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Abstract
Background: Goats are popular in China because of their superior meat quality, delicate �esh, and unique
�avor. Long noncoding RNAs (lncRNAs) play important roles in transcriptional and post-transcriptional
regulation of gene expression. However, the effects of lncRNAs on the meat quality of goat hasn’t been
fully elucidated yet.

Results: In this investigation, we performed RNA-Seq analysis of intramuscular and subcutaneous
adipocytes from Jianzhou Daer goat before and after differentiation, including both intramuscular
preadipocytes (IMPA) vs intramuscular adipocytes (IMA) and subcutaneous preadipocytes (SPA) vs
subcutaneous adipocytes (SA). A total of 289.49 G clean reads and 12,519 lncRNAs were obtained from
20 samples. In total, 4,121 differentially expressed RNAs (388 miRNAs, 182 lncRNAs and 3,551 mRNAs)
were identi�ed by pairwise comparison. There were 135 differentially expressed lncRNAs speci�c to
intramuscular adipocytes, 39 DELs speci�c to subcutaneous adipocytes, and 8 DELs common to both
adipocytes in these 182 DELs. Some well-known and novel pathways associated with preadipocyte
differentiation were identi�ed: fat acid metabolism, TGF-beta signaling pathway and PI3K-Akt signaling
pathway. We also identi�ed hub miRNAS in both types of fat cells and visualized them in Cytoscape.

Conclusions: Our analysis revealed the unique and common lncRNA-miRNA-mRNA networks of two kinds
of adipocytes. Several lncRNAs that regulate goat meat quality were screened out, such as
XR_001918647.1, XR_001917728.1, XR_001297263.2 and LNC_004191. Our study utilized RNA-seq
analysis to predict the functions of lncRNA on goat meat quality. Furthermore, our �ndings of lncRNA-
miRNA-mRNA network, may contribute to a better understanding of the molecular mechanisms
underlying in goat meat quality and provide a theoretical basis for further goat molecular breeding.

Background
Fat is generally divided into subcutaneous fat, intermuscular fat and intramuscular fat. The amount of
intermuscular fat is small and its composition is similar to subcutaneous fat, so it is generally considered
that fat is mainly divided into subcutaneous fat and intramuscular fat [1]. The distribution of fat in meat
animals and the fat content of each part have an important impact on meat production and quality.
Subcutaneous fat determines the carcass lean rate to a certain extent. The thicker the fat means the
lower the lean meat rate. Intramuscular fat has an important in�uence on the �avor and tenderness of
goat meat. Within a certain range, the quality of meat gradually improves with the increase of
intramuscular fat content. One of the current research directions for meat is to study how to regulate the
content of intramuscular fat and subcutaneous fat to improve meat quality of goats.

Adipogenesis is a complex process regulated by various transcription factors, non-coding RNA and signal
pathways [2]. RNA sequencing (RNA-seq) is a revolutionary tool to identify differentially expressed genes
(DEGs) regulating various biological processes. It enables us to discover new genes and therefore to
describe unannotated transcriptional activity by identifying numerous noncoding transcripts [3]. Long
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non-coding RNAs (lncRNAs) are non-coding RNAs with a length greater than 200 nucleotides and low
protein coding ability. MicroRNAs (miRNAs) are a type of endogenous non-coding RNA with a length of
approximately 22 nucleotides. Previous studies have shown that lncRNAs and mRNAs containing the
same miRNA binding site can regulate mutual expression levels by competitively binding miRNAs. The
recent explosion in knowledge demonstrating the importance of miRNAs and lncRNAs in the regulation of
multiple major biological processes, which impacts the development, differentiation, and metabolism
have brought these neglected molecular players [4–6]. Some studies have shown that the adipogenic
differentiation ability of intramuscular adipocytes is signi�cantly lower than that of subcutaneous
adipocytes. The expression of related genes is low, indicating that there are speci�c regulatory
mechanisms for intramuscular fat and subcutaneous fat in animals [7, 8]. In mammals, the
differentiation of preadipocytes has been well studied, especially in bovine and porcine [9–13]. Recently,
goat meat is gradually welcomed by consumers because of its high protein content, low fat and
cholesterol content. Moreover, the consumers demand for goat meat and quality requirements continue to
rise [14, 15]. However, there are few studies on the molecular mechanism of the difference in the
deposition of different fat tissues in goats.

Herein, we provided a comprehensive transcriptome pro�le on intramuscular and subcutaneous
adipocytes in before and after differentiation of Jianzhou Daer goat. The results revealed the expression
patterns of mRNAs and lncRNAs, which were important in the developmental stages of two different
adipocytes. An integrated analysis of differentially expressed lncRNAs (DELs) and mRNAs (DEGs) was
performed, and the lncRNA and its target miRNA/mRNA that could potentially regulate the differentiation
of intramuscular and subcutaneous preadipocytes were screened through bioinformatics analysis. At the
same time, a lncRNA-miRNA-mRNA interaction network was constructed based on miRNAs known to play
a role in adipogenesis. The lncRNA that may be combined with miRNA and mRNA was screened out and
veri�ed by RT-qPCR technique. The results from the present investigation provided a theoretical basis for
in-depth analysis of the regulation mechanism of goat fat cell differentiation and improvement of meat
quality in goats.

Results

Transcript sequencing and assembly
We established twenty cDNA libraries that represented two different adipocytes: intramuscular
preadipocytes (IMPA, 1–5) and intramuscular adipocytes (IMA, 1–5) from the longissimus dorsi of 7-day-
old Jianzhou Daer goat, subcutaneous preadipocytes (SPA, 1–5) and subcutaneous adipocytes (SA, 1–5)
from the subcutaneous fat of 7-day-old Jianzhou Daer goat. The RNA sequencing obtained a total of
289.49 Gb of data, with each stage averaging 14.4745 Gb of data. The Q30 results in each sample were
> 91%, and the GC percentage was less than 52%, as listed in Table 1. More than 47.76% of the clean
reads were perfectly mapped to the goat reference genome (assembly ARS1,
https://www.ncbi.nlm.nih.gov/genome /?term = goat), and 44.56 to 87.33% uniquely mapped reads were
obtained from the total mapped reads from the twenty samples (Table 2).
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Finally, 12519 assumed non-coding transcripts were retained by CNCI, CPC2 and PFAM softwares (Fig.
1A), including 16.9% lncRNAs, 76.1% intronic lncRNAs, and 7% anti-sense lncRNAs. In addition, 43767
mRNAs were identi�ed. The expression level of each RNA was standardized to fragments per kilobase of
exon model per million mapped reads (FPKM), and it was found that a small part of them was not
expressed or was expressed at a relatively low level. The expression levels of a large number of RNAs
were mainly between 0.1 and 2 of log10 (FPKM + 1), and a small number of genes had very high
expression level (log10 |FPKM + 1| > 2) (Fig. 1B). The extremely signi�cant differences of genes were
helpful to explore the molecular mechanism of fat deposition in different tissues.

Table 1
Output statistics of the sequencing reads for each sample

Sample
name

Raw reads Clean
reads

Clean
bases

Error
rate(%)

Q20(%) Q30(%) GC
content(%)

IMA1 106965744 104026824 15.6G 0.01 97.43 93.49 46.19

IMA2 97739340 95783582 14.37G 0.01 97.38 93.41 45.44

IMA3 100355022 98296238 14.74G 0.02 97.28 93.19 46.19

IMA4 87081698 85127438 12.77G 0.02 97.30 93.26 45.62

IMA5 93900560 92052240 13.81G 0.01 97.33 93.31 45.94

IMPA1 89914112 87780640 13.17G 0.02 96.88 92.26 50.48

IMPA2 89869988 87544572 13.13G 0.02 96.76 92.01 49.14

IMPA3 86513066 84676776 12.7G 0.02 96.89 92.26 51.41

IMPA4 93072522 91173148 13.68G 0.01 97.45 93.47 49.64

IMPA5 103727284 100918664 15.14G 0.02 96.27 91.00 51.62

SA1 102257046 96016600 14.4G 0.01 97.19 93.12 45.12

SA2 113958516 107224614 16.08G 0.01 97.21 93.11 45.29

SA3 96569252 90603612 13.59G 0.02 97.01 92.44 44.74

SA4 92196036 86251102 12.94G 0.02 97.24 92.92 44.74

SA5 89102014 86443762 12.97G 0.02 96.54 91.61 45.44

SPA1 89233018 87343234 13.1G 0.02 97.03 92.56 45.46

SPA2 112263802 105239820 15.79G 0.02 97.12 92.97 45.32

SPA3 119992036 112810026 16.92G 0.02 97.08 92.87 45.82

SPA4 116537456 109357518 16.4G 0.02 97.18 93.04 45.78

SPA5 128978020 121273002 18.19G 0.02 97.15 93.00 45.75
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Table 2
Summary of the clean reads alignment to the goat reference genome

Sample name Total reads Total mapped Multiple mapped Uniquely mapped

IMA1 104026824 58826296 (56.55%) 5007777 (4.81%) 53818519 (51.74%)

IMA2 95783582 52467109 (54.78%) 3378217 (3.53%) 49088892 (51.25%)

IMA3 98296238 64127686 (65.24%) 4344218 (4.42%) 59783468 (60.82%)

IMA4 85127438 49359285 (57.98%) 3294364 (3.87%) 46064921 (54.11%)

IMA5 92052240 53774996 (58.42%) 3822996 (4.15%) 49952000 (54.26%)

IMPA1 87780640 80670979 (91.9%) 6751338 (7.69%) 73919641 (84.21%)

IMPA2 87544572 70588932 (80.63%) 6111853 (6.98%) 64477079 (73.65%)

IMPA3 84676776 79535538 (93.93%) 7181504 (8.48%) 72354034 (85.45%)

IMPA4 91173148 78490007 (86.09%) 6695561 (7.34%) 71794446 (78.75%)

IMPA5 100918664 96226399 (95.35%) 8091611 (8.02%) 88134788 (87.33%)

SA1 96016600 47294011 (49.26%) 3673053 (3.83%) 43620958 (45.43%)

SA2 107224614 56076878 (52.3%) 4502794 (4.2%) 51574084 (48.1%)

SA3 90603612 45139764 (49.82%) 3788336 (4.18%) 41351428 (45.64%)

SA4 86251102 41189983 (47.76%) 2755466 (3.19%) 38434517 (44.56%)

SA5 86443762 42725042 (49.43%) 3277966 (3.79%) 39447076 (45.63%)

SPA1 87343234 49526419 (56.7%) 3284941 (3.76%) 46241478 (52.94%)

SPA2 105239820 57264925 (54.41%) 3543746 (3.37%) 53721179 (51.05%)

SPA3 112810026 63555694 (56.34%) 4360117 (3.87%) 59195577 (52.47%)

SPA4 109357518 59092897 (54.04%) 3924824 (3.59%) 55168073 (50.45%)

SPA5 121273002 64549280 (53.23%) 4580894 (3.78%) 59968386 (49.45%)

Characteristics of lncRNAs and mRNAs in intramuscular
and subcutaneous adipocytes of goats before and after
differentiation
Since most lncRNAs are produced by RNA polymerase II transcription, they have structural features
similar to those of mRNAs [16]. Therefore, in order to observe the characteristics of lncRNAs and the



Page 6/29

difference between lncRNAs and mRNAs, we compared the length of lncRNAs and mRNAs, including the
number of exons, and the open reading frame (ORF). The results showed that most of lncRNAs tended to
be shorter in length, and they contained less exons than mRNAs (Fig. 1C). Also, the length of ORFs in the
lncRNAs was shorter than those of the mRNAs (Fig. 1D & 1E).

Differentially expressed lncRNAs and mRNAs in goat
different adipocytes
The correlation coe�cient can represent the degree of similarity between samples. We found that the
data between SPA and SA, and between IMPA and IMA were highly correlated in expression (Fig. 2A ). We
found 143 lncRNAs and 33258 mRNAs differentially expressed between IMA and IMPA (1451 were up-
regulated, 1950 were down-regulated), 47 lncRNAs and 1659 mRNAs differentially expressed between SA
and SPA (851 were up-regulated, 855 were down-regulated) (Fig. 2B). To further explore the differences in
lncRNAs expression between subcutaneous and intramuscular adipocytes at different developmental
stages, we performed a clustered heat map on the differentially expressed genes. The results of the
cluster analysis showed that distinct lncRNAs expression patterns are associated with the differentiation
of both subcutaneous and intramuscular adipocytes in goats (Fig. 2C).

Function prediction of lncRNAs and corresponding genes
during intramuscular and subcutaneous preadipocyte
differentiation
LncRNAs not only can regulate the expression of neighboring protein-coding genes through a cis
mechanism [17, 18], but also regulate the expression of genes located on other chromosomes via a trans
mechanism [19, 20]. In this study, bioinformatic analysis was used to predict the potential target genes of
DELs via trans.The absolute value of Pearson's correlation coe�cient was set as greater than 0.95. There
were 39012 lncRNA-mRNA relationship pairs. Among them, LNC_004374, LNC_007272, LNC_010037,
LNC_004066, LNC_010143 and other lncRNAs can target genes related to adipocyte differentiation or
lipid metabolism, CD36 [21], FABP3 [22], FGF11 [23], FOXO6 [24], SMAD1 [25], TGFB226, FGFR2 [27]. The
results are shown in Table 3.

We drew Venn diagrams (Fig. 3A) to visualize the number of differential lncRNAs that are common versus
unique to the two adipocyte differential differentiation processes. Through the use of Goseq, we compare
the GO classi�cations of DELs (adjusted P < 0.05) [28]. The DELs target genes are enriched in biological
process (BP), cellular component (CC) and molecular function (MF)(Table 4). Unique DELs target genes
of goat intramuscular adipocytes before and after differentiation are mainly enriched in binding(Fig. 3B),
and the unique DELs target genes of subcutaneous adipocytes are mainly enriched in glucose
metabolism and chemokine(Fig. 3C), while the shared DELs target genes are mainly enriched in
binding(Fig. 3D).

The KEGG annotation results of the differentially expressed target genes of lncRNAs are classi�ed
according to the pathway types of the KEGG database. As shown in the Fig. 3E, the unique DELs target
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genes of intramuscular adipocytes before and after differentiation are most signi�cantly enriched in
hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy, focal adhesion, arrhythmogenic right
ventricular cardiomyopathy (ARVC), ECM-receptor interaction, proteoglycans in cancer and cardiac
muscle contraction (P < 0.05). In addition, the analyzed genes also was enriched in fat acid metabolism
and TGF-beta signaling pathway, which are related to adipocyte formation. The unique DELs target genes
of subcutaneous adipocytes before and after differentiation are most signi�cantly enriched in
biosynthesis of amino acids, glycolysis / Gluconeogenesis, carbon metabolism, valine, leucine and
isoleucine degradation, histidine metabolism, fatty acid degradation, melanoma, fatty acid metabolism(P 
< 0.05), among which fatty acid degradation, fatty acid metabolism, TGF-beta signaling pathway, PI3K-
Akt signaling pathway have a signi�cant impact on the adipogenesis(Fig. 3F). The shared DELs target
genes are most signi�cantly enriched in biosynthesis of amino acids, carbon metabolism, glycolysis /
gluconeogenesis and alzheimer's disease(P < 0.05) (Fig. 3G).
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Table 3
Part of lncRNA and its target gene related to adipogenesis

Target
gene

Description lncRNA

CD36 CD36
molecule

LNC_004374 LNC_007272 LNC_010037 LNC_004066 LNC_010143

LNC_003287 LNC_000379 LNC_000462 LNC_005589 LNC_002362

LNC_011316 LNC_011269 LNC_001565 LNC_006348 LNC_002032

LNC_000679 LNC_002558 LNC_011971 LNC_009810 XR_001919420.1

FABP3 fatty acid
binding
protein 3

XR_001917639.1 LNC_010010 XR_309714.3 XR_001918356.1

LNC_005049 LNC_008023 LNC_007295 XR_001919935.1

XR_001918074.1 LNC_009465 XR_001917605.1 LNC_004888

FGF11 �broblast
growth
factor 11

LNC_009670 LNC_011765 LNC_011764 LNC_010048

FOXO6 forkhead
box O6

XR_001917700.1 XR_001918450.1 XR_001917557.1 XR_001919481.1
XR_001919828.1 LNC_007210 LNC_007370 LNC_006351 LNC_007188
LNC_006638 LNC_009693 LNC_010010 LNC_011790 LNC_002248

LNC_000560 XR_001917649.1 XR_001918167.1 LNC_006658

LNC_008810

SMAD1 SMAD
family
member 1

LNC_009792 LNC_007731 LNC_000706 LNC_008467 LNC_006192

LNC_004878

TGFB2 transforming
growth
factor beta 2

LNC_011039 XR_001917557.1 XR_001917639.1 LNC_007210

LNC_007370 LNC_010010 LNC_005049 XR_001917649.1

XR_001918074.1 LNC_000622 LNC_009465 XR_001917605.1

FGFR2 �broblast
growth
factor
receptor 2

LNC_004374 LNC_000260 LNC_007272 LNC_001963 LNC_006095

LNC_004066 LNC_010140 LNC_001914 LNC_003262 LNC_006919

LNC_007053 LNC_000379 LNC_006649 LNC_009821 LNC_003963

LNC_002980 LNC_010402 LNC_011269 LNC_012328 LNC_000820

LNC_006348 LNC_002032 LNC_009618 LNC_004423 LNC_002558

LNC_009048 LNC_011971 LNC_009810 LNC_001111
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Table 4
GO enrichment analysis of the target genes of IncRNAs in

intramuscular and subcutaneous adipocytes

  IMA VS IMPA SA VS SPA Common

biological process 30 28 0

cellular component 148 0 0

molecular function 1882 12 11
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Table 5
Node degree of mRNA-miRNA-lncRNA regualatory network

Factor
type

Intramuscular
unique

Degree Subcutaneous
unique

Degree Common Degree

miRNA chi-novel-miR-174 172 chi-novel-miR-184 92 chi-novel-miR-
302

35

miRNA chi-novel-miR-29 151 chi-novel-miR-183 92 chi-novel-miR-
29

34

miRNA chi-novel-miR-69 126 chi-novel-miR-182 92 chi-novel-miR-
69

31

miRNA chi-novel-miR-68 126 chi-novel-miR-20 63 chi-novel-miR-
68

31

miRNA chi-novel-miR-67 126 chi-novel-miR-302 59 chi-novel-miR-
67

31

miRNA chi-novel-miR-407 115 chi-novel-miR-174 57 chi-novel-miR-
174

28

miRNA chi-novel-miR-207 115 chi-novel-miR-69 57 chi-novel-miR-
194

27

miRNA chi-novel-miR-364 115 chi-novel-miR-68 57 chi-novel-miR-
193

27

miRNA chi-novel-miR-362 114 chi-novel-miR-67 57 chi-novel-miR-
51

25

miRNA chi-novel-miR-20 113 chi-novel-miR-29 54 chi-novel-miR-
50

25

miRNA chi-novel-miR-308 111 chi-novel-miR-335 53 chi-novel-miR-
49

25

miRNA chi-novel-miR-307 111 chi-novel-miR-244 53 chi-novel-miR-
48

25

miRNA chi-novel-miR-306 111 chi-novel-miR-243 53 chi-novel-miR-
20

24

miRNA chi-novel-miR-194 108 chi-novel-miR-407 47 chi-novel-miR-
185

24

miRNA chi-novel-miR-193 108 chi-novel-miR-207 47 chi-novel-miR-
184

24

miRNA chi-novel-miR-335 106 chi-novel-miR-162 46 chi-novel-miR-
183

24

miRNA chi-novel-miR-363 106 chi-novel-miR-194 46 chi-novel-miR-
182

24



Page 11/29

Factor
type

Intramuscular
unique

Degree Subcutaneous
unique

Degree Common Degree

miRNA chi-novel-miR-200 94 chi-novel-miR-193 46 chi-novel-miR-
4

23

miRNA chi-novel-miR-199 89 chi-novel-miR-292 46 chi-novel-miR-
335

21

miRNA chi-novel-miR-334 88 chi-novel-miR-4 41 chi-novel-miR-
384

20

Construction of Regulation Networks for adipocytes in
goats
In the previous study, we obtained 146 differentially expressed miRNAs (DEMs) unique to intramuscular
adipocytes, 159 (DEMs) unique to subcutaneous adipocytes, and 83 (DEMs) shared by two adipocytes
(Fig. 4A). After targeted binding prediction, 306571 mRNAs and 32,029 lncRNAs were found to have
potential targeted binding relationships with DEMs. Combined with the sequenced intramuscular
adipocyte-speci�c 2724 DEGs and 135 DELs, 6572 miRNA-mRNA relationship pairs and 1240 miRNA-
lncRNA relationship pairs were obtained (Fig. 4B). The 1125 DEGs and 39 DELs unique to subcutaneous
adipocytes were combined to obtain 3287 miRNA-mRNA relationship pairs and 307 miRNA-lncRNA
relationship pairs (Fig. 4B). At the same time, the intersection with a total of 412 DEGs and 8 DELs
yielded 1681 miRNA-mRNA relationship pairs and 52 miRNA-lncRNA relationship pairs. The lncRNA-
miRNA-mRNA interaction network was constructed by Cytoscape software, and the top 20 miRNAs were
selected after calculating the degree value of each factor(Table 5). Among them, we found miR-20, miR-
194, miR-335, miR-363, miR-200, miR-199, and miR-302 related to fat formation, thereby, we constructed a
ceRNA network view. As shown in the Fig. 5A, the unique lncRNA-miRNA-mRNA network of intramuscular
adipocytes includes 30 lncRNAs, 6 miRNAs and 426 mRNAs, and the lncRNA-miRNA-mRNA network
unique to subcutaneous adipocytes includes 8 lncRNAs, 4 miRNAs and 182 mRNAs (Fig. 5B). Whereas,
two types of adipocyte-common lncRNA-miRNA-mRNA networks include 1 lncRNA, 4 miRNAs and 96
mRNAs(Fig. 5C).

Veri�cation of lncRNA expression pro�les using qRT-PCR
To verify the reliability of RNA-seq results, 7 candidate lncRNAs were randomly selected from the DELs
obtained from the screening, and UXT was used as an internal reference for qRT-PCR analysis. The
results showed that XR_001917557.1, and LNC_004191 were signi�cantly down-regulated in expression
in intramuscular adipose tissue. Whereas, the XR_001918647.1, XR_001917728.1 were signi�cantly up-
regulated in expression in intramuscular adipose tissue. XR_001295810.1, XR_001917637.1 and
XR_001297263.2 were signi�cantly down-regulated expression in subcutaneous adipose tissue, and the
LNC_004191 was signi�cantly up-regulated expression in subcutaneous adipose tissue, These results
were consistent with the trend of RNA-seq, indicating the credibility of the RNA-seq results(Fig. 6).
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Table 6
Primer sequences of lncRNA ampli�ed by qRT-PCRTable 6

Primer sequences of lncRNA ampli�ed by qRT-PCR

Gene name Primer sequence Annealing(℃) Amplicon size(bp)

XR_001917557.1 TCCATTTTGCCGCAGTGTTC

GAAATGCACACGGCAGAGAC

60 167

XR_001918647.1 AGCTTGGGAGATGCACAAAA

GCCAGCATATTGGACACCCTT

60 87

XR_001917728.1 CTCTGTGGGCGATGACGAAG

TCTCCATCACACCGGACCAT

60 153

LNC_004191 AGGAATGGAAAGTGAACCAGGG

AGCTGTGTTCCTCCCCTACC

60 80

XR_001295810.1 AAGCAAACGGTGTCTGGGG

AGAGCAATGGTCAGCTTGGA

60 81

XR_001917637.1 TGGGCAAGTGAGGGTCTCC

CCCTACAAGCCTCTTCTCCATC

60 80

XR_001297263.2 CACAGGGTGAATGACTTGGG

AATAGGGTGCTTGCAGGTAGG

60 166

UXT GCAAGTGGATTTGGGCTGTAAC

ATGGAGTCCTTGGTGAGGTTGT

60 180

Discussion
The distribution and deposition of adipose tissue in different parts of the body are the key factors
affecting carcass quality and meat �avor. Subcutaneous fat mainly affects carcass quality.
Intramuscular fat (IMF) is the material basis of marbling, and an important factor affecting meat �avor. A
large number of studies have shown that IMF is directly involved in the formation of meat tenderness,
juiciness and �avor [29, 30]. Goat is an indispensable animal in China's agricultural production, and the
molecular regulation mechanism of its lipid deposition has not been fully elucidated yet.
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LncRNA is a kind of noncoding RNA longer than 200 nt, which has attracted substantial attention in the
last few years. Studies have shown that lncRNAs regulate metabolic tissue development and function,
including adipogenesis, hepatic lipid metabolism, islet function, and energy balance [31–35]. Despite the
fact that many studies have indicated the importance of lncRNAs in different tissues, little is known
about their biological function in goat fat deposition, especially in the differentiation of goat
intramuscular and subcutaneous preadipocytes. To the best of our knowledge, our study is the �rst to
screen for lncRNAs and mRNAs regulating goat preadipocyte differentiation by sequencing and
annotating the transcriptome of intramuscular and subcutaneous preadipocytes. A total of 1,118,110,544
reads were successfully mapped to the goat reference genome assembly. We identi�ed 12,519 lncRNAs.
The average sequence length of lncRNAs was shorter than that of mRNAs, and the number of exons was
less than that of mRNAs, with the ORF length being shorter than that of mRNAs. Our results indicated that
the predicted lncRNAs were shorter with fewer exons than mRNAs, which are in agreement with the those
reproted in previous studies [36–38]. The Pearson correlation (R2) of each sample is greater than 0.8,
which indicated that our experiment was reliable and the sample selection was reasonable.

LncRNA functions by regulating mRNA. At present, the mechanism of interaction between lncRNA and
mRNA is not clear. We predict the biological function of lncRNAs through its co-expression with protein
coding genes. Consequently, we found that many target genes of DELs were also differentially expressed
in goat intramuscular and subcutaneous preadipocytes. This suggested that lncRNAs may function
through complementary target genes, which can play critical roles in the differentiation of goat
intramuscular and subcutaneous preadipocytes. For example, SMAD1 is a target gene of the differentially
expressed lncRNAs LNC_009792, LNC_007731, LNC_000706, LNC_008467, LNC_006192 and
LNC_004878, and it has been reported to regulate the differentiation of preadipocytes [39]. These �ndings
suggest that these lncRNAs might be involved in the differentiation of intramuscular preadipocytes by
affecting the expression of SMAD1. However, there is no DEGs in the differentiation process of
subcutaneous preadipocytes in our selected fat development related genes, so we speculate that the
network regulating intramuscular adipogenesis is more complex than subcutaneous fat. The higher
number of DELs, DEMs and DEGs in IMF than that of subcutaneous fat also supported this, which is
consistent with the fact that intramuscular preadipocytes have stronger ability to deposit fat than that of
subcutaneous preadipocytes [40].

To explore the similarities and differences of different adipocytes, DELs target genes (IMPA vs IMA and
SPA vs SA ) were subjected to GO and KEGG pathway enrichment analyses. We found that few common
term was found between the IMPA vs IMA and SPA vs SA comparisons. Several pathways involved in
preadipocyte differentiation were previously identi�ed, including the TGF-β signaling pathway(IMF and
subcutaneous fat) [41], PI3K/AKT signaling pathway (subcutaneous fat) [42], and arachidonic acid
metabolism(subcutaneous fat) [43]. For example, the LncRNA GAS5 inhibits lipogenesis in 3T3-L1 cells
through the miR-21a-5p / PTEN signaling pathway [44]. FDNCR1 affects porcine lipogenesis by
competitively binding miR-204 to regulate the TGF-β pathway [45]. However, for some pathways identi�ed
here, their involvement in the goat preadipocyte differentiation process is being reported for the �rst time.
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Interestingly, in the pathway analysis, we found that the components of two pathways, fatty acid
metabolism(IMF and subcutaneous fat) and fatty acid degradation (subcutaneous fat), which have been
reported to be involved in lipid metabolism, and were enriched in the entire process of differentiation of
intramuscular and subcutaneous preadipocytes [46, 47]. The common enrichment pathways during
differentiation of both adipocytes involve amino acid metabolism, gluconeogenesis and carbohydrate
metabolism, suggesting that IMF and subcutaneous fat are largely different in differentiation pathways
and lipid metabolism pathways, while there are similarities in communication with other metabolic
pathways. In addition to the speci�c pathways of the two adipocytes, there are also differences in the
common components of the two pathways. Just as IMF is enriched in 19 target genes of TGF-β signaling
pathway, 8 target genes of fatty acid metabolism, and subcutaneous fat is enriched in 8 and 7 targat
genes. Here, we hypothesize that there are differences in the pathways regulating intramuscular and
subcutaneous adipose differentiation, and that there are differences in the downstream target genes in
the same pathways, which indirectly demonstrates that gene expression is tissue-speci�c in goats.

To date, many genes have been reported to regulate the differentiation of preadipocytes. However, few
studies have been conducted on the roles of lncRNAs in intramuscular and subcutaneous preadipocytes
differentiation. The molecular and cellular mechanisms regulating goat preadipocytes differentiation are
thus still poorly understood. Here, we constructed a miRNA-lncRNA-mRNA interaction network, and
calculated the degree (the number of times each factor interacts with other factors) of each factor
through centerscape. We selected the top 20 miRNAs in the dgree, and found that miR-20 [48], miR-194
[49], miR-335 [50], miR-363 [51], miR-200 [52], miR-199 [53], and miR-302 [54] were related to fat
development, and visualized them in Cytoscape. We identi�ed a number of highly connected lncRNAs
and mRNAs in the three modules, including the two kinds of adipocytes are unique and common. For
example, XM_005693834.3(ACLY) [55] and XM_013975359.2 (ANGPT2) [56] are unique to IMF, and
XM_018056618.1(MEDAG) [57] and XM_005678357.3(PLPP3) [58] are unique to subcutaneous fat,
whereas, XM_018040030.1 (CAPN10) [59] and XM_018050348.1 (TGFβ1) [60] are shared by the two
kinds of preadipocytes in differentiation processes. Seven DELs from the IMF vs subcutaneous fat
comparison were validated by qRT-PCR technique and the results were in excellent generally agreement
with the RNA-seq �ndings. This suggests that our RNA-seq �ndings are reliable.

In conclusion, we �rst generated the expression pro�les of lncRNAs from intramuscular and
subcutaneous adipocytes of Jianzhou Daer goat (IMA vs IMPA and SA vs SPA) based on RNA-Seq
technique. We found that the number of lncRNAs regulating IMF differentiation was more than that of
subcutaneous adipocytes. Our results suggest that those lncRNAs might play important roles in meat
quality. Collectively, this study takes the �rst step toward understanding the molecular mechanisms
underlying variations in goat meat quality. Also, our results provided a theoretical basis for molecular
breeding to improve the meat quality in goats.

Materials And Methods

Experimental animals and sample collection



Page 15/29

All experimental procedures were reviewed and approved by the Institutional Animal Care and Use
Committee, Southwest Minzu University. Also, all the experiments complied with the requirements of the
directory of the Ethical Treatment of Experimental Animals of China.

The 7-day-old male Jianzhou Daer goat (Capra hircus) (n = 5) was purchased from Sichuan Jianyang
Dageda Aminal Husbandry Co., Ltd (Sichuan, China), being euthanized by bloodletting. The longissimus
dorsi and subcutaneous fat were excised from the goats and minced. The isolation and culture of goat
intramuscular preadipocytes was performed as described assay by Xu et al. [61]. The subcutaneous
adipocytes were isolated by using Type I collagenase(Sigma, St. Louis, MO, USA). When the cell
con�uence reaches 80%, we discarded the medium and added appropriate amount of trypsin (Hyclone,
Logan, UT, USA), and the cells were digested at 37°C for 1 min. And then, the cells were harvested in a
centrifuge tube, followed by a centrifuge at 800 rpm/min for 3 min to obtain cell pellet. The collected cells
were re-suspended for subsequent experiments. The cells of passage 3, were used for experimental
treatment. The cells were coaxed into differentiating using oleic acid induction solution (50 µmol/L)
(Sigma, St. Louis, MO, USA), and harvested after induction for 0 and 3 d [62, 63]. These cell samples were
named intramuscular preadipocytes (IMPA), subcutaneous preadipocytes (SPA), intramuscular
adipocytes (IMA) and subcutaneous adipocytes (SA), respectively, and 5 biological replicates were set for
each group.

Total RNA extraction and sequencing
A total of 20 cell samples were successfully collected. Total RNA was extracted using Trizol reagent
(Takara, Dalian, China). RNA quality was determined using NanoPhotometer spectrophotometer and
Agilent 2100 bioanalyzer, which analyzes the integrity of the RNA. The lncRNA library is constructed using
a chain-speci�c library. The method for synthesizing the �rst strand of cDNA by reverse transcription is
the same as the normal method of NEB library construction. The difference is that when the second
strand is synthesized, dTTP in dNTPs is replaced by dUTP. After that, cDNA end repair, A-tailing, ligation
of sequencing adapters, and length screening were also performed, and then the second strand of cDNA
containing U was degraded by USER enzyme, and then PCR ampli�cation was performed to obtain a
library. Finally, twenty libraries were sequenced at Novogene Co. Ltd. (Beijing, China) on Illumina HiSeq
Sequencing System.

Quality control and transcript assembly
After sequencing, the raw data were stored in fastq format [64]. We removed reads containing connectors,
poly-N and low quality from Raw Reads to get clean reads. The Q20, Q30 and GC content of the clean
data were calculated [65]. The obtained clean, high-quality data were used for further analyses. The clean,
paired-end reads were aligned to the goat genome sequence assembly using HISAT2 [66], and the
transcripts were assembled using both Scripture (beta2) [67] and Cu�inks (v2.1.1) [68].

Identi�cation of lncRNAs and their expression analysis
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To ensure the quality of the obtained lncRNAs, three criteria were used to identify the desired lncRNAs in
the transcriptome assemblies: 1) transcripts with length > 200 bp and exon number ≥ 2 were selected; 2)
Cuffcompare was used to calculate the read coverage of every transcript, and transcripts with an FPKM
value(Cuffquant) of more than 0.05 were removed; and 3) the coding potential of the transcripts was
predicted using the coding potential calculator (CPC < 1) [69], Coding Noncoding Index (CNCI) [70], and
Pfam [71] protein domain families to further remove coding genes. Subsequent steps were performed
based on the intersection of the results obtained using the twenty databases.

The FPKMs values of lncRNAs and mRNAs in IMPA, IMA, SPA and SA libraries were calculated by
StringTie, balltown and Cuffdiff. The transcripts in the 20 libraries were analyzed for differential
expression, and the P value was used to screen the DELs and DEGs between two different adipocyte
samples. When P < 0.05, the lncRNAs and mRNAs are considered to be differentially expressed.

Gene functional annotation
The trans function describes the co-expression relationship between lncRNAs and mRNAs. Pearson
correlation coe�cient (R > 0.95 or R < 0.95) was calculated by custom scripts. David was used to cluster
the target genes among 20 samples for functional enrichment analysis of lncRNA target genes [72]. P-
value < 0.05 was set as signi�cant threshold. Go (gene ontology) can enrich and analyze the target genes
of DELs. Goseq is used to enrich and analyze the target genes of DELs. P < 0.05 is considered to be the
signi�cant enrichment of GEGs. KEGG is a database (http://www.genome.jp/kegg/) for understanding
the advanced functions and utilities of biological systems such as cells, organisms, and ecosystems. We
used KOBAS software to detect the pathway enrichment analysis of DELs target genes in the KEGG
pathway.

Download of miRNA sequencing data and construction of
lncRNA-miRNA-mRNA networks
The raw data were processed using our previous sequencing to remove adaptor dimers, garbage, low
complexity, common RNA families (rRNA, tRNA, snRNA, snoRNA), and repeats. Then we used miRBase to
de�ne known miRNAs. Finally, unmapped sequences were predicted using RNAfold software. The edgeR
software [73] was used to calculate DEMs, in two adipocytes. The screening criterion for signi�cant
differences is P-value < 0.05. miRWalk, The miRanda, RNAhybrid, and Targetscan were used for
screening. Then, the intersections of co-expressed lncRNAs, miRNAs, and mRNAs in the 4 programs were
used to construct a lncRNA–miRNA–mRNA network.

DELs and DEGs were combined with the target lncRNAs and mRNAs of DEMs respectively to obtain the
miRNA-mRNA relationship pair and miRNA-lnRNA relationship pair. Finally, the lncRNA–miRNA–mRNA
network was visualized using Cytoscape v3.7 software.

Validation of gene expression of by RT-qPCR technique
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Primers were designed using Primer-BLAST on the NCBI website (Table 6). The �rst cDNA strand was
synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo, Waltham, MA, USA), in
accordance with the user manual. Ubiquitously expressed transcript gene (UXT) was used as a
housekeeping gene [74]. The qPCR reaction procedure was composed of four steps, including pre-
degeneration (95℃, 3 min), degeneration (95℃, 10 s), annealing (60℃, 10 s) and extension (72℃, 15 s),
of which degeneration, annealing and extension were running for 40 cycles. Quanti�cation of selected
gene expression was performed using the comparative threshold cycle (2−ΔΔCT) method [75].
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Figures

Figure 1
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Identi�cation and characterization of lncRNAs in goat, Capra hircus. (A) Venn diagrams of coding
potential analysis by using stringent criteria. Three tools (CPC2, CNCI and PFAM) were employed to
analyze the coding potential of lncRNAs. Those simultaneously shared by three analytical tools were
designated as candidate lncRNAs and used in subsequent analysis. (B) Volcanic maps of differentially
expressed RNA. The expression levels of mRNAs and lncRNAs were indicated by log10 (FPKM + 1). (C)
Length distribution of mRNAs and lncRNAs, unit of the length is bp. (D) Distribution of exon number in
the mRNAs and lncRNAs. (E) Open reading frame (ORF) length distribution for mRNAs and lncRNAs.
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Figure 2

Differentially expressed coding genes and lncRNAs in goat adipocytes between intramuscular and
subcutaneous of differentiation (Fold Change ≥2 and P-adjust value ≤0.05). (A) Representative of the
degree of similarity between samples. The correlation coe�cient is represented by color; deeper color
represents a stronger correlation. (B) Clustering analysis of differentially expressed lncRNAs and mRNAs
in IMA vs IMPA and SA vs SPA. (C) Volcano plot of differentially expressed lncRNAs and mRNAs in IMA
vs IMPA and SA vs SPA. Green and red represent downregulated and upregulated expression, respectively.

Figure 3

GO and KEGG enrichment analyses of differentially expressed lncRNAs in goat different adipocytes. (A)
Venny maps of differentially expressed lncRNAs during intramuscular and subcutaneous preadipocyte
differentiation. (B) Categories of biological processes, cellular components and molecular functions of
the target genes of differentially expressed lncRNAs (intramuscular adipocytes). (C) Categories of the
biological processes and molecular functions of the target genes of differentially expressed lncRNAs
(subcutaneous adipocytes). (D) Categories of molecular functions of the target genes of differentially
expressed lncRNAs (both subcutaneous and intramuscular adipocytes). (E) Scatter plot of the top 20
pathways enriched for differentially expressed lncRNAs in intramuscular adipocytes before and after
differentiation. (F) Scatter plot of the top 20 pathways enriched for differentially expressed lncRNAs in
subcutaneous adipocytes before and after differentiation. (G) Scatter plot of the top 15 pathways
enriched for differentially expressed lncRNAs in both intramuscular and subcutaneous adipocytes before
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and after differentiation. The abscissa represents the richness factor, and the ordinate represents the
enriched pathway terms. The Q-value represents the corrected P value.

Figure 4

Venny maps of differentially expressed RNAs. Venny maps showing speci�c miRNAs (A) and mRNAs (B),
respectively, in intramuscular adipocytes or subcutaneous adipocytes.

Figure 5

lncRNA–miRNA–mRNA network. (A) Regulatory network of intramuscular adipocytes before and after
differentiation. Nodes with Closeness Centrality >6.4815E-4 are discarded. Closeness Centrality is the
reciprocal of the sum of the shortest paths from a point to all other points, and the larger it is, the shorter
the path from that point to all other points and the closer it is to the center in space. (B) Regulatory
network of subcutaneous adipocytes before and after differentiation. (C) There is a common network of
intramuscular and subcutaneous adipocytes before and after differentiation.
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Figure 6

Validation of lncRNAs in intramuscular and subcutaneous adipocytes using RT-qPCR technique. Data
were analyzed by the 2-ΔΔCt method where the UXT was used as a reference gene. Each column
represents the mean ±SE. White bars represent read from RNA-Seq, and blue bars represent the results
from qRT-PCR analysis.
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