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Buffalo breeding has become an important branch of the beef cattle industry. Hence, it

is of great significance to study buffalo meat production and meat quality. However, the

expression profiles of mRNA and long non-coding RNAs (lncRNA) molecules in muscle

stem cells (MuSCs) development in buffalo have not been explored fully. We, therefore,

performed mRNA and lncRNA expression profiling analysis during the proliferation

and differentiation phases of MuSCs in buffalo. The results showed that there were

4,820 differentially expressed genes as well as 12,227 mRNAs and 1,352 lncRNAs.

These genes were shown to be enriched in essential biological processes such as

cell cycle, p53 signaling pathway, RNA transport and calcium signaling pathway. We

also identified a number of functionally important genes, such as MCMC4, SERDINE1,

ISLR, LOC102394806, and LOC102403551, and found that interference with MYLPF

expression significantly inhibited the differentiation of MuSCs. In conclusion, our research

revealed the characteristics of mRNA and lncRNA expression during the differentiation of

buffalo MuSCs. This study can be used as an important reference for the study of RNA

regulation during muscle development in buffalo.

Keywords: buffalo, muscle stem cells, mRNAs, non-coding RNAs, myogenesis

INTRODUCTION

There is an annual increase in the global consumption of beef and it is an indispensable food in our
modern society, and therefore the beef cattle industry occupies an increasingly important position
in modern agricultural practices (Bonny et al., 2015). According to statistics, in 2019, China’s beef
production was 6.85 million tons and beef imports were 1.66 million tons with a year-on-year
increase of approximately 57%. It is anticipated that China’s future beef demand will continue to
rise. Therefore, China urgently needs a viable and thriving beef cattle industry in order to provide its
society with larger amounts of high-quality beef (Mwangi et al., 2019; Ornaghi et al., 2020). There is
a need for us to conduct research on the growth and meat quality of locally produced beef as well as
to explore the potential molecular information of breeding stocks so as to provide reference values
for future breeding protocols (Grigoletto et al., 2020).
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FIGURE 2 | RNA-seq analysis of buffalo MuSCs during proliferation and differentiation. (A) RNA-seq information statistics of samples. (B) Mapped reads distribution.

(C) The distribution for the reads in different chromosomes.

TABLE 1 | PolyA-seq statistics of the different results obtained.

Differential type Upregulated Downregulated Total

Genes 2,979 1,841 4,820

mRNAs 7,505 4,722 12,227

lncRNAs 831 521 1,352

Profiles of DE Genes, mRNAs, and lncRNAs
During Differentiation of Buffalo MuSCs
Analysis of sequencing data revealed that a total of
31,819 genes, 57,640 mRNAs, and 11,357 lncRNAs were
involved in the proliferation and differentiation of MuSCs
(Supplementary Table 1). We also performed heatmaps
and volcano plots for the genes, mRNAs, and lncRNAs
in MuSCs (|log2 (FoldChange)|>1, Q-value <0.05)
(Supplementary Figure S2). There were 4,820 DEGs, 12,227
DE mRNAs, and 1,352 DE lncRNAs (Supplementary Tables 2–
4). Compared with the GM samples of MuSCs, 2,979 genes
(61.80%), 7,505 mRNAs (61.38%), and 831 lncRNAs (61.46%)
were upregulated, while 1,841 genes (38.20%), 4,722 mRNAs
(38.62%), and 521 lncRNAs (38.54%) were downregulated in
DM samples of MuSCs (Table 1).

Signal Pathway Enrichment Analysis of
DEGs Between Proliferation and
Differentiation Phases of Buffalo MuSCs
Since wemainly analyzedmRNAs transcripts, and also involved a
small number of known lncRNAs, we did not perform functional

correlation analysis on these lncRNAs. We performed GO and
KEGG enrichment analysis on the related regulatory DEGs in
the processes of proliferation, differentiation, transformation,
and maturation. This produced signal pathway information
which was then used to predict the functions and mechanisms
of the mRNAs (Supplementary Tables 5, 6). The results of
pathway analysis of DEGs showed that GO analyzed and
annotated these into three main categories: biological processes,
cellular components, and molecular functions, including ATP
binding and nucleus RNA-directed DNA polymerase activity
(Figure 3). In addition, we employed KEGG pathway enrichment
analysis to further understand the biological functions and
molecular interactions of most DEGs with the assumption that
the identified pathways may be involved in the development
and growth of buffalo skeletal muscle. We found more than
300 pathways to be enriched, and the top 30 most significant
terms were uncovered, including biological processes such
as cell cycle, p53 signaling pathway, RNA transport, and
calcium signaling pathway (Figure 4). In short, these signal
pathways related to DEGs play an important role in the
regulation of MuSC proliferation and differentiation, which
provides an important basis for subsequent research on
buffalo myogenesis.

The Verification of DEGs and DE lncRNAs
in MuSCs
Based on the expression levels of DEGs and DE lncRNAs,
including 12 genes (MCM4, MCM7, SERDINE1, SEMA7A,
C1QTNF6, CPZ, VDR, PLAC9, ISLR, MyOG, PCNA, and
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FIGURE 3 | Gene ontology (GO) analysis. (A) GO analysis of DEGs in the GM samples of MuSCs. (B) GO analysis of DEGs in the DM samples of MuSCs.

FIGURE 4 | Kyoto Encyclopedia of Genes and Genomes pathway analysis. (A) Top 30 KEGG terms of DEGs in the GM samples of MuSCs. (B) Top 30 KEGG terms

of DEGs in the DM samples of MuSCs.

cyclin D1) related to the cell cycle, actin cytoskeleton, cell
differentiation, and lipid metabolism (Figures 5A,B), and
seven random lncRNAs (LOC102403551, LOC112586870,
LOC112584513, LOC102399397, LOC112581569,
LOC102395296, and LOC102394806; Figure 5C), were
selected for RT-qPCR verification. After comparisons with
the RNA-seq data, similar expression trends for RT-qPCR were
discovered, showing the strong consistency between RT-qPCR
and RNA-seq data.

The Role of MYLPF in Buffalo MuSCs
We identified a dysregulated gene, MYLPF, which was shown to
be upregulated significantly (by almost 60-fold) in DM compared
with GM samples when measured by RT-qPCR (Figure 6A).
In addition, MYLPF was expressed in various tissues, such as
heart and liver and the highest expression levels seen in muscle
(Figure 6B). A previous report also showed that the relationship
between MYLPF and meat quality can be used as an important
genetic consideration when dealing with gene-assisted selection
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FIGURE 5 | Validation of the expression levels of DEGs, DE lncRNAs by RT-qPCR. (A,B) The validation results of DEGs and (C) DE lncRNAs. The data are present as

means ± SDs, n = 3 per group. ***P < 0.001.
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programs. This suggests thatMYLPF may play an important role
in muscle development. Therefore,MYLPF was selected for more
in-depth study in order to further explore its potential functions
in MuSCs.

Subsequently, interference vector (sh-MYLPF-A/B/C/NC)
plasmids were introduced into the 293T cell line which is derived
from human embryonic kidney 293 cells and contains the SV40
T-antigen. After 24 h, the reporter gene, green fluorescence
protein (GFP), was found to be expressed in the transfected
cells, with a strong fluorescence observed under the fluorescence
microscope (Supplementary Figure S3). Further qPCR showed
that the expression levels of MYLPF declined by 70% in the
transfected cells with the sh-MYLPF-A plasmid (Figure 6C).

Sh-MYLPF-A vectors were then transferred into P2 MuSCs
(Supplementary Figure S4). The cells were cultured for a further
24 h, followed by replacement of the medium with myogenic
differentiation medium. On the fourth day, the knockdown of
MYLPF was found to have inhibited the formation of myotubes
(Figure 6D). The marker gene of myoblast differentiation,
MyoD1, was then measured by qPCR. The results showed that
there were significantly lower levels ofMYLPF in the knockdown
group compared to the controls (Figure 6E). These findings
suggested that MYLPF knockdown inhibited differentiation
of MuSCs.

DISCUSSION

Currently, the global population is 7.7 billion, and it is expected
to exceed 9 billion by 2050 (Bonny et al., 2015). By then, mankind
will face a bigger challenge of food provision for the growing
population, and this will have a major impact on global meat
consumption which will increase accordingly (Ornaghi et al.,
2020). Muscle development is an important factor that affects
the growth rate, meat yield, meat quality, and other important
economic traits of livestock, and this process is dependent on the
proliferation and differentiation of MuSCs (Feige and Rudnicki,
2018; Boscolo Sesillo et al., 2020).

Initially, we established a successful protocol for in vitro
culture of buffalo MuSCs, which provided a good working
foundation for subsequent research on candidate factors that
regulate buffalo muscle development. With the rise of in vitro
cultured meat such as laboratory meat, the role played by
MuSCs is becoming more important. The in vitro cultured meat
production technology is still in its infancy, and it is necessary
to strengthen and improve the technical systems involved in
MuSCs production of beef (Bhat et al., 2017). Therefore, buffalo
MuSCs can play an important role in the emerging research
fields of animal husbandry, such as providing improvement of
buffalo meat quality and production as well as increasing our
biochemical knowledge of MuSCs in vitro.

In this study, we constructed the expression profiles ofmRNAs
and lncRNAs in the process of myogenic differentiation of
buffalo MuSCs. During this process, a total of 4,820 genes,
12,227 mRNAs, and 1,352 lncRNAs were differentially expressed.
Among them, 2,979 genes, 7,505 mRNAs, and 831 lncRNAs were
significantly related to the myogenic differentiation of these cells,

and they affected the formation of myoblasts and the fusion of
myotubes. In addition, we performed target gene analysis on
differentially expressed lncRNAs, and obtained many lncRNAs-
target gene relationship networks. We can indirectly predict
the function of the candidate lncRNA through the target gene
(Supplementary Tables 7, 8). Previous studies had confirmed
that compared with cattle, buffalo muscles have larger muscle
fiber diameters and poorer meat texture. Of course, myotube
fusion is an important factor affecting the formation of muscle
fibers (Picard and Gagaoua, 2020). The mRNAs and lncRNAs
which are related to myogenic differentiation of MuSCs may
regulate the diameter of muscle fibers through myotube fusion,
which further affected the quality of meat. We also found some
key signal transduction pathways, such as p53 signal transduction
pathway, TGF-β signal pathway, calcium signal transduction
pathway that were related to these RNAs. These signal pathways
are involved in cell development and maintenance of muscle
structure and function, suggesting that they were also likely to be
important regulatory signals for regulating buffalo muscle fiber
hypertrophy (Liu et al., 2018; Valle-Tenney et al., 2020).

We also randomly selected a batch of candidate molecules
for verification, and their expression trends were found to
be consistent with the RNA-seq results, indicating that the
sequencing data was reliable. We found that genes such as
VDR, PLAC9, ISLRwere involved in the myogenic differentiation
process of MuSCs, but their molecular mechanisms needed
to be further explored (Bass et al., 2020; Cui et al., 2020).
It had been confirmed that the immunoglobulin superfamily
containing leucine-rich repeats (ISLR) promoted skeletal muscle
regeneration by activating canonical Wnt signaling. Loss of
function of ISLR resulted in defective differentiation of myoblasts
leading to a block in myotube formation (Zhang et al., 2018).
Therefore, ISLR may be an important biological regulator to
control buffalo muscle development. It had also been reported
that MYLPF was one of the muscle-derived marker genes
involved in the process of muscle metabolism and related to meat
quality traits (Rosa et al., 2018; Chong et al., 2020). As one of
the muscle markers, MYLPF is expected to become a target for
regulating the quality traits of buffalo meat (Silva et al., 2019).
We also found that decreasedMYLPF was linked to an inhibition
of myogenic differentiation of buffalo MuSCs, but the molecular
mechanism of this phenomenon is not yet fully understood.
Therefore, how MYLPF regulates buffalo muscle regeneration is
worthy of further investigation.

At present, lncRNA is also one of the research hotspots in
the field of ncRNA (Martone et al., 2019). However, we only
discovered the number of known lncRNAs and their expression
levels involved in the myogenic differentiation of MuSCs.
Then, we screened out a batch of potential candidate lncRNAs,
such as LOC102403551, LOC112586870, and LOC102394806.
These potential candidate lncRNAs may affect the myoblast
differentiation of MuSCs by regulating gene expression through
miRNAs, RPBs, and other ways (Chi et al., 2019; Xu et al., 2019;
Guo et al., 2020; Liu et al., 2020). In future studies, we and
others will also investigate the interactions between lncRNAs and
enhancers in order to regulate fate of MuSCs (Lin et al., 2019;
Nikonova et al., 2019;Williams et al., 2020). The biological effects

Frontiers in Genetics | www.frontiersin.org 8 July 2021 | Volume 12 | Article 643497

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Zhang et al. Buffalo Differentiated MuSCs Expression Profiles

FIGURE 6 | Expression and characterization of MYLPF in buffalo skeletal muscle. (A) Validation of the expression of MYLPF by RT-qPCR. (B) The expression levels of

MYLPF in different tissues of buffalo. (C) The interference efficiency of MYLPF was measured by RT-qPCR. (D) Inhibition of MYLPF expression on myotubule

formation. (E) The mRNA expression of myogenesis marker gene, MyOD1, was measured by RT-qPCR. The data are presented as means ± SDs, n = 3 per group.

*P < 0.05; **P < 0.01. Scale bars = 100µm.

of these lncRNAs related to buffalo MuSCs, lncRNA evolution,
lncRNA SNP issues, etc. are also worth pursuing (Qian et al.,
2019). At the same time, how these lncRNAs and coding genes
regulate the molecular mechanisms of farmed beef production
and their contributions to the in vitro meat production process
also need to be further explored.

In summary, we have established the mRNA and lncRNA
expression profiles that regulate the myogenic differentiation
of buffalo MuSCs, and further predicted and verified the
signaling pathways and candidate regulators involved in cell
proliferation and differentiation. These results enrich the
expression information of factors that regulate the development
of MuSCs in Chinese local fine beef cattle breeds, and provide
effective genetic information for future programs of breeding
high-yield beef cattle.

CONCLUSIONS

In this study, the proliferation and myogenic differentiation
phenotypic characteristics of buffalo MuSCs were compared for
the first time, and the expression of mRNAs and lncRNAs in
these cells were reviewed. Many coding RNAs and lncRNAs were
found to be differentially expressed during the proliferation and
myogenic differentiation phases of MuSCs. We further identified
and verified a number of differentially expressed molecules such
as SERDINE1, ISLR, MYLPF, LOC102403551, LOC112586870,
and LOC112584513. This study lays the foundation for further
research on the role of lncRNAs in the muscle development of

buffalo with a view to improving its share as a desirable beef
alternative in the marketplace.
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