sequences with 22nt was the most numerous, which is
more than 30% (S2 Table). The further study of sequences, using miRDeep2 software to pre-
dict new miRNAs. In result, 130 miRNAs known 297 novel miRNAs and were found in HZ1,
131 miRNAs known 282 novel miRNAs and were found in HZ2, 134 miRNAs known 288
novel miRNAs and were found in HZ3, 140 miRNAs known 241 novel miRNAs and were
found in ZZ1, 141 miRNAs known 231 novel miRNAs and were found in ZZ2, 139 miRNAs
known 224 novel miRNAs and were found in ZZ3, respectively (S3 Table).

Differentially expressed analysis of miRNA

In two comparisons, 147 known miRNAs and 389 novel miRNAs were identified (54 Table).
Based on the corrected P < 0.05, we detected 155 DE miRNAs in total, including 78 up-regu-
lated and 77 down-regulated (Fig 1, S5 Table).

DE miRNAs target prediction and functional analysis

miRanda and RNAhybrid software were used to predict the target genes of DE miRNAs,
resulting in number of predicted targeting relationships was 38553 in total (Fig 2, S6 Table).
Go enrichment analysis showed that 557 terms were preferentially enriched in biological

Table 1. Summary of raw tags after filtering and mapping to the reference genome of each library.

Sample name
HZ1
HZ2
HZ3
771
772
773

Sequence type

SE50
SE50
SE50
SE50
SE50
SE50

Raw tag count | Clean tag count | Percentage of clean tag (%) | Q20 of clean tag (%) | Percentage of mapped tag (%)

30,050,632
29,091,769
28,225,676
30,081,226
27,910,701
29,335,311

https://doi.org/10.1371/journal.pone.0264804.t001

27,609,934 91.88 98.40 86.10
28,219,709 97.00 98.40 88.93
26,521,500 93.96 98.30 89.01
29,243,657 97.22 98.40 76.37
27,001,328 96.74 98.50 77.87
28,296,792 96.46 98.60 85.74
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Fig 1. The volcano plots of differentially expressed genes between Hu sheep (HZ) and Tibetan sheep (ZZ) in fat
tail. The x-axis shows the values of log2 (fold change), while the average expression values of -log10 (p) are displayed
by the y-axis. The blue and red dots represent the significantly differentially expressed transcripts (p < 0.05)
comparing the HZ and ZZ, with blue for downregulated genes and red for upregulated genes. The black dots indicate
the transcripts with expression levels which are not statistically significant (p > 0.05) comparing HZ and ZZ.

https://doi.org/10.1371/journal.pone.0264804.9001

processes (BP), including lipid metabolic process, response to lipid, cellular lipid catabolic pro-
cess, lipid catabolic process, cellular lipid metabolic process and inositol lipid-mediated signal-
ing. 101 terms were preferentially enriched in cell components (CC). While 83 terms were
significantly enriched in molecular functions (MF), including calcium channel activity (Fig
3A, S7 Table). Eventually, 302 signaling pathways significantly enriched, including PI3K-Akt
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miRanda RNAhybrid

Fig 2. Venn diagram of targeting relationship of DE miRNAs. The number is the intersection of the relationship
pairs predicted by RNAhybrid and miRanda.

https://doi.org/10.1371/journal.pone.0264804.9002

signaling pathway, MAPK signaling pathway, ECM-receptor interaction, AMPK signaling
pathway, Wnt signaling pathway, TGF-beta signaling pathway, and so on (Fig 3B, S8 Table).
These results suggested that the target genes of DE miRNAs may be involved in the regulation
of sheep tail type by participating in fat metabolic signaling pathways.

Plasmid construction and identification

Selecting eight monoclonals randomly and using vector universal primers to identify the wild-
type psiCHECK2 plasmid by polymerase chain reaction (PCR) and sequencing (S1 Fig, S9
Table). After sequence compared, the plasmid was constructed successfully. Primers of
sequencing are shown in S1 Table. Eventually, site-directed mutation was used to obtain the
mutant-type psiCHECK2 (510 Table).

Validation of miRNAs expression by RT-qPCR

The validation results for the ten miRNAs selected to substantiate the accuracy of sequencing
are displayed in Fig 4A. oar-miR-106b, novel_mir4, novel_mir199, novel_mir401 and novel_-
mir44 were upregulated in tail fat of Hu sheep, and oar-miR-432, oar-miR-369-5p, oar-miR-
379-5p, oar-miR-379-3p and oar-miR-369-3p were upregulated in tail fat of Tibetan sheep.
The results indicate that there is a similar expression pattern of miRNAs generated from miR-
NA-Seq and RT-qPCR data.

Validation of the target relationship between oar-miR-379-5p and HOXC9

Dual-luciferase reporter assay indicated that oar-miR-379-5p significantly suppressed the
luciferase activities for co-transfecting with wild types of HOXC9 3’UTR, while no effect on the
mutant types of HOXC9 3’UTR or blank vectors (Fig 5B). These results initially confirmed the
direct interactions between oar-miR-379-5p and HOXC9.

Expression of HOXC9

RT-qPCR showed the expression of HOXCY in Hu sheep was significantly higher than that of
Tibetan sheep (P<0.05) (Fig 4B).
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Fig 3. Target gene function enrichment of GO and KEGG. (A) Each top ten enrichment pathways for BP, CC, MF of
target genes. The x-axis displays enrichment, and the y-axis represents the GO terms. The filled colored circles display
each statistically significant GO term. The size of circles represents gene number. (B) Top sixty pathways of target
genes. The x-axis displays rich factor of target genes, and the y-axis represents the KEGG pathway. The filled colored
circles represent each statistically significant KEGG pathway. The filled colored circles display each statistically
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https://doi.org/10.1371/journal.pone.0264804.g003

Discussion

MiRNA is endogenous single-stranded noncoding RNA whose length is approximately 22 nt.
Adipose tissue is an endocrine organ which play an important role in regulation lipid meta-
bolic in the organism [18]. To better understand the relationship between miRNAs and tail fat
deposition, we identified and characterized the expression patterns of miRNAs in different tail
sheep through high-throughput sequencing, as well as bioinformatics analysis. In our study, 17
miRNAs have been reported, which related with fatty metabolism. In human adipose tissue
derived stromal cell, miR-369-5p [19] inhibited cell proliferation and adipocytes differentia-
tion by targeting the regulation of FABP4, while miR-29b [20] promoted cell differentiation.
Meanwhile, the expression level of miR-374a [21] could be used as an indicator to assess the
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occurrence of lipid metabolic diseases including diabetes. In human, miR-495-3p [22] was dif-
ferentially expressed between fasting and postprandial states, and the target genes of DE
miRNA were annotated in MAPK signal pathway and PI3K-Akt signaling pathway. Study
found AGT contains a miR-31 polymorphic binding site, it can regulate distribution of body
fat in men and women [23]. In mouse model, researchers found miR-379-5p [24], miR-103
[25], miR-194 [26] and miR-409-3p [27] may be a therapeutic target for lipid metabolism dis-
eases. In adipocytes of mouse, miR-17-5p regulated Tcf7I12 through Wnt signal pathway [28] to
inhibit cell differentiation, but BPrdm16 was targeted regulation by miR-133 [29] can promote
cell differentiation. Selecting the DE miRNAs between subcutaneous adipose-derived stem
cells and omentum adipose-derived stem cells and predicting the target genes of DE miRNAs.
Recent study found miRNAs had important function in lipid metabolism of livestock. MiR-25
repressed the expression of PGC-1beta to modulate triacylglycerol and lipid accumulation in
goat mammary epithelial cells [30]. MiR-381 [31] targeted KCTD15 to promoted triglyceride
accumulation through in vitro culture bovine preadipocyte. Meanwhile, miR-432 [32] was
highly expressed in back fat of cattle, which targeted PRKAA1/2, PPARA and PPARG to modu-
late lipid and fatty acid metabolism. Result of target gene function enrichment showed some
pathways related fat metabolism, including PI3K-Akt signaling pathway, MAPK signaling
pathway, ECM-receptor interaction, AMPK signaling pathway, Wnt signal pathway and TGF-
beta signaling pathway. Studies showed these pathways had an important function in fat
metabolism. PIK3 is a kind of intracellular lipid kinase, which phosphorylates phosphatidyli-
nositol to produce an intracellular second messengers. These second messengers activate
many signaling pathways to regulate biological processes in cells [33]. Current study reported
that the PI3K signaling pathway participates in biological processes related to obesity. In
mouse, insulin signaling via the PI3K/Akt axis account for the excess of lipids has to be
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Fig 5. Result of the luciferase reporter assay. (A) Potential binding site between oar-miR-379-5p and HOXC93’UTR.
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mimics. ** indicates highly significant difference (P<0.01).

https://doi.org/10.1371/journal.pone.0264804.9005

properly stored in fat tissue [34]. PI3K/Akt pathway has different function between different
adipocytes. In human adipocytes, PI3K/Akt pathway can promote the proliferation and differ-
entiation [35], while, PI3K/Akt pathway can inhibit the proliferation and differentiation in
3T3-L1 [36]. In our study, PI3K/Akt pathway was enriched. This pathway may have vital func-
tion in adipose tissue of tail between Hu sheep and Tibetan sheep.

MAPK signaling pathway, including extra cellular signal-regulated kinase (Erk), p38, and c-
Jun NH2-terminal kinase (JNK) [37]. The pathway played vital role in adipocyte proliferation
and differentiation. A previous study regarding the adipocyte-specific transcription factor
PPARy, C/EBPa, 8, and 8, can be phosphorylated by Erk1/2 to decrease its transcriptional
activity and inhibit adipocyte differentiation [38]. In porcine adipocyte, miR-29a promotes
adipocyte proliferation and inhibits adipocyte differentiation by targeting the regulation of
CTRP6 through the p38 MAPK pathway [39]. Coincidently, our study showed the target genes
of DE miRNAs were annotated in MAPK pathway. MAPK pathway has different function in
process of lipogenesis. At the individual level, p38 MAPK could inhibit adipogenesis differenti-
ation by inhibiting the activity and expression of C/EBPS and PPARy during the whole process
of lipogenesis in mice [40]. In human mesenchymal stem cells, researches verified that p38 the
member of MAPK could promote clonal expansion during early lipogenesis. But in a later adi-
pogenesis stage, p38 could inhibit the active of adipocyte-specific transcription factor [41].

The main constituents of Extracellular matrix (ECM)-receptor interaction signaling path-
way in adipose tissue includes collagen (type I, IV, and VI), fibronectin (FN), laminin (LN1,8),
hyaluronan, and proteoglycan [42]. Extracellular matrix components were predominantly
released during the early and middle stages of 3T3-L1 differentiation, with a subsequent
increase in the secretion of adipokines to promote lipid accumulation [42]. ECM-receptor
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interaction signaling pathway also has important function during differentiation of human
mesenchymal stromal-cells into adipocytes [33]. These studies argued that the ECM-receptor
interaction signaling pathway is essential for tissue architecture and has an important role in
adipogenesis. Through RNA-Seq to identify genes in omental, subcutaneous and intramuscu-
lar fat of cattle, which was related fat metabolism. By functional analysis, ECM-receptor inter-
action signaling pathway was highly enriched. Between Zhuanghe dagu chicken and the Arbor
Acres Broiler chicken, RNA-sequencing analysis of pectorales and crus showed some genes
affect IMF deposition were significantly enriched in ECM-receptor interaction signaling path-
way [43, 44]. Target genes of DE miRNAs were enriched in ECM receptor interaction signal-
ing pathway. We speculate that ECM receptor interaction signaling pathway also plays an
important role in fat metabolism of sheep tail.

AMPK pathway involves various activities, such as lipid metabolism [45], diseases [46] and
growth [47]. Studies have shown that some drugs ameliorate lipid accumulation and inflam-
mation in nonalcoholic fatty liver disease through the AMPK pathway, such as LB100 [48],
Ursolic acid [49], Allyl isothiocyanate [50], Ginsenoside Rk3 [51] and Kangtaizhi Granule
[52]. As reported, miR-122 promotes lipogenesis via inhibiting the AMPK pathway by target-
ing SIRTI in HepG2 and Huh-7 cells [53]. In our study, SIRT1 was also enriched in this path-
way. In summary, AMPK has an important function in lipid metabolism, which can be
identified a potential pathway in fat metabolism of sheep.

In this study, the target genes of DE miRNA were enriched Wnt signal pathway. Investiga-
tions revealed the Wnt pathway had key function in regulating body mass, glucose metabo-
lism, de-novo lipogenesis, low density lipoprotein clearance, vascular smooth muscle
plasticity, liver fat and liver inflammation [54]. Wnt family genes were identified in mouse,
recent study showed that Wnt signal pathway had important role in obesity and white fat
browning process. Triazole-based can inhibit Wnt signal to improve glucose and lipid metabo-
lism in diet-induced obese mice [55]. In 3T3-L1, TCF7L2 can improve triglyceride accumula-
tion through Wnt signal pathway [56].

TGF-beta signaling pathway in adipocyte differentiation and lipid metabolism had impor-
tant regulatory effects had an important function. In high-fat diet (HFD) induced nonalcoholic
fatty liver disease (NAFLD) Sprague—Dawley rat models, Isoquercetin could treat NAFLD
through TGF-beta signaling pathway. Researchers also found Isoquercetin can improve
hepatic lipid accumulation and decrease inflammation and oxidative stress suppressing TGF-
beta signaling pathway in co-culture cells model between primary hepatocytes and Kupffer
cells induced by lipopolysaccharides/free fatty acids [57]. Addition, BMPs were related with fat
formation. BMP4 played an active function in fat biogenesis, which can facilitate beige fat bio-
genesis via regulating adipose tissue macrophages [58]. In diabetic mice and palmitate (PA)-
induced insulin-resistant HepG2 and AMLI12 cells, BMP7 can inhibit the active of MAPKs to
regulate insulin resistance [59].

miRNAs can bind their target messenger RNAs (mRNAs) through either partial or perfect
complementarity and promote their degradation or inhibit their translation to regular gene
expression at transcriptional level [60]. Recent studies have shown that miRNAs can target
mRNA to regulate adipocyte proliferation and differentiation in livestock. In porcine intra-
muscular preadipocytes, miR-125a-5p promoted proliferation and inhibited differentiation,
which targeted KLF13 and ELOVLG [61]. Meanwhile, miRNA-29b/29c¢ targeted CTRP6 to pro-
moted proliferation and inhibited differentiation of porcine intramuscular preadipocytes [62].
In bovine preadipocyte, microRNA-1271 promotes differentiation by targeting activation tran-
scription factor 3 [63]. miRNAs have also been found to play an important role in the fat cells
of model animals. In 3T3-L1, miRNA-16e-5p promoted fat droplet accumulation and adipo-
cyte differentiation [64]. In this study, miR-379-5p was differentially expressed in tail adipose
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tissue of Hu sheep and Tibetan sheep. Previous study found miR-379-5p were related with fat
metabolism disease which can regulate LIN28/let-7 to suppress diabetic nephropathy [26]. In
this study, miR-379-5p was differentially expressed in tail adipose tissue of Hu sheep and
Tibetan sheep. Using miRanda and RNAhybrid soft predicted HOXC9 was the one of target
genes of miR-379-5p. Researchers speculated HOXC9 had important function in development
of human obesity [65]. By comparison, HOXC9 mRNA expression was significantly higher in
abdominal subcutaneous and it significantly correlates with body fat mass. In both Siberian
healthy miners living at extremely cold temperatures and healthy subjects living in thermoneu-
tral conditions. Efremova A et al. used RT-qPCR to further confirmed the function of HOXC9,
which was related to white adipocytes browning [66]. In GeneCards (https://www.genecards.
org/), HOXC9 was enriched in differentiation of white and brown adipocyte. In this study, we
demonstrated the targeted relationship between oar-miR-379-5p and HOXC9 in 293T. The
result of RT-qPCR showed that the expression trend of miR-379-5p and HOXC9 was opposite.
miR-379-5p was highly expressed in tail adipose tissue of Tibetan sheep. HOXC9 was highly
expressed in adipose tissue of Hu sheep. The above results could verify miR-379-5p and
HOXC9 had targeted relationship, but they could not to illuminate the regulation mechanism
of fat deposition in sheep tail. In future, the regulation mechanism of fat deposition in sheep
tail between miR-379-5p and HOXC9 need to verify.

Conclusion

In this research, 155 DE miRNAs were identified in tail fat tissue between Hu sheep and
Tibetan sheep. Target genes of DE miRNAs were annotated by GO and KEGG. Some lipid
metabolism terms and pathways were enriched including lipid metabolic process, response to
lipid, cellular lipid catabolic process, lipid catabolic process, cellular lipid metabolic process,
inositol lipid-mediated signaling, calcium channel activity, PI3K-Akt signaling pathway,
MAPK signaling pathway, ECM-receptor interaction, AMPK signaling pathway, Wnt signal
pathway and TGF-beta signaling pathway. Meanwhile, we verified the targeted relationship
between miR-379-5p and HOXC9. MiR-379-5p was highly expressed in Tibetan sheep.
HOXC9 was highly expressed in adipose tissue of Hu sheep. This study could provide a mean-
ingful theoretical basis for studying the molecular mechanisms of tail fat adipogenesis.

Supporting information

S1 Table. Primers for clone and RT-qPCR of 10 random selected differentially expressed
miRNAs.
(XLSX)

S2 Table. The length of miRNA in each library.
(XLSX)

S3 Table. The identification of miRNA in each library.
(XLSX)

$4 Table. The identification of miRNA in two comparisons.
(XLSX)

S5 Table. The differently expression miRNA.
(XLSX)

S6 Table. The target relationship of DE miRNAs.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0264804 March 1, 2022 11/16


https://www.genecards.org/
https://www.genecards.org/
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s006
https://doi.org/10.1371/journal.pone.0264804

PLOS ONE Transcriptome of tail fat in Hu sheep and Tibetan sheep

S7 Table. The result of GO analysis.
(XLSX)

S8 Table. The result of KEGG.
(XLSX)

S9 Table. The sequencing result of psiCHECK2-HOXC9-3'UTR-WT.
(DOCX)

$10 Table. The sequencing result of psiCHECK2-HOXC9-3'UTR-MT.
(DOCX)

S1 Fig. Monoclonals identification by PCR. The positive clones identified by PCR are
marked with a red frame.
(TIFF)

S1 Raw image.
(TIF)

Acknowledgments
We would like to thank BGI for their help in the miRNA-seq data analysis.

Author Contributions
Conceptualization: Caihong Wei.
Funding acquisition: Caihong Wei.

Methodology: Xiaojuan Fei, Meilin Jin, Yuqin Wang, Taotao Li, Zehu Yuan, Huihua Wang,
Jian Lu, Kai Quan.

Resources: Zengkui Lu.

Supervision: Ran Di, Caihong Wei.

Validation: Xiaojuan Fei, Meilin Jin, Yuqin Wang, Taotao Li.
Writing - original draft: Xiaojuan Fei.

Writing - review & editing: Xiaojuan Fei, Meilin Jin.

References

1. ChessaB, Pereira F, Arnaud F, Amorim A, Goyache F, Mainland |, et al. Revealing the history of sheep
domestication using retrovirus integrations. Science. 2009; 324(5926):532—6. https://doi.org/10.1126/
science.1170587 PMID: 19390051

2. XuSS, RenX, Yang GL, Xie X L, Zhao YX, Zhang M, et al. Genome-wide association analysis identifies
the genetic basis of fat deposition in the tails of sheep (Ovis aries). Animal Breeding Genetics. 2017; 48
(5):560-9. https://doi.org/10.1111/age.12572

3. LuZz, LiuJ, Han JL, Yang BH. Association Between BMP2 Functional Polymorphisms and Sheep Tail
Type. Animals. 2020; 10(4):739. https://doi.org/10.3390/ani10040739 PMID: 32340359

4. ZhangTY, Gao HD, Sahana G, Zan YJ, Fan HY, Liu JX, et al. Genome-wide association studies
revealed candidate genes for tail fat deposition and body size in the Hulun Buir sheep. Journal of Animal
Breeding Genetics. 2019; 136(5):362—-70. https://doi.org/10.1111/jbg.12402 PMID: 31045295

5. WeiCH, Wang HH, Liu G, Wu MM, Cao JX, Liu Z, et al. Genome-wide analysis reveals population struc-
ture and selection in Chinese indigenous sheep breeds. BMC Genomics. 2015; 16(1):194. hitps://doi.
org/10.1186/s12864-015-1384-9 PMID: 25888314

PLOS ONE | https://doi.org/10.1371/journal.pone.0264804 March 1, 2022 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264804.s012
https://doi.org/10.1126/science.1170587
https://doi.org/10.1126/science.1170587
http://www.ncbi.nlm.nih.gov/pubmed/19390051
https://doi.org/10.1111/age.12572
https://doi.org/10.3390/ani10040739
http://www.ncbi.nlm.nih.gov/pubmed/32340359
https://doi.org/10.1111/jbg.12402
http://www.ncbi.nlm.nih.gov/pubmed/31045295
https://doi.org/10.1186/s12864-015-1384-9
https://doi.org/10.1186/s12864-015-1384-9
http://www.ncbi.nlm.nih.gov/pubmed/25888314
https://doi.org/10.1371/journal.pone.0264804

PLOS ONE

Transcriptome of tail fat in Hu sheep and Tibetan sheep

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Zhu CY, Fan HY, Yuan ZH, Hu SJ, Ma XM, Xuan JL, et al. Genome-wide detection of CNVs in Chinese
indigenous sheep with different types of tails using ovine high-density 600K SNP arrays. Sciience
reports. 2016; 6:27822. https://doi.org/10.1038/srep27822 PMID: 27282145

Yuan ZH, Liu E, Liu Z, Kijas JW, Zhu CY, Hu SJ, et al.Selection signature analysis reveals genes asso-
ciated with tail type in Chinese indigenous sheep. Animal Genetics. 2017; 48(1):55-66. https://doi.org/
10.1111/age.12477 PMID: 27807880

Zhao FP, Deng TY, ShiLY, Wang WW, Zhang Q, Du LX, et al. Genomic Scan for Selection Signature
Reveals Fat Deposition in Chinese Indigenous Sheep with Extreme Tail Types. Animals (Basel). 2020;
10(5):773. https://doi.org/10.3390/ani10050773 PMID: 32365604

Wang XY, Fang C, He HY, Cao H, Liu LL, Jiang L, et al.ldentification of key genes in sheep fat tail evolu-
tion Based on RNA-seq. Gene. 2021; 781:145492. https://doi.org/10.1016/j.gene.2021.145492 PMID:
33631247

Bakhtiarizadeh MR, Salami SA. Identification and Expression Analysis of Long Noncoding RNAs in Fat-
Tail of Sheep Breeds. G3 (Bethesda). 2019; 9(4):1263-76. https://doi.org/10.1534/g3.118.201014
PMID: 30787031

Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for transcriptomics. Nature Review
Genetics. 2009; 10(1):57-63. https://doi.org/10.1038/nrg2484 PMID: 19015660

Culwick MD, Endlich Y, Prineas SN. The Bowtie diagram: a simple tool for analysis and planning in
anesthesia. Current Opinion Anaesthesiollgy. 2020; 33(6):808—14. https://doi.org/10.1097/ACO.
0000000000000926 PMID: 33044235

Friedlander MR, Chen W, Adamidi C, Maaskola J, Einspanier R, Knespel S, et al. Discovering micro-
RNAs from deep sequencing data using miRDeep. Nature. Biotechnology. 2008; 26(4):407—15. https://
doi.org/10.1038/nbt1394 PMID: 18392026

Pflug FG, Haeseler AV. TRUmiCount: correctly counting absolute numbers of molecules using unique
molecular identifiers. Bioinformatics. 2018; 34(18):3137—44. https://doi.org/10.1093/bioinformatics/
bty283 PMID: 29672674

John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS. Human MicroRNA targets. PLoS Biology.
2004; 2(11):e363. https://doi.org/10.1371/journal.pbio.0020363 PMID: 15502875

Kruger J, Rehmsmeier M. RNAhybrid: microRNA target prediction easy, fast and flexible. Nucleic acids
Research. 2006; 34(suppl_2):W451-54. https://doi.org/10.1093/nar/gkl243 PMID: 16845047

Ristl R, Hothorn L, Ritz C, Posch M. Simultaneous inference for multiple marginal generalized estimat-
ing equation models. Statistical Methods in Medical Research. 2020; 29(6):1746-2. https://doi.org/10.
1177/0962280219873005 PMID: 31526178

Song TX, Kuang SH. Adipocyte dedifferentiation in health and diseases. Clinical Science. 2019; 133
(20):2107-19. https://doi.org/10.1042/CS20190128 PMID: 31654064

Bork S, Horn P, Castoldi M, Hellwig I, Ho AD, Wagner W. Adipogenic differentiation of human mesen-
chymal stromal cells is down-regulated by microRNA-369-5p and up-regulated by microRNA-371.Jour-
nal of Cellular Physiology. 2011; 226(9):2226-34. https://doi.org/10.1002/jcp.22557 PMID: 21660946

Zhang XM, Wang LH, Su DJ, Zhu D, Li QM, Chi MH. MicroRNA-29b promotes the adipogenic differenti-
ation of human adipose tissue-derived stromal cells. Obesity. 2016; 24(5):1097—105 https://doi.org/10.
1002/0by.21467 PMID: 27030318

Lopez S, Bermudez B, Paz SMla, Abia R, Muriana FJG. A microRNA expression signature of the post-
prandial state in response to a high-saturated-fat challenge. Journal of Nutritional Biochemistry. 2018;
57:45-55. https://doi.org/10.1016/j.jnutbio.2018.03.010

Machal J, Novak J, Hezova R, Zlamal F, Vasku A, Slaby O, et al. Polymorphism in miR-31 and miR-584
binding site in the angiotensinogen gene differentially influences body fat distribution in both sexes.
Genes & Nutrition. 2015; 10(5):488. https://doi.org/10.1007/s12263-015-0488-9 PMID: 26319141

Li N, Wang LJ, Xu WL, Liu S, Yu JY. MicroRNA3795p suppresses renal fibrosis by regulating the
LIN28/let7 axis in diabetic nephropathy. International Journal of Molecular Medicine. 2019; 44
(5):1619-28. https://doi.org/10.3892/jmm.2019.4325 PMID: 31485601

Trajkovski M, Hausser J, Soutschek J, Bhat B, Akin A, Zavolan M, et al. MicroRNAs 103 and 107 regu-
late insulin sensitivity. Nature. 2011; 474(7353):649-53. https://doi.org/10.1038/nature10112 PMID:
21654750

Torres LF, Cogliati B, Otton R. Green Tea Prevents NAFLD by Modulation of miR-34a and miR-194
Expression in a High-Fat Diet Mouse Model. Oxidative Medicine Cellular Longevity. 2019;
2019:4168380. https://doi.org/10.1155/2019/4168380 PMID: 31885789

Zhang XR, Fu XJ, Zhu DS, Zhang CZ, Hou S, Li M, et al. Salidroside-regulated lipid metabolism with
down-regulation of miR-370 in type 2 diabetic mice. European Journal of Pharmacology. 2016;
779:46-52. https://doi.org/10.1016/j.ejphar.2016.03.011 PMID: 26948318

PLOS ONE | https://doi.org/10.1371/journal.pone.0264804 March 1, 2022 13/16


https://doi.org/10.1038/srep27822
http://www.ncbi.nlm.nih.gov/pubmed/27282145
https://doi.org/10.1111/age.12477
https://doi.org/10.1111/age.12477
http://www.ncbi.nlm.nih.gov/pubmed/27807880
https://doi.org/10.3390/ani10050773
http://www.ncbi.nlm.nih.gov/pubmed/32365604
https://doi.org/10.1016/j.gene.2021.145492
http://www.ncbi.nlm.nih.gov/pubmed/33631247
https://doi.org/10.1534/g3.118.201014
http://www.ncbi.nlm.nih.gov/pubmed/30787031
https://doi.org/10.1038/nrg2484
http://www.ncbi.nlm.nih.gov/pubmed/19015660
https://doi.org/10.1097/ACO.0000000000000926
https://doi.org/10.1097/ACO.0000000000000926
http://www.ncbi.nlm.nih.gov/pubmed/33044235
https://doi.org/10.1038/nbt1394
https://doi.org/10.1038/nbt1394
http://www.ncbi.nlm.nih.gov/pubmed/18392026
https://doi.org/10.1093/bioinformatics/bty283
https://doi.org/10.1093/bioinformatics/bty283
http://www.ncbi.nlm.nih.gov/pubmed/29672674
https://doi.org/10.1371/journal.pbio.0020363
http://www.ncbi.nlm.nih.gov/pubmed/15502875
https://doi.org/10.1093/nar/gkl243
http://www.ncbi.nlm.nih.gov/pubmed/16845047
https://doi.org/10.1177/0962280219873005
https://doi.org/10.1177/0962280219873005
http://www.ncbi.nlm.nih.gov/pubmed/31526178
https://doi.org/10.1042/CS20190128
http://www.ncbi.nlm.nih.gov/pubmed/31654064
https://doi.org/10.1002/jcp.22557
http://www.ncbi.nlm.nih.gov/pubmed/21660946
https://doi.org/10.1002/oby.21467
https://doi.org/10.1002/oby.21467
http://www.ncbi.nlm.nih.gov/pubmed/27030318
https://doi.org/10.1016/j.jnutbio.2018.03.010
https://doi.org/10.1007/s12263-015-0488-9
http://www.ncbi.nlm.nih.gov/pubmed/26319141
https://doi.org/10.3892/ijmm.2019.4325
http://www.ncbi.nlm.nih.gov/pubmed/31485601
https://doi.org/10.1038/nature10112
http://www.ncbi.nlm.nih.gov/pubmed/21654750
https://doi.org/10.1155/2019/4168380
http://www.ncbi.nlm.nih.gov/pubmed/31885789
https://doi.org/10.1016/j.ejphar.2016.03.011
http://www.ncbi.nlm.nih.gov/pubmed/26948318
https://doi.org/10.1371/journal.pone.0264804

PLOS ONE

Transcriptome of tail fat in Hu sheep and Tibetan sheep

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Mantilla-Escalante DC, Lopez de Las Hazas MC, Gil-Zamorano J, Del Pozo-Acebo L, Crespo M C, Mar-
tin-Hernandez R, et al. Postprandial circulating miRNAs in response to a dietary fat challenge. Nutrients.
2019; 11(6):1326. https://doi.org/10.3390/nu11061326 PMID: 31200481

Tian LL, Song ZL, Shao WJ, DuW W, Zhao L R, Zeng KJ, et al. Curcumin represses mouse 3T3-L1 cell
adipogenic differentiation via inhibiting miR-17-5p and stimulating the Wnt signalling pathway effector
Tcf712. Cell Death & Disease. 2017; 8(1):e2559. https://doi.org/10.1038/cddis.2016.455 PMID:
28102847

Trajkovski M, Ahmed K, Esau C C, Stoffel M. MyomiR-133 regulates brown fat differentiation through
Prdm16. Nature Cell Biology. 2012; 14(12):1330-5. https://doi.org/10.1038/ncb2612 PMID: 23143398

MalL, QiuHL, Chen Z, LiL, Zeng Y, Luo J, et al. miR-25 modulates triacylglycerol and lipid accumulation
in goat mammary epithelial cells by repressing PGC-1beta. Journal of Animal Science and Biotechnol-
ogy. 2018; 9:48. https://doi.org/10.1186/s40104-018-0262-0 PMID: 29946461

Xu HY, Shao J, Fang JC, Yin BZ, Zhang LM, Zhang JS, et al. miR-381 Targets KCTD15 to Regulate
Bovine Preadipocyte Differentiation In Vitro. Hormone and metabolic research.2021; 53(1):63-70.
https://doi.org/10.1055/a-1276-1602 PMID: 33137828

Sun JJ, Zhang BW, Lan XY, Zhang CL, Lei CZ, Chen H. Comparative transcriptome analysis reveals
significant differences in MicroRNA expression and their target genes between adipose and muscular
tissues in cattle. PLoS One. 2014; 9(7):e102142. https://doi.org/10.1371/journal.pone.0102142 PMID:
25006962

Ojima K, Oe M, Nakajima I, Muroya SNishimura T. Dynamics of protein secretion during adipocyte dif-
ferentiation. FEBS Open Bio. 2016; 6(8):816—26. https://doi.org/10.1002/2211-5463.12091 PMID:
27516960

Cheng F, Han L, Xiao Y, Pan CY, Li YL, Ge XH, et al. D- chiro-Inositol ameliorates high fat diet-induced
hepatic steatosis and insulin resistance via PKCepsilon-PI3K/AKT pathway. Jurnal Agricultural and
Food Chemistry. 2019; 67(21):5957—67. https://doi.org/10.1021/acs.jafc.9b01253 PMID: 31066268

XuY,WangN, TanHY, Li S, Zhang C, Zhang Z, et al. Panax notoginseng saponins modulate the gut
microbiota to promote thermogenesis and beige adipocyte reconstruction via leptin-mediated AMPKal-
pha/STATS3 signaling in diet-induced obesity. Theranostics.2020; 10(24):11302-23. https://doi.org/10.
7150/thno.47746 PMID: 33042284

Choi EO, Park C, Shin SS, Cho EJ, Kim BW, Hwang JA, et al. Zanthoxylum schinifolium leaf ethanol
extract inhibits adipocyte differentiation through inactivation of the extracellular signal regulated kinase
and phosphoinositide 3-kinase/Akt signaling pathways in 3T3-L1 pre-adipocytes. Molecular Medicine
Reports. 2015; 12(1):1314-20. https://doi.org/10.3892/mmr.2015.3463 PMID: 25760758

LiQ, Lu ZK, Jin ML, Fei XJ, Quan K, Liu YB, et al. Verification and Analysis of Sheep Tail Type-Associ-
ated PDGF-D Gene Polymorphisms. Animals (Basel). 2020; 10(1):89. https://doi.org/10.3390/
ani10010089 PMID: 31935823

Farkhondeh T, Mehrpour O, Buhrmann C, Pourbagher-Shahri AM, Shakibaei M, Samarghandian S.
Organophosphorus compounds and MAPK Signaling pathways. International Journal of Molecular Sci-
ence. 2020; 21(12):4258. https://doi.org/10.3390/ijms21124258 PMID: 32549389

Motade SaP, Richard AJ, Hang H, Stephens JM. Transcriptional Regulation of Adipogenesis. Compre-
hensive Physiology. 2017; 7(2):635-74. https://doi.org/10.1002/cphy.c160022 PMID: 28333384

Wu WJ, Zhang J, Zhao C, Sun YM, Pang WJ, Yang GS. CTRP6 regulates porcine adipocyte prolifera-
tion and differentiation by the adipoR1/MAPK signaling pathway. Journal Agricutural Food Chemistry.
2017; 65(27):5512—-22. https://doi.org/10.1021/acs.jafc.7b00594 PMID: 28535682

Cao DD, Ma FF, Ouyang SR, Liu Z, Li YY, Wu JX. Effects of macrophages and CXCR2 on adipogenic
differentiation of bone marrow mesenchymal stem cells. Journal Cell Physiology. 2019; 234(6):9475—
85. https://doi.org/10.1002/jcp.27634 PMID: 30362570

Deng W, Chen HD, Su HJ, Wu XH, Xie ZY, Wu YZ, et al. IL6 receptor facilitates adipogenesis differenti-
ation of human mesenchymal stem cells through activating P38 pathway. International Journal Stem
Cells. 2020; 13(1):142-50. https://doi.org/10.15283/ijsc19073 PMID: 31887846

Dong LQ, ChengK, Zhou Y, Yu MF, Gong JX, Lin YH, et al. Surface atomic structure directs the fate of
human mesenchymal stem cells. ACS Applied Materials & Interfaces. 2017; (18):15274—85. https://doi.
org/10.1021/acsami.7b02411 PMID: 28409620

Lee HJ, Jang M, Kim H, Kwak W, Park W, Hwang JY, et al. Comparative transcriptome analysis of adi-
pose tissues reveals that ECM-Receptor interaction is involved in the depot-specific adipogenesis in
cattle. PLoS One. 2013; 8(6):e66267. https://doi.org/10.1371/journal.pone.0066267 PMID: 23805208

San JS, Du YT, Wu GF, Xu RF, Yang JC, Hu JM. Transcriptome analysis identifies signaling pathways
related to meat quality in broiler chickens—the extracellular matrix (ECM) receptor interaction signaling
pathway. Poultry Science. 2021; 100(6):101135. https://doi.org/10.1016/j.ps}.2021.101135 PMID:
33940279

PLOS ONE | https://doi.org/10.1371/journal.pone.0264804 March 1, 2022 14/16


https://doi.org/10.3390/nu11061326
http://www.ncbi.nlm.nih.gov/pubmed/31200481
https://doi.org/10.1038/cddis.2016.455
http://www.ncbi.nlm.nih.gov/pubmed/28102847
https://doi.org/10.1038/ncb2612
http://www.ncbi.nlm.nih.gov/pubmed/23143398
https://doi.org/10.1186/s40104-018-0262-0
http://www.ncbi.nlm.nih.gov/pubmed/29946461
https://doi.org/10.1055/a-1276-1602
http://www.ncbi.nlm.nih.gov/pubmed/33137828
https://doi.org/10.1371/journal.pone.0102142
http://www.ncbi.nlm.nih.gov/pubmed/25006962
https://doi.org/10.1002/2211-5463.12091
http://www.ncbi.nlm.nih.gov/pubmed/27516960
https://doi.org/10.1021/acs.jafc.9b01253
http://www.ncbi.nlm.nih.gov/pubmed/31066268
https://doi.org/10.7150/thno.47746
https://doi.org/10.7150/thno.47746
http://www.ncbi.nlm.nih.gov/pubmed/33042284
https://doi.org/10.3892/mmr.2015.3463
http://www.ncbi.nlm.nih.gov/pubmed/25760758
https://doi.org/10.3390/ani10010089
https://doi.org/10.3390/ani10010089
http://www.ncbi.nlm.nih.gov/pubmed/31935823
https://doi.org/10.3390/ijms21124258
http://www.ncbi.nlm.nih.gov/pubmed/32549389
https://doi.org/10.1002/cphy.c160022
http://www.ncbi.nlm.nih.gov/pubmed/28333384
https://doi.org/10.1021/acs.jafc.7b00594
http://www.ncbi.nlm.nih.gov/pubmed/28535682
https://doi.org/10.1002/jcp.27634
http://www.ncbi.nlm.nih.gov/pubmed/30362570
https://doi.org/10.15283/ijsc19073
http://www.ncbi.nlm.nih.gov/pubmed/31887846
https://doi.org/10.1021/acsami.7b02411
https://doi.org/10.1021/acsami.7b02411
http://www.ncbi.nlm.nih.gov/pubmed/28409620
https://doi.org/10.1371/journal.pone.0066267
http://www.ncbi.nlm.nih.gov/pubmed/23805208
https://doi.org/10.1016/j.psj.2021.101135
http://www.ncbi.nlm.nih.gov/pubmed/33940279
https://doi.org/10.1371/journal.pone.0264804

PLOS ONE

Transcriptome of tail fat in Hu sheep and Tibetan sheep

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Xie T, So WY, Li XY, Leung PS. Fibroblast growth factor 21 protects against lipotoxicity-induced pancre-
atic B-cell dysfunction via regulation of AMPK signaling and lipid metabolism. Clinical science. 2019;
133(19):2029-44. https://doi.org/10.1042/CS20190093 PMID: 31654570

Carling D. AMPK signalling in health and disease. Current Opinion Cell Biology. 2017; 45:31-37.
https://doi.org/10.1016/j.ceb.2017.01.005 PMID: 28232179

Gonzalez A, Hall MN, Lin SC, Hardie DG. AMPK and TOR: The Yin and Yang of cellular nutrient sens-
ing and growth control. cell metabolism. 2020; 31(3):472—-92. https://doi.org/10.1016/j.cmet.2020.01.
015 PMID: 32130880

Chen XY, Cai CZ, Yu ML, Feng ZM, Zhang YW, Liu PH, et al. LB100 ameliorates nonalcoholic fatty liver
disease via the AMPK/Sirt1 pathway. World Journal of Gastroenterology. 2019; 25(45):6607—18.
https://doi.org/10.3748/wjg.v25.i45.6607 PMID: 31832001

Cheng J, LiuY, Liu YJ, Liu D, Liu Y, Guo Y, et al. Ursolic acid alleviates lipid accumulation by activating
the AMPK signaling pathway in vivo and in vitro. Journal Food Science. 2020; 85(11):3998—4008.
https://doi.org/10.1111/1750-3841.15475 PMID: 33001454

Li CX, Gao JG, Wan XY, Chen Y, Xu CF, Feng ZM, et al. Allyl isothiocyanate ameliorates lipid accumu-
lation and inflammation in nonalcoholic fatty liver disease via the Sirt1/AMPK and NF-kappaB signaling
pathways. World Journal Gastroenterology. 2019; 25(34):5120-33. https://doi.org/10.3748/wjg.v25.
i34.5120 PMID: 31558861

Liu 'Y, Deng JJ, Fan DD. Ginsenoside Rk3 ameliorates high-fat-diet/streptozocin induced type 2 diabe-
tes mellitus in mice via the AMPK/Akt signaling pathway. Food & Function. 2019; 10(5):2538-51.
https://doi.org/10.1039/c9fo00095j PMID: 30993294

Zhang JX, Du HX, Shen ML, Zhao ZQ, Ye XM. Kangtaizhi granule alleviated nonalcoholic fatty liver dis-
ease in high-fat diet-fed rats and HepG2 cells via AMPK/mTOR signaling pathway. Journal Immunology
Research. 2020; 2020:3413186. https://doi.org/10.1155/2020/3413186 PMID: 32884949

Long JK, Dai W, Zheng YW, Zhao SP. miR-122 promotes hepatic lipogenesis via inhibiting the LKB1/
AMPK pathway by targeting Sirt1 in non-alcoholic fatty liver disease. Molecular Medicine. 2019; 25
(1):26. https://doi.org/10.1186/s10020-019-0085-2 PMID: 31195981

Abou Ziki MD, Mani A. The interplay of canonical and noncanonical Wnt signaling in metabolic syn-
drome. Nutrue Research. 2019; 70:18-25. https://doi.org/10.1016/j.nutres.2018.06.009 PMID:
30049588

Obianom ON, Ai Y, Li YJ, Yang W, Guo D, Yang H, et al. Triazole-Based inhibitors of the Wnt/beta-cate-
nin signaling pathway improve glucose and lipid metabolisms in diet-induced obese mice. Journal
Medicinal Chemistry. 2019; 62(2):727—41. hitps://doi.org/10.1021/acs.jmedchem.8b01408 PMID:
30605343

Chen X, Ayala |, Shannon C, Fourcaudot M, Acharya NK, Jenkinson CP, et al. The diabetes gene and
Wnt pathway effector TCF7L2 regulates adipocyte development and function. Diabetes. 2018; 67
(4):554-68. https://doi.org/10.2337/db17-0318 PMID: 29317436

Qin GH, Ma J, Huang QS, Yin HL, Han JL, Li MC, et al. Isoquercetin improves hepatic lipid accumula-
tion by activating AMPK pathway and suppressing TGF-beta Signaling on an HFD-Induced nonalco-
holic fatty liver disease rat model[J].Internoal Journal of Molecular Science. 2018; 19(12):4129. https:/
doi.org/10.3390/ijms 19124126 PMID: 30572631

Qian SW, Wu MY, Wang YN, Zhao YX, Zou Y, Pan JB, et al. BMP4 facilitates beige fat biogenesis via
regulating adipose tissue macrophages. Journal of Molecular Cell Biology. 2019; 11(1):14-25. https://
doi.org/10.1093/jmcb/mjy011 PMID: 29462349

MaH, Yuan J, Ma JY, Ding J, Lin WW, Wang XL, et al. BMP7 improves insulin signal transduction in the
liver via inhibition of mitogen-activated protein kinases. The Journal of Endocrinology. 2019; 243
(2):97-110. https://doi.org/10.1530/JOE-18-0693 PMID: 31394500

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136(2):215-38. https:/
doi.org/10.1016/j.cell.2009.01.002 PMID: 19167326

Du JJ, Xu'Y, Zhang PW, Zhao X, Gan ML, Li Q, et al. MicroRNA-125a-5p affects adipocytes prolifera-
tion, differentiation and fatty acid composition of porcine intramuscular fat. International Journal Molecu-
lar Sciences. 2018; 19(2):501. PMCID: PMC5855723 https://doi.org/10.3390/ijms19020501 PMID:
29414921

WuWJ, Xu K, Li M, Zhang J, Wang YZ. MicroRNA-29b/29c targeting CTRP6 influences porcine adipo-
genesis via the AKT/PKA/MAPK Signalling pathway. Adipocyte. 2021; 10(1):264—74. https://doi.org/
10.1080/21623945.2021.1917811 PMID: 33938394

Xu HY, Shao J, Yin BZ, Zhan Dynamics of protein g LM, Fang JC, Zhang JS, et al. Bovine bta-micro-
RNA-1271 promotes preadipocyte differentiation by targeting activation transcription factor 3. Biochem-
istry. 2020; 85(7):749-57. hitps://doi.org/10.1134/S0006297920070032 PMID: 33040719

PLOS ONE | https://doi.org/10.1371/journal.pone.0264804 March 1, 2022 15/16


https://doi.org/10.1042/CS20190093
http://www.ncbi.nlm.nih.gov/pubmed/31654570
https://doi.org/10.1016/j.ceb.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28232179
https://doi.org/10.1016/j.cmet.2020.01.015
https://doi.org/10.1016/j.cmet.2020.01.015
http://www.ncbi.nlm.nih.gov/pubmed/32130880
https://doi.org/10.3748/wjg.v25.i45.6607
http://www.ncbi.nlm.nih.gov/pubmed/31832001
https://doi.org/10.1111/1750-3841.15475
http://www.ncbi.nlm.nih.gov/pubmed/33001454
https://doi.org/10.3748/wjg.v25.i34.5120
https://doi.org/10.3748/wjg.v25.i34.5120
http://www.ncbi.nlm.nih.gov/pubmed/31558861
https://doi.org/10.1039/c9fo00095j
http://www.ncbi.nlm.nih.gov/pubmed/30993294
https://doi.org/10.1155/2020/3413186
http://www.ncbi.nlm.nih.gov/pubmed/32884949
https://doi.org/10.1186/s10020-019-0085-2
http://www.ncbi.nlm.nih.gov/pubmed/31195981
https://doi.org/10.1016/j.nutres.2018.06.009
http://www.ncbi.nlm.nih.gov/pubmed/30049588
https://doi.org/10.1021/acs.jmedchem.8b01408
http://www.ncbi.nlm.nih.gov/pubmed/30605343
https://doi.org/10.2337/db17-0318
http://www.ncbi.nlm.nih.gov/pubmed/29317436
https://doi.org/10.3390/ijms19124126
https://doi.org/10.3390/ijms19124126
http://www.ncbi.nlm.nih.gov/pubmed/30572631
https://doi.org/10.1093/jmcb/mjy011
https://doi.org/10.1093/jmcb/mjy011
http://www.ncbi.nlm.nih.gov/pubmed/29462349
https://doi.org/10.1530/JOE-18-0693
http://www.ncbi.nlm.nih.gov/pubmed/31394500
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
https://doi.org/10.3390/ijms19020501
http://www.ncbi.nlm.nih.gov/pubmed/29414921
https://doi.org/10.1080/21623945.2021.1917811
https://doi.org/10.1080/21623945.2021.1917811
http://www.ncbi.nlm.nih.gov/pubmed/33938394
https://doi.org/10.1134/S0006297920070032
http://www.ncbi.nlm.nih.gov/pubmed/33040719
https://doi.org/10.1371/journal.pone.0264804

PLOS ONE Transcriptome of tail fat in Hu sheep and Tibetan sheep

65. XuJJ, Zhang LP, Shu GB, Wang B. microRNA-16-5p promotes 3T3-L1 adipocyte differentiation
through regulating EPT1. Biochemical Biophysical Research Communications. 2019; 514(4):1251-6.
https://doi.org/10.1016/j.bbrc.2019.04.179 PMID: 31109647

66. Brune JE, Kern M, Kunath A, Flehmig G, Schén MR, Lohmann T, et al. Fat depot-specific expression of
HOXC9 and HOXC10 may contribute to adverse fat distribution and related metabolic traits. Obesity.
2016; 24(1):51-9. https://doi.org/10.1002/0by.21317 PMID: 26647900

PLOS ONE | https://doi.org/10.1371/journal.pone.0264804 March 1, 2022 16/16


https://doi.org/10.1016/j.bbrc.2019.04.179
http://www.ncbi.nlm.nih.gov/pubmed/31109647
https://doi.org/10.1002/oby.21317
http://www.ncbi.nlm.nih.gov/pubmed/26647900
https://doi.org/10.1371/journal.pone.0264804

