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Bu�alo meat is of good quality because it is lean and tender, and could

bring significant cardiovascular benefits. The underlying di�erence in muscle

development and meat quality is a complex and precisely orchestrated

process which has been demonstrated to be regulated by long non-coding

RNAs (lncRNAs). However, the regulatory role of lncRNAs in the growth and

development of bu�alo skeletal muscle is still unclear. In this study, the Ribo-

Zero RNA-Seq method was used to explore the lncRNA expression profiles of

bu�alomyoblasts during the proliferation and di�erentiation phases. A specific

set of 9,978 lncRNAs was found. By comparing the expression profiles of

lncRNAs, it was found that there were 1,576 di�erentially expressed lncRNAs

(DELs) during bu�alo myoblast di�erentiation. Twelve DELs were chosen

and subsequently verified in eight di�erent bu�alo tissues during fetal and

adult stages by using qPCR. Gene11007 was found to be one of the most

down-regulated lncRNAs during bu�alo myoblasts di�erentiation and it was

subsequently characterized. EdU, CCK-8, qPCR and western blotting assays

showed that gene11007 promoted the proliferation of bu�alo myoblasts but

it had no e�ect on cell di�erentiation. Our research may enrich the genome

annotations of bu�alo and provide a new molecular target for the in-depth

understanding of the regulation of lncRNAs in skeletal muscle.
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Introduction

The possibility to improve the quality and tenderness of meat products is of major

importance to the meat industry. The fundamental solution to this problem probably

lies at the molecular level during the growth phase of the muscle which ultimately

determines the quality of beef produced. As the problem of tenderness variability,

improving the meat quality is of major importance in the meat industry (1). From

the perspective of the molecular mechanism of meat, how to improve the quality of
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beef is the most fundamental solution (2). Meat quality trait is

governed by protein-coding and non-coding genes that results in

muscle development and fat deposition (3, 4). High-throughput

sequencing provides an approach to studying differences in

genes function (5, 6). Two typical Chinese indigenous bovine

species including cattle (Bos taurus) and buffalo (Bubalus

bubalus) have great potential for meat production and are

worthy of development. China’s buffalo stock is 27.44 million,

making it the third largest buffalo breeding country in the world.

With the rapid improvement of agricultural mechanization, the

labor value of buffalo is gradually decreasing. Therefore, the

possibility of using this resource formeat production and further

increase beef production has become one of the important

tasks of current buffalo breeding (7). The investigation of the

molecular mechanisms involved in the regulation of quality

traits of meat in order to improve China’s beef cattle breeding

program has become a major priority.

Skeletal muscle is an important part of livestock and poultry

meat, and its muscle fiber type composition is a vital factor that

contributes to the meat quality for meat quality (8, 9). Therefore,

studying skeletal muscle development has certain guiding

significance for how to improve meat production and quality.

At the embryonic stage, Pax3+/Pax7+ myogenic progenitor

cells migrate from the mesoderm (10, 11). The myogenic

regulatory factors Myf5, MyoD and MRF4 are involved in

the regulation of myogenic determination. The myogenic cells

further proliferate and differentiate to form muscle fibers. After

birth, the number of muscle fibers has already been determined,

and the increase in muscle mass depends mainly on their growth

and thickening (12, 13). When skeletal muscles are injured, they

have the ability to regenerate and repair, and this dependsmainly

on the activation of the myogenic stem cells (satellite cells,

Pax7+/Myf5-). The activated satellite cells can differentiate into

myoblasts and fuse to form new muscle fibers for the purpose

of repairing injured muscle fibers. Whether the skeletal muscle

formation occurs at the embryonic stage or there is regeneration

of skeletal muscle after birth, apart from the regulation of

Pax3/Pax7 and MRFs, these processes are also affected by the

MEF2 family, Wnt, IGFs and non-coding RNAs (lncRNAs)

(14, 15).

Long ncRNAs (lncRNAs) are > 200 nt in length and are a

type of RNA which has minimal or no protein coding ability

(16–18). They can regulate gene expression and activity at

the transcription and post-transcriptional levels. Many studies

have reported that lncRNAs are involved in regulating the

growth and development of skeletal muscle (19–21). LncRNAs

usually exhibit different regulatory mechanisms according to

their cellular location (22). In the nucleus, lncRNAs can be

used as a molecular scaffolds and decoys in order to bind

regulatory elements or recruit transcription factors to mediate

gene transcription. For example, the lncRNA, Dum, recruits

DNA methyltransferase to the promoter of developmental

pluripotency-associated 2 (Dppa2), thereby inhibiting the

transcriptional activity of the Dppa2 gene (23). In the

cytoplasm, lncRNAs can be used as competitive endogenous

RNAs to bind microRNAs (miRNAs), thereby increasing the

expression of target genes (24–26). For example, lncRNA

MDNCR acts as a molecular sponge to competitively bind miR-

133a, thereby inducing the differentiation of bovine myoblasts

(17, 26). Although a large number of functional lncRNAs

involved in regulation of myogenesis have been identified in

humans and mice, there is little known regarding lncRNAs in

buffaloes (27–29).

The proliferation and differentiation of buffalo myoblasts

are the molecular basis for the increase in muscle mass.

This study aimed to obtain lncRNAs that are differentially

expressed during the proliferation and differentiation phases

of buffalo myoblasts by using RNA-seq technology. Several

thousand lncRNAs were identified and many of these were

found to be specifically expressed in buffalo myoblasts

and muscle tissues. We characterized the functions of one

down-regulated lncRNA, gene11007, which induced buffalo

myoblast proliferation. This study not only provides genetic

resources for in-depth understanding of the regulatory

effects of lncRNAs on muscles, but also provides a new

perspective for screening and obtaining molecular targets for

buffalo breeding.

Materials and methods

Sample preparation

Embryo and adult buffalo tissues (heart, liver, brain, spleen,

lung, kidney, leg muscle, and musculus longissimus) were

collected and rapidly frozen in liquid nitrogen. The research

protocol and animal care for this study was approved by

the Animal Care Committee of the College of Agriculture of

Ningxia University.

Preparation of libraries and illumina
sequencing

RNA was extracted from three samples of buffalo myoblasts

each arrested during the proliferation and differentiation phases

of growth. Proliferation were grown to 50% confluence in

growth medium and differentiation myoblasts were induced

to differentiate for 4 days in differentiation medium. The

RNA concentrations in the samples were quantified using an

Agilent 2100 Bioanalyzer and NanoDrop spectrophotometer.

A Ribo-ZeroTM rRNA Removal Kit (Epicenter, Madison,

WI, USA) was used to remove ribosomal RNA. Library

preparation and sequencing analysis were performed as

described previously. The raw data files were cleaned up

for quality control through Trim Galore and then mapped
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FIGURE 1

Identification of lncRNAs in proliferating and di�erentiating bu�alo myoblasts. (A) The clean Q30 base rate (%). (B) A Venn diagram depicting the

overlap of lncRNAs found in the six samples. (C) The performance of Ribo-Zero RNA-seq was evaluated by determining the correlation of

lncRNA expression. (D) The classification of lncRNAs, as defined by their genomic localization. (E,F) The expression of lncRNAs in the six samples.

Bu�GM represents bu�alo muscle cells at the proliferative phase and Bu�DM represents bu�alo muscle cells at the di�erentiation phase.

TABLE 1 Summary of mapping the reads to the reference genome.

Library BuffDMA BuffDMB BuffDMC BuffGM1 BuffGM2 BuffGM3

Total reads 101,952,364 96,266,686 98,333,562 100,061,338 103,546,858 102,399,234

Mapped reads 97,884,766 92,213,475 94,448,761 96,226,375 100,023,977 98,508,495

Mapping rate 0.9601 0.9579 0.9605 0.9617 0.966 0.962

UnMapped reads 4,067,598 4,053,211 3,884,801 3,834,963 3,522,881 3,890,739

MultiMap reads 1,786,567 1,941,195 1,854,483 1,944,564 2,265,651 2,385,732

MultiMap rate 0.0175 0.0202 0.0189 0.0194 0.0219 0.0233

BuffGM and BuffDM represent buffalo muscle cells in the proliferative and differentiation stages, respectively.

to the buffalo reference genome (UOA_WB_1 assembly,

https://www.ncbi.nlm.nih.gov/genome). CuffLinks were used

for linear transcripts assembly and abundance assessment, and

then the reads from fusion transcripts that did not match

the linear RNA sequence were identified. The lncRNAs ≤

100 kb in length, with at least two support sequences, and

sequences with no more than two mismatches were retained for

further analysis.

Gene ontology and pathway analysis

Gene Ontology (GO) analysis (http://www.geneontology.

org) was used to explore potential functions of differentially

expressed mRNAs and lncRNAs. In addition, Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

analysis (http://www.kegg.jp) was also performed, and DAVID

was used to gain insight into the interactions and reaction
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FIGURE 2

Expression profiles of lncRNAs in proliferating and di�erentiating bu�alo myoblasts. (A) The distribution of expression levels of lncRNAs and

mRNAs. (B) The distribution of transcript lengths of lncRNAs and mRNAs. (C) The distribution of exon number of lncRNAs and mRNAs. (D) A

Jensen-Shannon divergence score was used to analyze the tissue expression specificity of lncRNAs and mRNAs. (E,F) The lncRNA and mRNA

with JS scores > 0.5 were screened and a heatmap was drawn according to their expression levels to verify their expression trends and tissue

expression specificities. Bu�GM represents bu�alo muscle cells at the proliferative phase and Bu�DM represents bu�alo muscle cells at the

di�erentiation phase.

networks of differentially expressed lncRNA molecules. The

–log10P value represents a significant enrichment of a given

GO term or KEGG pathway between up-regulated and

down-regulated entities.

CDNA synthesis and real-time
quantitative PCR

The total RNA was extracted from buffalo tissues and

myoblasts using Trizol reagent (TaKaRa, Dalian, China).

PrimeScriptTM RT kit (TaKaRa, Dalian, China) with gDNA

eraser was used to reverse transcribe the total RNA while

removing genomic DNA. The SYBR Green kit (TaKaRa, Dalian,

China) was used to perform qPCR in triplicate on a Bio-Rad

CF96 system (Bio-Rad, USA), and the data was normalized using

β-actin. The primers used are listed in Supplementary Table S1.

Plasmid construction

The full length of gene11007 (Supplementary Text S1) was

ligated intothe pcDNA3.1(+) vector in order to construct

an over-expression plasmid (Supplementary Table S1). The

recombinant plasmid was confirmed by sequencing analysis

(Sangon Biotech, Shanghai, China).

Cell culture and treatments

Isolation and culture of buffalo myoblasts were carried out

according to existing methods (30–33). The procedure used was

as follows: the longissimus dorsi muscle tissues of the 3 months

old buffalo fetuses were collected and cut into fragments after the

fascia fat was removed. The muscle tissue was washed with PBS

and digested with 300U of collagenase I (Gibco, Waltham, MA,

USA, Waltham, MA, USA) in a water bath at 37 ◦C for about

1 h. After digestion, the mixture was centrifuged at 600 g for

5min, the supernatant was discarded and 0.25% trypsin of equal

volume was added for further digestion at 37 ◦C for 20min.

After this step a viscous liquid formed and DMEM medium

(Gibco, Waltham, MA, USA) containing 10% FBS (Gibco,

Waltham, MA, USA) was added to terminate the digestion,

and the mixture was filtered successively through 100, 70 and

40 mesh filters, respectively. After a further centrifugation at

600 g for 5min, the supernatant was discarded and washed

2-3 times with PBS. After another centrifugation, the cells

were re-suspended with medium containing 20% fetal bovine
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FIGURE 3

Di�erentially expressed lncRNAs in proliferating and di�erentiating bu�alo myoblasts. (A–C) A heatmap, histogram and volcano plots of

thedi�erentially expressed lncRNAs in proliferating and di�erentiating bu�alo myoblasts. (D,E) The enriched GO terms and KEGG pathways are

shown. Bu�GM represents bu�alo muscle cells at the proliferative phase and Bu�DM represents bu�alo muscle cells at the di�erentiation phase.

serum and 1% penicillin and streptomycin. Finally, the cells

were inoculated into cell culture dishes and cultured in an

incubator at 37 ◦C with 5 % CO2 for 2 h. After that, the

supernatant was transferred to a new dish to obtain purified

myoblasts. Myoblast differentiation was induced with 2% horse

serum medium (Gibco, Waltham, MA, USA), and the buffalo

myoblasts were replaced with fresh medium every day, and the

cells were induced for 4 days for cell differentiation experiments.

Fluorescence in situ hybridization

FISH (ServiceBio Co. Ltd., Wuhan, China) was conducted as

follows: buffalo myoblast cells were cultured to 70 % confluence

and then treated with in situ hybridization fixation solution for

30min as instructed. The prepared premix was incubated with

the cells at 37 ◦C for 1 h. The fixed cells were then incubated

overnight with a mixed solution containing the gene11007

probe. After the cells were washed 2-3 times with PBS, DAPI

solution was added to the cells in a darkened environment

for 8min. Finally, the cells were observed using a fluorescent

microscope (Nikon, Tokyo, Japan).

EdU and CCK-8 assays

A CCK-8 (Vazyme, Nanjing, China) and the Cell-LightTM

Eduapollo R©567 in vitro imaging kit (RiboBio, Guangzhou,

China) were used to study the proliferation status of buffalo

myoblasts. The detailed procedures used strictly followed the

manufacturer’s instructions. EdU (n = 5) and CCK-8 (n = 5)

assays were performed at 18 h after transfection.
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FIGURE 4

Di�erentially expressed mRNAs in proliferating and di�erentiating bu�alo myoblasts. (A,B) A heatmap and histogram of the di�erentially

expressed lncRNAs in proliferating and di�erentiating bu�alo myoblasts. (C,D) The enriched GO terms and KEGG pathways are shown. Bu�GM

represents bu�alo muscle cells at the proliferative phase and Bu�DM represents bu�alo muscle cells at the di�erentiation phase.

Western blotting analysis

Protein was extracted using RIPA buffer containing 1

% PMSF (SolarBio, Beijing, China). A BCA kit (Beyotime,

Shanghai, China) was used to determine the protein

concentration. The isolated proteins were transferred

to polyvinylidene fluoride membranes after 10 % SDS

polyacrylamide gel electrophoresis. The membranes

were incubated overnight with primary antibodies to

cyclin D1 (Wanlei, Shenyang, China), PCNA (Wanlei,

Shenyang, China), CDK2 (Abcam Ltd., Cambridge, MA,

USA), MyoD (Abcam Ltd., Cambridge, MA, USA),

myogenin (MyoG; Abcam Ltd., Cambridge, MA, USA),

MyHC (Genetex, Southern California, USA) and β-

actin (Abcam, Cambridge, UK) at 4 ◦C. The membranes

were then incubated with the corresponding secondary

antibodies at room temperature for 1 h. After washing,

the membranes were exposed to ECL Plus (SolarBio,

Beijing, China) and the Chemidoc XRS+ system

(Bio-Rad, California, USA) was used for imaging the

resultant bands.

Statistical analyses

The data were expressed as the means ± SEMs. P-values

were calculated byusing the Student’s t-test and one-way

ANOVA. P < 0.05 was considered significantly different.

Results

Expression profiles of LncRNAs in
proliferating and di�erentiated bu�alo
myoblasts

A large number of RNAs were identified with high

accuracy in the proliferation and differentiation phases of

buffalo myoblasts by using Ribo-Zero RNA-Seq (Q30 = 94.7%,

Figure 1A). We used Pfam and Cpat databases to filter and

analyzed the protein coding ability predictions of new lncRNAs

through CPC and CNCI tools, and identified 9,978 potential

lncRNA transcripts (Figure 1B, Supplementary Table S2). As

shown in Figure 1C, Pearson correlation analysis showed
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FIGURE 5

Validation of putative lncRNAs. (A,B) 12 candidate lncRNAs were selected and identified using quantitative real-time PCR. (C,D) 12 candidate

lncRNAs were identified in fetal and adult bu�alo leg muscles and musculus longissimus using qPCR. The values are means ± SEMs for three

individuals. *represents P < 0.05.

that there is a good correlation between proliferating and

differentiated buffalo myoblasts. 96.2∼100 and 92.2∼97.9

millionmapped clean reads were obtained from the proliferating

and differentiated buffalo myoblasts (Table 1), respectively. We

found that 36.72% of reads were located in the exon regions,

while the non-coding portions, including the intergene (12.87%)

and intron regions (50.41%), dominated the distribution

(Figure 1D). As shown in Figures 1E,F, the average expression

level of lncRNA identified by RNA-seq was relatively low at 2.09

(FPKM; Supplementary Table S2). However, the protein-coding

genes showed higher levels of expression (16.79; Figure 2A,

Supplementary Table S3), suggesting that not every lncRNA

expressed in muscle plays an important regulatory role, but this

does not affect the role of lncRNA as an important player in

skeletal muscle development.

As one of the types of the non-coding RNAs, lncRNAs tend

to be shorter than the transcripts that can encode the protein. As

shown in Figure 2B, the average length of lncRNA is shorter than

that of mRNA. Similarly, compared with the protein-coding

genes, lncRNAs have fewer exons (Figure 2C). In addition, we

used the Jensen-Shannon divergence (JS) score to analyze the

specificity of the corresponding tissue expression of the lncRNAs

and protein coding genes, and found that they were similar

(Figure 2D). Moreover, according to the JS scores of lncRNAs

and mRNAs, the RNAs with JS scores >0.5 were screened and

a heat map was drawn according to their expression levels in

order to check their expression trends and tissue expression

specificities (Figures 2E,F).

Di�erentially expressed LncRNAs analysis

In this study, a total of 1,576 differentially expressed

lncRNAs (DELs) were screened (P < 0.05; Figure 3A,

Supplementary Table S2). We found that 427 lncRNAs

were down-regulated and 1,149 lncRNAs were up-regulated

(Figure 3B). It is worth mentioning that MSTRG.118857 (FPKM

= 3,518.98) and gene11007 (FPKM = 5,034.96) had the highest

expression levels among all up-regulated and down-regulated

lncRNAs, respectively. A volcano plot was drawn to better

understand the expression changes and potential functions of

lncRNAs (Figure 3C).
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FIGURE 6

Expression levels of 12 candidate lncRNAs in di�erent tissues obtained from fetal bu�aloes. The values are means ± SEMs for three individuals.

*represents P < 0.05.

LncRNAs can affect the transcription and translation

of coding genes in both cis and trans regulation. For

example, when a lncRNA acts as a molecular scaffold on

a chromosome, it can also perform cis regulation. However,

when it affects gene expression on another chromosome, trans

regulation can then allow it to play a role so as to act

as a miRNA sponge. The enriched GO terms and KEGG

pathways are shown in Figures 3D,E. Interestingly, many muscle

development-related genes (cis and trans’ target genes of

DELs) were enriched by GO and KEGG analysis, indicating

that lncRNAs are not simply acting as transcriptional noise,

but have corresponding transcriptional or post-transcriptional

regulatory effects.

To further understand the potential role of differentially

expressed protein-coding genes, we also analyzed the expression

abundance of transcripts in buffalo myoblasts during the

proliferation and differentiation phases (Figure 4). We found

that 2,921 mRNAs were significantly different in expression

(P < 0.05), and all the differentially expressed genes (DEGs)

are shown in Supplementary Table S3. 1,440 mRNAs were up-

regulated in samples from cells during the differentiation phase

when compared to the proliferation stage, while 1,481 mRNAs
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FIGURE 7

Expression levels of 12 candidate lncRNAs in di�erent tissues obtained from adult bu�aloes. The values are means ± SEMs for three individuals.

*represents P < 0.05.

were down regulated (Figures 4A,B). We performed GO and

KEGG enrichment analysis to shed additional light on the

potential functions of these DEGs. These GO annotations and

pathways may be involved in the growth and development of

buffalo skeletal muscles (Figures 4C,D).

Identification of candidate LncRNAs

In order to verify the accuracy of sequencing data, we

randomly selected 12 DELs for qPCR and compared the data

obtained with the sequencing data. It can be seen that the

qPCR results of these lncRNAs are basically similar to the

RNA-seq results, indicating the accuracy of the RNA-seq data

(Figures 5A,B). The expression of these 12 lncRNAs were

analyzed in the leg muscles and musculus longissimus during

the fetal and adult stages, and it was found that the change

in the trend of the lncRNAs in leg muscle was basically

consistent with that in e musculus longissimus (Figures 5C,D).

MSTRG.118857 and gene11007 had the highest expression

levels among all up-regulated and down-regulated lncRNAs,

respectively, indicating that these two genes may be important

in buffalo muscle growth and development. The expression level

of gene11007 in the proliferation phase of buffalo myoblasts

was significantly higher than that in the differentiation phase,

whereas MSTRG.118857 showed the opposite (Figures 5A,B).

Gene11007 expressed higher in fetal bovine was than that of

adult buffalo in both the longissimus dorsi muscle and leg
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FIGURE 8

Detection of bu�alo myoblasts di�erentiation-related proteins by overexpression of gene11007. (A) The results of fluorescence in situ

hybridization showed that gene11007 was mainly localized in the cytoplasm. (B,C) The expression of marker genes MyoD, MyoG and MyHC for

myocyte di�erentiation after 4 days of culture were measured by qPCR and western blotting. The values are means ± SEMs for three individuals.

*represents P < 0.05.

muscle (Figures 5C,D). Quite the contrary, MSTRG.118857 is

more abundant in adult buffalo. Therefore, we measured the

expression of these 12 lncRNAs in different tissues of buffalo,

in order to find potential lncRNAs specifically expressed in

skeletal muscle.

The expression of these 12 lncRNAs in the liver, brain, heart,

spleen, lungs, kidneys, leg muscles and longissimus muscles

of buffalo were measured during the fetal and adult stages.

In fetal buffalo it was found that MSTRG.118857, gene11007,

MSTRG.182355 and MSTRG.106567 were specifically expressed

in skeletal muscles, and had only low expression in other

tissues, indicating that these lncRNAs may play important

functions in skeletal muscle development (Figure 6). Similarly,

we found that MSTRG.118857, gene11007, MSTRG.172778, and

MSTRG.184717 were highly expressed in adult buffalo skeletal

muscle tissues (Figure 7). Of the lncRNAs selected, gene11007

and MSTRG.118857 were found to be significantly plentiful in

muscle than the other lncRNAs. This result was also consistent

with the sequencing results (Figure 5A). Among various tissues

of fetal bovine, the expression levels of gene11007 in the

longissimus dorsi and leg muscles were much higher than those

in other tissues (Figure 6). However, in adult buffaloes, there

was a significant decrease in the muscle content of gene11007.

The content of MSTRG.118857 in muscle did not change

significantly, while that of MSTRG.118857 in muscle was still

significantly higher than that of other tissues (Figure 7). This

means gene11007 may be specifically expressed in the fetal

bovine stage of buffalo. That is, it may play a special role in

the proliferation stage of buffalo muscle cells. Hence, gene11007

could be chosen as a candidate gene to explore it specific role in

muscle development both in vivo and in vitro.

E�ects of gene11007 on bu�alo
myoblasts di�erentiation

FISH of gene11007 during buffalo myoblasts proliferation

and differentiation showed that the gene was mainly localized in

the cytoplasm (Figure 8A). In addition, a gene11007 expression

plasmid was constructed and transfected into buffalo myoblasts

(Supplementary Figure S1) and qPCR and western blotting

techniques were used to assess the changes in expression levels

of key genes, MyoD, MyoG and MyHC, during skeletal muscle

development after 4 days of buffalo myoblast differentiation.

The results showed that gene11007 had no significant effect

on cell differentiation (P > 0.05; Figures 8B,C). However,
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FIGURE 9

Assessment of bu�alo myoblast proliferation by overexpression of gene11007. (A,B) EdU assays were performed with 5 visual fields for each

group. (C) CCK-8 cell proliferation assays, n = 5. (D) Quantitative measurements of mRNA expression of key genes during cell proliferation. (E)

Protein expression ofkey genes during cell proliferation. The values are means ± SEMs for three individuals. *represents P < 0.05. The scale bars

represent 200 µm.

the qPCR results of MyoG showed that gene11007 had a

trend of promoting the differentiation of buffalo myoblasts,

in contrast to MyoD and MyHC. First, the significance of

the results with respect to MyoG was not obvious, indicating

that this contribution was minimal. Second, MyoD acts during

embryonic development and is responsible for activating

myoblasts. The product of MyHC is myosin heavy chain,

which is the main structure and contraction protein of skeletal

muscle. MyoG regulates myogenesis by controlling the fusion

of myoblasts and the formation of muscle fibers, which are key
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factors in the terminal differentiation of muscle cells. Therefore,

the action modes of the three marker genes for muscle cell

differentiation are different, and the action relationship between

them is not necessary. Therefore, gene11007may have a negative

regulatory effect on MyoG, resulting in such an opposite trend.

E�ects of gene11007 on cell proliferation

EdU staining analysis showed that compared with the

control group, gene11007 increased the proportion of EdU-

positive cells, indicating that this gene had a promoting effect on

cell proliferation (Figures 9A,B). In addition, by using the CCK-

8 assay, it was found that gene11007 could significantly induce

cell viability during cell proliferation (P < 0.05; Figure 9C).

QPCR and western blotting were used to assess the effect of

key proteins, PCNA, cyclin D1 and CDK2, on cell proliferation.

It was found that gene11007 increased the expression of

PCNA, cyclin D1 and CDK2 at the mRNA and protein levels

(Figures 9D,E). These results suggest that gene11007 promoted

buffalo myoblasts proliferation.

Discussion

The swamp buffalo is widely distributed in southern China

and plays an important role in agricultural farming. In recent

decades, the increased levels of mechanization used in farming,

has gradually replaced the labor value of buffaloes. However,

the meat from buffaloes has alien consistency and delicate

quality, and is potentially a good prospect for improving

through cattle cross-breeding (34–36). Skeletal muscle accounts

for about 40% of the body weight of mammals. Therefore,

understanding the development of skeletal muscle is of great

significance for improving the best meat traits of the Chinese

buffalo. However, this is not readily feasible by performing in

vivo studies. Therefore, we used cultured myoblasts in vitro to

analyze the effects of lncRNAs on cell differentiation. In this

study, the Ribo-Zero RNA-Seq method was used to explore

the lncRNA expression profiles of buffalo myoblasts during

the proliferation and differentiation phases. 9,978 candidates

were found in myoblasts samples with 1,576 lncRNAs that

were differentially expressed between the proliferation and

differentiation phases (30–33).

Studies have shown that lncRNAs regulate gene expression

during the growth and development of different tissues in

mammals, including muscle. LncRNAs can have a variety of

regulatory mechanisms depending on its localization in the cell.

In the nucleus, lncRNAs can act molecular scaffolds or decoys so

as to bind regulatory elements or they can recruit transcription

factors to mediate gene transcription (37–40). In the cytoplasm,

lncRNAs can act as ceRNAs to competitively bind to miRNAs,

thereby reducing their inhibitory effects on target gene (41–

45). However, these molecular regulation mechanisms affecting

muscle development are still unclear.

MSTRG.118857 and gene11007 had the highest expression

levels among all up-regulated and down-regulated lncRNAs,

respectively, and therefore, they may be potentially important in

modulating myoblast differentiation. Tissue expression analysis

of buffaloes showed that MSTRG.118857 and gene11007 were

specifically expressed in skeletal muscles with relatively low

expression in other tissues, indicating their potential roles

in muscle development. On further study it was found that

gene11007 was mainly located in the cytoplasm, indicating that

it may play a role in binding to RNA-binding proteins or

miRNAs. Overexpression of gene11007 in buffalo myoblasts was

shown to promote cell proliferation, indicating that it plays a

regulatory role in myogenesis (46).

Conclusions

This study aimed to map the expression of mRNAs

and lncRNAs in buffalo myoblasts during proliferation and

differentiation. A large number of lncRNAs were identified,

and several of them were highly and specifically expressed in

buffalo myoblasts and skeletal tissues. Gene11007, was one of

the most down-regulated lncRNAs during buffalo myoblasts

differentiation. Our research provides genetic resources for in-

depth understanding of the regulatory effects of lncRNAs in

muscles as well as a new perspective for screening molecular

targets for buffalo breeding.

Data availability statement

The datasets presented in this study can be found in

online repositories. The names of the repository/repositories

and accession number(s) can be found in the

article/supplementary material.

Ethics statement

The animal study was reviewed and approved by the

Institutional Animal Care and Use Committee at the College of

Agriculture, Ningxia University.

Author contributions

YM, NZ, and HL designed the experiments. SW, YZ, GX,

and XW collected the experimental tissues. GX, MJ, SD, and PS

analyzed the data and interpreted the results. GX and YM wrote

the manuscript with input from all the authors. GX, XW, andMJ

participated in designing the structure of the article. All authors

read and approved the final manuscript.

Frontiers in Veterinary Science 12 frontiersin.org

https://doi.org/10.3389/fvets.2022.857044
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zhang et al. 10.3389/fvets.2022.857044

Funding

This work was supported by the Guangxi Natural Science

Foundation (AD20159062 and 2020GXNSFBA297148), the

National Natural Science Foundation of China (32072720,

31802043, and 31672403), Key Research and Development

Projects in Ningxia Hui Autonomous Region (2019YCZX0068,

2021BEF01002, and 2021NXZD1), Autonomous Region Science

and Technology Innovation Leading Talent Training Project in

Ningxia (2020GKLRLX02), and the Leading Talents Fund in

Science and Technology Innovation in Henan Province (No.

194200510022).

Acknowledgments

The authors would like to thank Dr. Dev Sooranna, Imperial

College London, for editing the manuscript.

Conflict of interest

Authors NZ and SD were employed by Guangxi Guiken

Animal Husbandry Co., Ltd.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fvets.2022.857044/full#supplementary-material

SUPPLEMENTARY TABLE S1

The primers used for quantitative real time PCR in this study.

SUPPLEMENTARY TABLE S2

LncRNAs when identified by transcriptome sequencing.

SUPPLEMENTARY TABLE S3

MRNAs when identified by transcriptome sequencing.

SUPPLEMENTARY FIGURE S1

The e�ciency of gene11007 overexpression vector.

SUPPLEMENTARY TEXT S1

The gene11007 sequence in the bu�alo genome.

References

1. O’Quinn TG, Legako J F, Brooks J C,MillerMF. Evaluation of the contribution
of tenderness, juiciness, and flavor to the overall consumer beef eating experience.
Transl Anim Sci. (2018) 2:26–36. doi: 10.1093/tas/txx008

2. Scollan ND, Price EM, Morgan SA, Huws SA, Shingfield KJ. Can we
improve the nutritional quality of meat? Proc Nutr Soc. (2017) 76:603–
18. doi: 10.1017/S0029665117001112

3. Liu XF, Ding XB, Li X, Jin CF, Yue YW, Li GP, et al. An atlas and analysis
of bovine skeletal muscle long noncoding RNAs. Anim Genet. (2017) 48:278–
86. doi: 10.1111/age.12539

4. Sun X, Li M, Sun Y, Cai H, Lan X, Huang Y, et al. The developmental
transcriptome sequencing of bovine skeletal muscle reveals a long noncoding RNA,
lncMD, promotes muscle differentiation by sponging miR-125b. Biochim Biophys
Acta. (2016) 1863:2835–45. doi: 10.1016/j.bbamcr.2016.08.014

5. Lapointe CP, Wickens M. RNA tagging: preparation of high-
throughput sequencing libraries. Methods Mol Biol. (2018) 1649:455–
71. doi: 10.1007/978-1-4939-7213-5_30

6. Le Gallo M, Lozy F, Bell DW. Next-generation sequencing. Adv Exp Med Biol.
(2017) 943:119–48. doi: 10.1007/978-3-319-43139-0_5

7. Yu X, Zhai Q, Fu Z, Hong Y, Liu J, Li H, et al. Comparative analysis of
microRNA expression profiles of adult Schistosoma japonicum isolated fromwater
buffalo and yellow cattle. BMC. (2019) 12:196. doi: 10.1186/s13071-019-3450-7

8. Dumont NA, Bentzinger CF, Sincennes M, Rudnicki MA.
Satellite cells and skeletal muscle regeneration. Compr Physiol. (2015)
5:1027–59. doi: 10.1002/cphy.c140068

9. Lipina C, Hundal HS. Lipid modulation of skeletal muscle mass and
function. J Cachexia Sarcopenia Muscle. (2017) 8:190–201. doi: 10.1002/
jcsm.12144

10. Relaix F, Rocancourt D, Mansouri A, Buckingham M. A Pax3/Pax7-
dependent population of skeletal muscle progenitor cells. Nature. (2005) 435:948–
53. doi: 10.1038/nature03594

11. Yang Q, Yu J, Yu B, Huang Z, Zhang K, Wu D, et al. PAX3(+) skeletal muscle
satellite cells retain long-term self-renewal and proliferation.Muscle Nerve. (2016)
54:943–51. doi: 10.1002/mus.25117

12. Kuang S, Kuroda K, Le Grand F, Rudnicki MA. Asymmetric self-
renewal and commitment of satellite stem cells in muscle. Cell. (2007) 129:999–
1010. doi: 10.1016/j.cell.2007.03.044

13. Suwa M, Nakamura T, Katsuta S. Muscle fibre number is a possible
determinant of muscle fibre composition in rats. Acta Physiol Scand. (1999)
167:267–72. doi: 10.1046/j.1365-201x.1999.00610.x

14. Chen X, Gao B, Ponnusamy M, Lin Z, Liu J. MEF2 signaling and human
diseases. Oncotarget. (2017) 8:112152–65. doi: 10.18632/oncotarget.22899

15. Sousa-Victor P, García-Prat L, Muñoz-Cánoves P. Control of satellite cell
function in muscle regeneration and its disruption in ageing.Nat Rev Mol Cell Biol.
(2022) 23:204–26. doi: 10.1038/s41580-021-00421-2

16. Jarroux J, Morillon A. Pinskaya M. History, discovery, and classification of
lncRNAs. Adv Exp Med Biol. (2017) 1008:1–46. doi: 10.1007/978-981-10-5203-3_1

17. Qiu Y, Wu Y, Lin M, Bian T, Xiao Y-L, Qin C. LncRNA-MEG3
functions as a competing endogenous RNA to regulate Treg/Th17
balance in patients with asthma by targeting microRNA-17/ RORγt.
Biomed Pharmacother. (2019) 111:386–94. doi: 10.1016/j.biopha.2018
.12.080

18. Quinn JJ, Chang HY. Unique features of long non-coding RNA
biogenesis and function. Nat Rev Genet. (2016) 17:47–62. doi: 10.1038/nrg
.2015.10

Frontiers in Veterinary Science 13 frontiersin.org

https://doi.org/10.3389/fvets.2022.857044
https://www.frontiersin.org/articles/10.3389/fvets.2022.857044/full#supplementary-material
https://doi.org/10.1093/tas/txx008
https://doi.org/10.1017/S0029665117001112
https://doi.org/10.1111/age.12539
https://doi.org/10.1016/j.bbamcr.2016.08.014
https://doi.org/10.1007/978-1-4939-7213-5_30
https://doi.org/10.1007/978-3-319-43139-0_5
https://doi.org/10.1186/s13071-019-3450-7
https://doi.org/10.1002/cphy.c140068
https://doi.org/10.1002/jcsm.12144
https://doi.org/10.1038/nature03594
https://doi.org/10.1002/mus.25117
https://doi.org/10.1016/j.cell.2007.03.044
https://doi.org/10.1046/j.1365-201x.1999.00610.x
https://doi.org/10.18632/oncotarget.22899
https://doi.org/10.1038/s41580-021-00421-2
https://doi.org/10.1007/978-981-10-5203-3_1
https://doi.org/10.1016/j.biopha.2018.12.080
https://doi.org/10.1038/nrg.2015.10
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zhang et al. 10.3389/fvets.2022.857044

19. Ballantyne MD, Pinel K, Dakin R, Vesey AT, Diver L,
Mackenzie R, et al. Smooth Muscle Enriched Long Noncoding RNA
(SMILR) regulates cell proliferation. Circulation. (2016) 133:2050–
65. doi: 10.1161/CIRCULATIONAHA.115.021019

20. Huang ZY, Li L, Li QQ, Liu XD, Li CC. [The effect of lncRNA
TCONS_00815878 on differentiation of porcine skeletal muscle satellite cells]. Yi
chuan. (2019) 41:1119–28. doi: 10.16288/j.yczz.19-146

21. Zhang Z, Li J, Guan D, Liang C, Zhou Z, Liu J, et al. A newly
identified lncRNA MAR1 acts as a miR-487b sponge to promote skeletal muscle
differentiation and regeneration. J Cachexia Sarcopenia Muscle. (2018) 9:613–
26. doi: 10.1002/jcsm.12281

22. Bridges MC, Daulagala AC, Kourtidis A. LNCcation: lncRNA localization
and function. J Cell Biol. (2021) 220:e202009045. doi: 10.1083/jcb.202009045

23. Wang L, Zhao Y, Bao X, Zhu X, Kwok Y, Sun K, et al. LncRNA Dum interacts
with Dnmts to regulate Dppa2 expression during myogenic differentiation and
muscle regeneration. Cell Res. (2015) 25:335–50. doi: 10.1038/cr.2015.21

24. Lei X, Li L, Duan X. Long non-coding RNA ABHD11-AS1 promotes
colorectal cancer development through regulation of miR-133a/SOX4 axis. Biosci
Rep. (2018) 38:BSR20181386. doi: 10.1042/BSR20181386

25. Li H, Yang J, Jiang R, Ma Y, Hu L, Chen H. Long non-coding
RNA profiling reveals an abundant MDNCR that promotes differentiation of
myoblasts by sponging miR-133a. Mol Ther Nucleic Acids. (2018) 12:610–
25. doi: 10.1016/j.omtn.2018.07.003

26. Paraskevopoulou MD, Hatzigeorgiou AG. Analyzing MiRNA-
LncRNA interactions. Methods Mol Biol. (2016) 1402:271–
86. doi: 10.1007/978-1-4939-3378-5_21

27. Li H, Trager LE, Liu X, Hastings MH, Xiao C, Guerra J, et al. lncExACT1 and
DCHS2 regulate physiological and pathological cardiac growth. Circulation. (2022)
145:1218–33. doi: 10.1161/CIRCULATIONAHA.121.056850

28. Zhang R, Hao Y, Zhang J. The lncRNA DANCR promotes development of
atherosclerosis by regulating the miR-214-5p/COX20 signaling pathway. Cell Mol
Biol Lett. (2022) 27:15. doi: 10.1186/s11658-022-00310-2

29. Vacante F, Rodor J, Lalwani MK, Mahmoud AD, Bennett M, De Pace AL, et
al. CARMN loss regulates smooth muscle cells and accelerates atherosclerosis in
mice. Circ Res. (2021) 128:1258–75. doi: 10.1161/CIRCRESAHA.120.318688

30. Giraldez M D, Spengler R M, Etheridge A, Goicochea AJ, Tuck M, Choi SW,
et al. Phospho-RNA-seq: a modified small RNA-seq method that reveals circulating
mRNA and lncRNA fragments as potential biomarkers in human plasma. EMBO J.
(2019) 38:e101695. doi: 10.15252/embj.2019101695

31. Huang K, Chen M, Zhong D, Luo X, Feng T, Song M, et al. Circular
RNA profiling reveals an abundant circech1 that promotes myogenesis and
differentiation of bovine skeletal muscle. J Agric Food Chem. (2021) 69:592–
601. doi: 10.1021/acs.jafc.0c06400

32. Kamitani M, Kashima M, Tezuka A, Nagano AJ. Lasy-Seq: a high-
throughput library preparation method for RNA-Seq and its application in

the analysis of plant responses to fluctuating temperatures. Sci Rep. (2019)

9:7091. doi: 10.1038/s41598-019-43600-0

33. Owens NDL, De Domenico E, Gilchrist MJ. An RNA-Seq protocol for
differential expression analysis. Cold Spring Harb Protoc. (2019) 2019:498–
506. doi: 10.1101/pdb.prot098368

34. Infascelli F, Gigli S, Campanile G. Buffalo meat production:
performance infra vitam and quality of meat. Vet Res Commun. (2004)
28:143–8. doi: 10.1023/B:VERC.0000045392.42902.7e

35. Lambertz C, Panprasert P, Holtz W, Moors E, Wicke JM, Gauly M.
Carcass characteristics and meat quality of swamp buffaloes (Bubalus bubalis)
fattened at different feeding intensities. Asian-Australas J Anim Sci. (2014) 27:551–
60. doi: 10.5713/ajas.2013.13555

36. Oswin Perera BM. Reproduction in water buffalo: comparative aspects and
implications for management. J Reprod Fertil Suppl. (1999) 54:157–68.

37. Wang X, Hu X, Song W, Xu H, Xiao Z, Huang R, et al. Mutual
dependency between lncRNA LETN and protein NPM1 in controlling the
nucleolar structure and functions sustaining cell proliferation. Cell Res. (2021)
31:664–83. doi: 10.1038/s41422-020-00458-6

38. Liu H, Zou Y, Zhu W, Liu S, Zhang G, Ma R, et al. lncRNA THAP7-
AS1, transcriptionally activated by SP1 and post-transcriptionally stabilized
by METTL3-mediated m6A modification, exerts oncogenic properties by
improving CUL4B entry into the nucleus. Cell Death Differ. (2022) 29:627–
41. doi: 10.1038/s41418-021-00879-9

39. Wang Z, Chen X, Liu N, Shi Y, Liu Y, Ouyang L, et al. A
nuclear long non-coding RNA LINC00618 accelerates ferroptosis in a manner
dependent upon apoptosis.Mol Ther. (2021) 29:263–74. doi: 10.1016/j.ymthe.2020.
09.024

40. Przanowska RK, Weidmann CA, Saha S, Cichewicz MA, Jensen
KN, Przanowski P, et al. Distinct MUNC lncRNA structural domains
regulate transcription of different promyogenic factors. Cell Rep. (2022)
38:110361. doi: 10.1016/j.celrep.2022.110361

41. Li H, Huang K, Wang P, Feng T, Shi D, Cui K, et al. Comparison of long
non-coding RNA expression profiles of cattle and buffalo differing in muscle
characteristics. Front Genet. (2020) 11:98. doi: 10.3389/fgene.2020.00098

42. Sun W, Yang Y, Xu C, Guo J. Regulatory mechanisms of long
noncoding RNAs on gene expression in cancers. Cancer Genet. (2017) 216:105–
10. doi: 10.1016/j.cancergen.2017.06.003

43. Tang X, Feng D, Li M, Zhou J, Li X, Zhao D, et al. Transcriptomic Analysis of
mRNA-lncRNA-miRNA interactions in hepatocellular carcinoma. Sci Rep. (2019)
9:16096. doi: 10.1038/s41598-019-52559-x

44. Wang S, Jin J, Xu Z, Zuo B. Functions and regulatory mechanisms of
lncRNAs in skeletal myogenesis, muscle disease and meat production. Cells. (2019)
8:1107. doi: 10.3390/cells8091107

45. Luo W, Wang J, Xu W, Ma C, Wan F, Huang Y, et al. LncRNA RP11-
89 facilitates tumorigenesis and ferroptosis resistance through PROM2-activated
iron export by sponging miR-129-5p in bladder cancer. Cell Death Dis. (2021)
12:1043. doi: 10.1038/s41419-021-04296-1

46. Taylor MV, Hughes SM. Mef2 and the skeletal muscle differentiation
program. Semin Cell Dev Biol. (2017) 72:33–44. doi: 10.1016/j.semcdb.2017.11.020

Frontiers in Veterinary Science 14 frontiersin.org

https://doi.org/10.3389/fvets.2022.857044
https://doi.org/10.1161/CIRCULATIONAHA.115.021019
https://doi.org/10.16288/j.yczz.19-146
https://doi.org/10.1002/jcsm.12281
https://doi.org/10.1083/jcb.202009045
https://doi.org/10.1038/cr.2015.21
https://doi.org/10.1042/BSR20181386
https://doi.org/10.1016/j.omtn.2018.07.003
https://doi.org/10.1007/978-1-4939-3378-5_21
https://doi.org/10.1161/CIRCULATIONAHA.121.056850
https://doi.org/10.1186/s11658-022-00310-2
https://doi.org/10.1161/CIRCRESAHA.120.318688
https://doi.org/10.15252/embj.2019101695
https://doi.org/10.1021/acs.jafc.0c06400
https://doi.org/10.1038/s41598-019-43600-0
https://doi.org/10.1101/pdb.prot098368
https://doi.org/10.1023/B:VERC.0000045392.42902.7e
https://doi.org/10.5713/ajas.2013.13555
https://doi.org/10.1038/s41422-020-00458-6
https://doi.org/10.1038/s41418-021-00879-9
https://doi.org/10.1016/j.ymthe.2020.09.024
https://doi.org/10.1016/j.celrep.2022.110361
https://doi.org/10.3389/fgene.2020.00098
https://doi.org/10.1016/j.cancergen.2017.06.003
https://doi.org/10.1038/s41598-019-52559-x
https://doi.org/10.3390/cells8091107
https://doi.org/10.1038/s41419-021-04296-1
https://doi.org/10.1016/j.semcdb.2017.11.020
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Buffalo long non-coding RNA gene11007 promotes myoblasts proliferation
	Introduction
	Materials and methods
	Sample preparation
	Preparation of libraries and illumina sequencing
	Gene ontology and pathway analysis
	CDNA synthesis and real-time quantitative PCR
	Plasmid construction
	Cell culture and treatments
	Fluorescence in situ hybridization
	EdU and CCK-8 assays
	Western blotting analysis
	Statistical analyses

	Results
	Expression profiles of LncRNAs in proliferating and differentiated buffalo myoblasts
	Differentially expressed LncRNAs analysis
	Identification of candidate LncRNAs
	Effects of gene11007 on buffalo myoblasts differentiation
	Effects of gene11007 on cell proliferation

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


