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Editorial on the Research Topic

Gene Regulation Explored by Systems Biology in Livestock Science

In the livestock production system, comprehending animal health and production is increasingly
necessary to meet the global food demands. The production of animals with desired traits is,
therefore, a prerequisite. To meet future food requirements, the strategy targets vertical growth
(increasing productivity) rather than expanding the livestock population. Improving productivity
requires a better understanding of genes and genomes, and consequently, their influence on the trait
of interest (i.e., production, reproduction, health and disease, or any other relevant traits in livestock), so
that appropriate selection and breeding decisions can be implemented to improve livestock performance.

Over the past decade, much biological research has focused on gene expression and regulation by non-
coding RNAs (ncRNAs), variants, cis- or distal regulatory elements (transcription factors, enhancers and
silencers), histone modifications, and DNAmethylation. Advancement in high-throughput technologies
and cost reduction has enabled multi-omics studies to be performed on a large scale. Therefore, the
crosstalk between multiple molecular layers is assessed by a systems biology approach that provides a
systematic view of the regulatory mechanisms underlying complex traits. This approach proves beneficial
for production systems (e.g., optimize animal nutrition,meat quality, or animalmanagement) by selecting
the desirable animals and integrating accurate breeding programs or innovative management systems.

For this research topic, we sought high-quality research papers describing novel insights into genetic
and environmental factors that impact the mechanism and expression of production, reproduction and
disease traits in livestock research. Research topics included the novel studies on the expression of genes,
micro RNAs (miRNAs), long non-coding RNAs (lncRNAs), circular RNAs (circRNAs), proteins and
methylome for the trait of interest in livestock. The final research topic has 12 articles covering the
aforementioned aspects in bovine, ovine, caprine, porcine and poultry populations.

The quest for ideal therapeutic targets and biomarkers in disease traits in bovines has been riddledwith
many obstacles stemming from the molecular complexity of the disease and co-morbidities. Advances in
omics technologies and the resulting amount of available data encompassing transcriptomics have created
an opportunity to integrate omics datasets to identify molecular changes and represent data through
networks in disease traits such as bovine respiratory disease (BRD) and mastitis. Hasankhani et al.,
identified key modules and potential hub genes from transcriptome data using co-expression networks
that underlie BRD.With two different approaches ofmodule–trait relationships andmodule preservation
analysis, the authors identified eight candidate modules and 307 hub-genes involved in the immune
response and BRD pathogenesis (Hasankhani et al.). Using a similar approach, Ghahramani et al.,
identified candidate genes and modules associated with mastitis in dairy cattle. Furthermore, they
identified 360meta genes within twomodules by integratingmicroarray andRNA-Seq data. Additionally,
the authors used attribute weighting and machine-learning methods to optimize predictive models using
hub genes that were informative in Escherichia colimastitis (Ghahramani et al.). These studies utilized a
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system’s level approach to provide a complete understanding of
complex biological systems of BRD and mastitis beyond the
molecular level in cattle.

Even though omics technologies reveal global changes in RNA
modifications under various conditions, researchers also focused
on diverse functions of specific RNAs, particularly ncRNAs and
circRNAs, due to their potential in regulating gene expression.
The ncRNAs are classified into several sub-classes, such as small
non-coding RNAs, including miRNAs, small interfering RNAs,
and lncRNAs, to name a few. Although lncRNAs biochemically
resemble messenger RNAs (mRNAs), they do not template
protein synthesis. Advances in computational biology and the
evolution of sensitive RNA sequencing have facilitated the
discovery of numerous lncRNAs and encouraged the study of
their roles in livestock. An interesting study reported within this
research topic involved the regulatory role of lncRNA in the
transcriptome of abomasal lymph node tissue samples from adult
Spanish Churra sheep after experimental infection with the
gastrointestinal nematode Teladorsagia circumcincta (Chitneedi
et al.). The authors identified ten differentially expressed
lncRNAs between samples from animals that differ in
infection resistance associated with signaling pathways like
cellular growth, proliferation and development, cellular stress
and injury, intracellular and second messenger signaling and
apoptosis (Chitneedi et al.). In a separate study on sheep hair
follicle development and morphogenesis, Xu et al., identified the
STAT3 gene partially inhibiting cell proliferation via direct
negative regulation of FST gene expression.

miRNAs are small and highly conserved non-coding RNA
molecules that orchestrate various biological processes through
post-transcriptional expression regulation. A study by Kusama
et al., aimed to characterize proteins and exosomal miRNAs in the
uterine flushing of pregnant and non-pregnant cows after
artificial insemination. The authors identified 336 proteins, of
which 260 were more than two-fold higher in pregnant cows. The
authors identified SUGT1 as the best predictor for the presence of
embryos in the uterus that altered protein composition and
exosomal miRNA contents in the uterine fluid (Kusama et al.).
In an independent miRNA study in cattle, bta-miR-150 was
found to have a negative regulatory effect on the
differentiation of bovine adipocytes and promoted
proliferation, inhibited adipocyte differentiation, and reduced
lipid droplet formation (Chen et al.). The research clarified the
relationship between bta-miR-150 and adipocyte differentiation
in cattle. Differentiation of intramuscular preadipocytes was also
inhibited by overexpression of KLF4 by targeting C/EBPβ in goats
(Xu et al.). Since the adipose tissue in meat impacts the economic
value of animals, these studies focusing on the molecular
mechanisms underlying adipose tissue generation were
primarily crucial for the beef production industry. As beef
producers continue to improve efficiency, another crucial
aspect of skeletal muscle mass impacts consumer acceptance
of meat products. Sheng et al., used the proteomics approach
to unravel the mechanism of myostatin in regulating cattle
skeletal development.

Another study involved co-expression analysis focusing on
miRNA-mRNA interaction networks (Yang et al.). An integrative

analysis of the miRNA-mRNA expression profiles in the lungs of
high- and low-altitude pigs (Tibetan pigs and Landrace pigs,
respectively) identified molecular pathways and networks
involved in the genetic adaptation of Tibetan pigs to hypoxic
conditions (Yang et al.).

A separate group of lncRNA—circRNA—influences cellular
physiology through various molecular mechanisms by
modulating gene expression. A study by Li et al. identified
circTAF8 regulating myoblast development and associated
carcass traits in chicken.

One of the advantages of livestock research is that it proves to be
an excellent physiological model for studies related to human health
or disease. Studies reported by Chen et al., revealed the similarities
and diversity of spermmethylation patterns among three commercial
pig breeds and between humans and pigs. These findings elucidate
the mechanism of male fertility and the changes in commercial traits
that undergo strong selection. In a separate study by Xu et al.,
methylation changes in SLC4A11 and MFSD3 genes were analyzed
after Deoxynivalenol toxicity in porcine cells that may contribute to
the detection of biomarkers and drug targets.

Considering all the above studies, we believe that a holistic
approach combining statistics, bioinformatics, and mathematical
modeling to integrate and analyze large amounts of data generated
and targeting someof the key regulators has shed light onmechanisms
regulating the economically important traits in livestock. We hope
that the reader will find this research topic a helpful reference for the
state-of-the-art in the emerging field of livestock research.
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Micro RNA (miR) are recognized for their important roles in biological processes,

particularly in regulatory componentization. Among the miR, miR-150 has been the focus

of intense scrutiny, mostly due to its role in malignant tumors. A comparison between

steer and bull adipose tissues identified bta-miR-150 as one of the nine downregulated

miRNAs, although its function remains unknown (GEO:GSE75063). The present study

aimed to further characterize the role of bta-miR-150 in cattle. bta-miR-150 has a

negative regulatory effect on the differentiation of bovine adipocytes and promotes

proliferation. Overexpression of bta-miR-150 can promote mRNA and protein expression

of the marker genesCDK1, CDK2, and PCNA, increase the number of EdU-stained cells,

promote adipocyte proliferation, inhibit adipocyte differentiation, and reduce lipid droplet

formation. Results of RNA-seq andWGCNA analyses showed that the mammalian target

of the rapamycin signaling pathway, which plays a major regulatory role, is dysregulated

by the overexpression and inhibition of miR-150. We found that the target gene of

bta-miR-150 is AKT1 and that bta-miR-150 affects AKT1 phosphorylation levels. These

results showed that bta-miR-150 plays a role in adipogenic differentiation and might

therefore have applications in the beef industry.

Keywords: bta-miR-150, mTOR, RNA-seq, adipocyte differentiation, WGCNA

INTRODUCTION

Adipose tissue that differentiates from mesenchymal stem cells during the embryonic period is
responsible for many functions, including energy storage, lipidmetabolism, and hormone secretion
(Ambele et al., 2020; Poklukar et al., 2020). Since the amount of adipose tissue in meat impacts the
economic value of animals, understanding the molecular mechanisms underlying adipose tissue
generation in animals will ensure that production is maximized within an appropriate range.
MicroRNA are non-coding RNA with a maturity length of 18–25 nt; they are ubiquitous in the
animal kingdom and are produced by RNA polymerase II transcription. MicroRNA are involved
in many different physiological processes in animals (Raza et al., 2020), including inhibition of the
translation of target genes, affecting mRNA degradation, and regulating the transcription of target
genes (Twayana et al., 2013). Differentiation of adipocytes is regulated by many miRNA, which are
the focus of the current investigation. Advancements to high-throughput sequencing technology
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has allowed deeper exploration of cellular regulatory processes
(Katz et al., 2010). Previous studies have already revealed the
regulatory effects of human miRNA, including miR-204 (Zhang
Z. et al., 2020), miR-27a (Kim et al., 2010), miR-210 (Ren et al.,
2020), miR-24 (Liu et al., 2020), miR-378 (Duarte et al., 2020),
miR-149-5p (Khan et al., 2020), miR-143 (Zhang L. et al., 2020),
and miR-145 (Wang et al., 2020), on adipogenesis. These classic
mechanisms also occur in the adipose tissue, where they have
a large impact on the surrounding tissue (Arcidiacono et al.,
2020; Raza et al., 2020). For example, miR-143 promotes the
differentiation of adipocytes by directly acting on its target
gene, MAP2K5. Many biologically significant miRNA have
been discovered, with high-throughput sequencing technology
continuously improving in parallel with a reduction in cost (An
et al., 2016).

Because of its high expression level in immune-related cells,
hsa-miR-150 was one of the first miRNAs to be studied in
humans. Human (hsa)-miR-150 plays an important role in the
differentiation of hematopoietic cell lines; thus, investigations of
hsa-miR-150 have mainly focused on malignant tumors (Yugawa
et al., 2020). In animal, miR-150 has been implicated in the
mTOR pathway, where it regulates the expression of leptin
in adipocytes (Scrutinio et al., 2017) and the production of
lipids such as triglycerides (TGs) and free fatty acids (FFAs).
The master metabolic factor PGC-1a mediates the reciprocating
cycle between TG and FFA to achieve physiologically stable
energy consumption (Kang et al., 2018). In pigs, ssc-miR-150
is differentially regulated in the adipose tissue miRNA of lean,
rather than fatty pig breeds. Ssc-miR-150 is thought to act directly
on the 3′UTR of CYP3A4 to promote FFA-induced adipose tissue
degeneration (Ma et al., 2020). Since miRNA is highly conserved
in the animal kingdom, bta-miR-150 might also function in the
production of adipose tissue in cattle. Importantly, bta-miR-150
is one of the nine downregulated miRNA among differential
expression profiles of steer and bull fat tissues (Liang et al., 2019).

With the global increase in human population and
improvements in living standards, beef fat is increasingly
being valued by breeders for the flavor it imparts, as well as its
high energy value as a food source (Lillehammer et al., 2011). The
480-amino-acid enzyme, RAC-alpha serine/threonine-protein
kinase (AKT1), located downstream of the mammalian target
of the rapamycin signaling (mTOR) pathway regulates the
growth of mammalian cells and is an important protein for
regulating fat deposition (Zhang et al., 2017; Song et al., 2018). In
mice, miR-150 inhibits AKT1. Bovine chromosome 21 encodes
AKT1, which is an important member of the PI3K/AKT/mTOR
pathway. The activity of AKT requires phosphorylation at
Thr308 and is further enhanced by phosphorylation at Ser473.
When Ser473 is simultaneously phosphorylated by PDK1 and
mTORc2, AKT1 further regulates cell proliferation through
downstream FOXO transcription factors and p53 regulatory
factors (Cai et al., 2019; Sanchez-Gurmaches et al., 2019; Du et al.,
2020) The present study aimed to determine the relationship
between bta-miR-150 and AKT1 by examining the effects and
mechanisms of bta-miR-150 in regulating the proliferation and
differentiation of Qinchuan beef cattle pre-adipocytes, thus
providing a basis for targeted breeding and genetic improvement

based on bta-miR-150. In beef cattle, the process of breeding
to increase the intramuscular fat content would be supported
by an understanding of the genetic basis of adipogenesis. Our
research further clarifies the relationship between bta-miR-150
and adipocyte differentiation in cattle. This information paves
the way for further research to expand our understanding of
the complex process of adipocyte differentiation and adipose
tissue generation.

MATERIALS AND METHODS

Isolation of Primary Bovine Pre-adipocytes
and Cell Culture
The tissue and cell samples used in the experiment in this
study were collected from three 1-day-old healthy Qinchuan
cattle bulls with consistent growth bred from the National
Beef Cattle Improvement Center of Northwest Agriculture
and Forestry University (Yangling, China). Bacteria surgical
instruments collected tissue samples such as heart, liver, spleen,
lung, and muscle. The sample was placed in a sterile, DNase- and
RNase-free cell cryotube. Then the sample was immediately put
in liquid nitrogen for freezing, and finally stored in a refrigerator
at−80◦C for later use.

We used 1-day-old healthy bulls to isolate the original bovine
pre-adipocytes, removed the adipose tissue from different parts
under aseptic conditions, washed with PBS supplemented with
10% antibiotics (penicillin/streptomycin) 3 times, and then
added I Collagenase digestion for 1–2 h in a 37◦C water bath
shaker. After digestion, the cells were filtered with a cell sieve and
the supernatant was discarded after centrifugation. The red blood
cell lysate was added for lysis, and then an appropriate amount of
DMEM-F12 (Gibco, Grand Island, NY) medium containing 10%
fetal bovine serum (FBS, Invitrogen) was added to resuspend the
cells for seeding for subsequent experiments. The cells used in
this experiment were all the 3rd generation cells after passage.

Construction and Transfection of Plasmid
and RNA Oligonucleotides
The cells were inoculated in DMEM-F12 supplemented with
10% FBS and 1% antibiotics and kept continuously at 37◦C
and 5% CO2. According to the manufacturer’s instructions, the
miR-150 mimic (50 nM), miR-150 mimic NC (50 nm), miR-
150 inhibitor (100 nM), miR-150 inhibitor NC (100 nM), si-
AKT1 (100 nM), and si-NC were transfected into the cells using
LipofectamineTM 3000 (Invitrogen, San Diego, GA, LUSA). We
induced differentiation of adipocytes 48 h after transfection.
After 2 days of induction with DMI (0.5mm IBMX, 1µm
DXMS, and 2µm insulin) induction solution, we changed
to a maintenance medium containing 5µg/mL insulin. After
differentiation induction, adipocytes were harvested at d0, d2, d4,
d6, d8, and d10. (We recorded the day of adding DMI as day 0 of
induction of differentiation). Two restriction enzymes (Takara,
Beijing, China), XhoI and NotI, were used to construct the vector
psiCHECK-2(Laboratory retention). The detailed sequence is
shown in Table 1. The Bta-miR-150 mimic, mimic NC, inhibitor,
and inhibitor NC used in this stage were purchased from
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TABLE 1 | The sequence of RNA oligonucleotides and plasmid.

Name Sequence (5′-3′)

miR-150 mimic sense: UCUCCCAACCCUUGUACCAGUGU

antisense: ACACUGGTACAAGGGUUGGGAGA

mimic NC UUGUACUACACAAAAGUACUG

miR-150 inhibitor ACACUGGUACAAGGGUUGGGAGA

inhibitor NC CAGUACUUUUGUGUAGUACAA

si-AKT1 sense: GCCAUGAAGAUCCUAAAGATT

antisense: UCUUUAGGAUCUUCAUGGCTT

si-NC sense: UUCUCCGAACGUGCACGUTT

antisense: ACGUGACACGUUCGGAGAATT

psiCHECK-2 5′… GAGCAGTAATTCTAGGCGATCGCTCGAGCCCG

GGAATTCGTTTAAACCTAGAGCGGCCGCTGGCCGC

AATAAAATA… 3′

RiboBio, Guangzhou, China; the si-AKT1 and si-NC used in this
stage were purchased from GenePharma, Shanghai, China. The
detailed sequence in is shown Table 1.

Differential Expression and Pathway
Enrichment Analyses
Transfected miR-150 mimic, mimic NC, inhibitor, inhibitor NC,
and bovine adipocytes were used to induce differentiation, and
RNA on day 2 and day 6 were collected. A control was set
for each treatment, with three technical replicates per group
and a total of eight groups (24 samples). After RNA extraction,
the HiSeq-PE150 platform (Illumina, Sandiego, CA, USA) was
used for RNA sequence analysis. After filtering the original data,
the reads were matched to the bovine genome using HiSat2
(Bos-taurusUMD3.1, release94, Ensembl database), and feature
counts were used to count gene expression. The DESeq2 R
software package was used to screen DEGs, with Log2 fold
change (log2FC) > 1 and false discovery rate (FDR) < 0.05 as
the screening criteria. ClusterProfiler was used to realize KEGG
pathway analysis and FDR < 0.05 was considered significant.

Extraction of RNA, Quantitative Real-Time
PCR (qRT-PCR)
After 48 h of transfection, we used the RNAiso Plus Kit (Trizol,
Takara, Beijing, China) to extract RNA. The specific extraction
method can refer to the reference (Junjvlieke et al., 2020). After
we removed the culture medium from the cells, we washed the
cells with PBS 2∼3 times in each well, then added 1mL Trizol,
placed the mixture at 4◦ for 4min, and transferred the mixture to
a 1.5mL centrifuge tube. Two hundred microliters of chloroform
was added to the centrifuge tube, shaken vigorously for 30 s, left
to stand for 5min, and centrifuged for 15min. The supernatant
was then taken (3 layers in total), isopropanol was added, mixed
upside down, left to stand on ice for 10min, and then centrifuged
for 10min. After centrifugation, add 1mL of 75% cold ethanol
was slowly added to a small amount of precipitation at the
bottom, centrifuged at 4◦C for 5min, and then the ethanol was
discarded. The cells were dried for 2–5min at room temperature,
then an appropriate amount of RNase-free DEPC water was

added to dissolve the precipitate. NanoQuant plateTM (TECAN,
InfiniteM200 PRO) was used to determine the concentration and
purity of RNA, and it was stored at −80◦C for later use. The
method of extracting total RNA in tissues was to take out about
0.5 g tissue sample in a refrigerator at −80◦C, add it to liquid
nitrogen for pre-cooling, and then place it in a mortar cooled
with liquid nitrogen for grinding. After grinding, the sample is
transferred to a 1.5mL enzyme-free centrifuge tube with 1mL
Trizol, and then placed on ice for 15min. The next step is the
same as that of extracting cellular RNA.

Reverse transcription of total RNA was performed following
Prime Script TM RT reagent Kit with gDNA Eraser (Takara,
China), TB Green R©Premix Ex TaqTM II(TAKARA, Beijing,
China) instructions. The reverse transcription and qPCR of
miRNA were performed with miRcute Plus miRNA First-
Strand cDNA Kit and miRNA Plus miRNA qPCR Kit (SYBR
Green) (Tiangen, Beijing, China). U6 and β – actin was used
as the internal control for miRNA quantification and mRNA
quantification, respectively. The sequence of all PCR primers is
shown in Table 2. All experiments were performed with three
biological replicates and three technical replicates. The 2-11Ct
method was used to analyze the relative expression levels of
different qPT-PCR data.

Western Blot Analysis
The methods of extraction and Western blot analysis of total
protein have been introduced in references (Khan et al., 2019;
Wang et al., 2019). The protein bands added with Millipore
chemiluminescence solution were placed on the Gel DocTMXR+
System (Bio-Rad, Hercules, CA) for exposure imaging. The
antibody in Table 3 is the antibody we used in the experiment.

EdU Staining and CCK-8 Assay
The Qinchuan cattle pre-adipocytes were seeded in a 96-well
plate (NEST, Jiang Su, China) and cultured to a density of 40–
60% confluence, which was reached at a density of 5.0 × 104

cells for transfection. The specific processing steps are detailed in
reference (Chu et al., 2019). We added 100µL PBS to each well of
the last stained cells and washed them 1 to 3 times, and then took
photographs under a microscope. The instrument used for taking
pictures was an Olympus 1 × 71 microscope (Olympus, Tokyo,
Japan). The treatment method of CCK-8 cell cycle detection
was the same as that of EdU. The specific operation steps
were carried out according to the reference (Khan et al., 2020).
The kit used was TransDetect Cell Counting Kit (Transgen
biotechnology, Beijing, China), and the detection instrument was
an Infinite R©200PRO (Tecan Trading AG, Switzerland).

Bodipy, Oil Red O Staining, and
Triacylglycerol Assay
The differentiated cells were stained for different days. The cells
on the second day were stained with Bodipy, and the cells on the
fourth and sixth days were stained with oil red O. In short, both
Bodipy (1:1,000) and DAPI (1:1,000) were diluted in PBS. The
cells to be stained were washed with PBS 3 times, fixed with 4%
paraformaldehyde for 30min, and then stained with Bodipy for
30min. After staining, the cells were washed with PBS 3 times
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TABLE 2 | mRNA and miRNA Real-time quantitative PCR primer sequences.

Genes Primer Sequence (5′-3′) Annealing

temperature

β-actin F: CATCGGCAATGAGCGGTTCC

R: CCGTGTTGGCGTAGAGGTC

60◦C

PCNA F: CCTTGGTGCAGCTAACCCTT

R: TTGGACATGCTGGTGAGGTT

60◦C

CDK1 F:AGTGGAAACCAGGAAGCTTAG

R:ATTCGTTTGGCAGGATCATAGA

60◦C

CDK2 F:GGGTCCCTGTTCGTACTTATAC

R:CCACTGCTGTGGAGTAGTATTT

60◦C

AKT-1 F:AAGGAGATCATGCAGCACCGATTC

R: GTCTTGGTCAGGTGGCGTAATGG

60◦C

CEBPα F: ATCTGCGAACACGAGACG

R: CCAGGAACTCGTCGTTGAA

60◦C

PPARγ F: GACGACAGACAAATCACCGT

R: CTTCCACGGAGCGAAACTGA

60◦C

FABP4 F:TGAGATTTCCTTCAAATTGGG

R: CTTGTACCAGAGCACCTTCATC

60◦C

RRAGD F: TAAGAAGGAGCGGCAAGT

R: GGAAGTCCCAAATCTGAAA

60◦C

RPS6KA3 F:ACCTAGCAACATTCTTTATGTGGAT

R: GCATCATAGCCTTGTCGT

60◦C

RPS6KB1 F: ATCACCAAGGTCACGTCAAAC

R: TGCTCCCAAACTCCACCAAT

60◦C

LPIN1 F: AGTGAATCTTCAGATGCGTTTA

R: CAGGTGTCGGCTTCGTTT

60◦C

NFKB1 F: GAGAACTTCGAGCCTCTGTAC

R: CTCATAGGGTTTCCCATTTA

60◦C

EIF4E F: TCTAATCAGGAGGTTGCT

R: CCCACATAGGCTCAATAC

60◦C

PIK3CA F:TGGGTTTCTCGGTCCTAA

R:CAGTCCGTCCAGTCATCC

60◦C

TNFRSF1B F: CCAGCACAGCTCCAAGCA

R:CAACTATCAGAAGCAGACCCAAT

60◦C

INSR F: GGAAGGCGAGAAGACCAT

R: TGACACCAGGGCATAGGA

60◦C

EIF4EBP2 F: GTTCCTGATGGAGTGTCGGA

R: AACTGTGACTCTTCACCGCCT

60◦C

PIK3R1 F: GAGCGGGAAGAGGACATTGA

R: TCTCCCCTGTCGTCTCGTTA

60◦C

mTOR F: TGATGCAGAAGGTCGAGGTG

R: GATGGGTGTCTATCGCCCAG

60◦C

PIK3R1 F: CTATCTCCTGGACTTACCG

R: GGCGACCTAATGAGTTTC

60◦C

U6 F:TAGCCACCCTCAAGTATGTTCG

R:CGAGGTAGGAGGACAGGAGT

60◦C

miR-150 UCUCCCAACCCUUGUACCAGUGU 60◦C

and then stained with DAPI. Finally, the cells were photographed
under a microscope. The whole process needs to be done away
from light.

The oil red O staining procedure was as follows: the cells
were washed in the six-well plate with PBS 3 times, fixed with
4% paraformaldehyde for 30min, dyed with 60% oil red O
(solvent: isopropanol, 0.15 g oil red powder/100mL) for 30min,

TABLE 3 | Antibody information.

Name of antibody Immune features The

company

Dilution ratio

Anti-AKT1 antibody Rabbit polyclonal CST 1:1,000

Phospho-Akt (Ser473) antibody Rabbit polyclonal CST 1:1,000

Anti-CDK1 antibody Rabbit monoclonal Abcam 1:1,000

Anti-CDK2 antibody Rabbit monoclonal Abcam 1:1,000

Anti-PCNA antibody Rabbit monoclonal Abcam 1:5,000

Anti-PPARγ antibody Rabbit polyclonal Boster 1:1,000

Anti-FABP4 antibody Rabbit monoclonal Abcam 1:1,000

Anti-CEBPα antibody Rabbit monoclonal Abcam 1:1,000

Anti-β-actin antibody Rabbit polyclonal Abcam 1:10,000

then washed with PBS and observed under a microscope. We
measured the amount of intracellular TAG using the cell/tissue
triglyceride assay kit (Applygen Technologies, Beijing, China)
according to the protocol recommended by the manufacturer
(Ma et al., 2018).

Luciferase Reporter Assay
To verify whether bta-miR-150 targets the 3′-UTR of AKT1,
we obtained the mature sequence of bta-miR-150 from the
miRBase (http://www.mirbase.org/). The reporter of luciferase
was produced by ShengGong (Sangon Biotech Co., Ltd, Shanghai,
China) through synthesizing 3′-UTR of AKT1 wild-type (WT)
and mutation-type (MUT) of AKT1 sequence. Xhol and
Notl cutting sites of Wt-3′-UTR containing miR-150 target
were amplified. AKT1-3′UTR WT or MUT were cloned into
psiCHECK-2 vector (Laboratory retention) by Xhol and Notl
restriction sites (Promega, Madison, WI, USA). After culturing
HEK293A cells for 2 days, they were then co-transfected into
bovine adipocytes with about 0.16 µg of MUT vector/AKT1-
3′ UTR WT and 5 pmol miR-150 mimic/negative control. At
48 h after transfection, the luciferase activity was measured by
Dual-Luciferase R© Reporter Assay System (Promega, Madison,
WI, USA). Luciferase assay was carried out in three repeat wells,
and three experiments were carried out.

Weighted Gene Co-expression Network
Analysis (WGCNA)
WGCNA, an R package, was used to construct the weighted gene
co-expression network. With the standardized gene expression
matrix as input, the variation degree of each gene expression
level among samples was calculated, and the top 50% genes
with the largest variation were selected for WGCNA. After the
threshold screening, the scaleless adjacency matrix was obtained
by power processing with β = 12. In order to better evaluate
the correlation of gene expression patterns, the adjacency matrix
was further transformed into a topological overlapmatrix (ToM),
and the dynamic cutting algorithm was used to cluster and
partition genes by using the topological differencematrix (distom
= 1-tom).
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FIGURE 1 | miR-150 is expressed at high levels in bovine adipocytes. (A) Background expression of miR-150. (B) Tissue expression profile of miR-150. Values with

superscript letters indicate mean significant difference (p < 0.05).

Annotation of Gene Modules and KEGG
Analysis
In order to explore the biological function of gene modules,
David and KOBAS online tools were used to analyze the gene go
and KEGG enrichment to describe the function of the modules
and identify the relationship between these modules. The p-value
was adjusted by the Benjamin Hochberg method.

Statistical Analysis
Data are expressed as mean ± SD. Statistical analysis was
performed using SPSS 19.0 software (SPSS, Chicago, IL, USA)
and GraphPad Prism 6. One-way ANOVA and Dunnett’s
multiple comparison test were used to analyze P-values. Student’s
t-test was used for comparative analysis of the two groups,
and ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 were considered
statistically significant.

RESULTS

miR-150 Is Up-Regulated in the Adipose
Tissue From Qinchuan Cattle
To initially screen for candidate miRNA that regulate
the development of bovine adipose tissue, we selected 52
differentially expressed (DE) miRNA (log2(FC) > 1, FDR <

0.05) based on our previous sequencing of transcriptomes from
steers and bulls (GEO:GSE75063). Among these, 16 DE miRNA
with sequence homology to human miRNA and their target DE
genes (DEG) were assessed using Ingenuity Pathway Analysis
(IPA) to construct a gene interaction network. In total, nine of
these DE miRNA and 42 target DEG were mapped to a network
that is involved in the differentiation of fat cells and fat tissue
metabolism (Zhang et al., 2017). We tested background levels

of miRNA with unknown or incomplete functional annotation
by qPCR and found that background levels of miR-150 and
miR-151-3p were higher than those of other miRNA in fatty
tissues (Figure 1A), which was consistent with previous (Zhang
et al., 2017). We therefore speculated that miR-150 is involved
in the development and regulation of bovine adipose tissue
(Figure 1B).

Bovine Pre-adipocyte Proliferation Is
Promoted by miR-150
We transfected bovine pre-adipocytes with a miR-150 mimic,
mimic NC, miR-150 inhibitor, and inhibitor NC to further
explore the effects of miR-150 on the proliferation of bovine
pre-adipocytes. We initially stained cells with EdU. At 48 h
after transfection, the rate of EdU-positive cells was significantly
higher among pre-adipocytes incubated with the bta-miR-150
mimic than with mimic NC (p < 0.05), and the rate of
EdU-positive cells was significantly lower in cells transfected
with bta-miR-150 inhibitor than with inhibitor NC (p < 0.05)
(Figures 2A,B). The results of CCK-8 assays were consistent with
these findings (Figure 2C).

We then assessed changes in expression levels of proliferation
marker genes at the mRNA and protein levels. Bovine pre-
adipocytes were incubated for 48 h with mimic and inhibitor
miR-150, and then, total RNA was extracted. The expression
levels of genes associated with the cell cycle, such as CDK1 (cyclin
dependent kinase1), CDK2 (cyclin dependent kinase2), and
PCNA (proliferating cell nuclear antigen) significantly increased
in cells incubated with the mimic and significantly decreased in
those incubated with the inhibitor (Figures 2D1–D3) compared
with that in the negative control. Western blotting showed
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FIGURE 2 | Continued
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FIGURE 2 | Proliferation of Qinchuan bovine pre-adipocytes is promoted by bta-miR-150. (A,B) Bovine adipocytes transfected with mimic, mimic NC, inhibitor, and

inhibitor NC. Cells harvested at 48 h after transfection were stained red with EdU (to indicate DNA replication) and blue with Hoechst (cell nuclei) (C) CCK-8 assays of

bovine adipocytes. After incubating with 10% CCK-8 for 4 h, absorbance was measured at a wavelength of 450 nm. (D1–D3) Changes in mRNA levels of

proliferation-related target genes according to qPCR findings. (E, F1–F3) Proliferation-related protein quantitation according to western blot findings. Error bars

represent mean ± SD. N = 3 replicates. *Significantly different; *p < 0.05, **p < 0.01, ***p < 0.001, Student t-tests.

that proliferating pre-adipocytes incubated with mimic miR-
150 had significantly increased protein levels of CDK1, CDK2,
and PCNA, while those incubated with miR-150 inhibitor
had significantly reduced protein levels than the negative
control (Figures 2E,F1–F3). These findings suggest that miR-150
promotes bovine pre-adipocyte proliferation.

Inhibition of miR150 Promotes
Adipogenesis
Total RNA extracted from bovine normal adipocyte cells at 0, 2,
4, 6, 8, and 10 days of induced differentiation in vitro, was reverse
transcribed into cDNA. Quantitative PCR findings showed that
miR-150 mRNA reached the highest level on day 2 of induced
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FIGURE 3 | Continued
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FIGURE 3 | Differentiation of pre-adipocytes from Qinchuan cattle. (A) Background expression of bta-miR-150 on different days after inducting differentiation in

Qinchuan cattle adipocytes. (B) bta-miR-150 mimic transfection efficiency. (C) bta-miR-150 inhibitor transfection efficiency. (D) Overexpression of bta-miR-150

(Continued)
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FIGURE 3 | treated with miR-150 mimic in 10 days. (E) Changes of bta-miR-150 content in Qinchuan cattle adipocytes treated with miR-150 mimics. (F1,F2) After

transfection of miR-150 mimic, miR-150 inhibitor, or negative control, the adipocytes were stained with Bodipy and quantified on the second day of differentiation;

photos were taken with an Evos-fl-auto2 automatic living cell fluorescence microscopy imaging system (Thermo Fisher, USA). (G1–G3) Changes in mRNA levels of

adipose differentiation marker genes on the second day of differentiation (FABP4, PPARγ, and CEBPα). (H1) Oil red O staining of mimics, inhibitors, and their

respective internal controls on day 4; the photos were taken with an Olympus Image IX71 microscope (Olympus, Japan). (H2) bta-miR-150 mimic treatment on day 6,

Oil red O staining of substances, inhibitors, and their respective internal controls; the photos were taken with an Olympus Image IX71 microscope (Olympus, Japan).

(I) Statistics of lipid droplet content on day 4 of differentiation, using Image J software. (J) Triglyceride content on day 4 of differentiation. (K1–K3) Changes in mRNA

levels of fat differentiation marker genes (FABP4, PPARγ, CEBPα) on the 4th day. (L) Protein map of fat differentiation marker genes (FABP4, PPARγ, CEBPα).

(M1–M3) Quantitative processing of fat differentiation marker gene protein results (FABP4, PPARγ, CEBPα); protein levels were quantified and analyzed by Image J

software. Error bars represent mean ± SD. n = 3 replicates. *denotes significance according to Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001.

differentiation in vitro, decreased to the lowest level on day 6,
started to increase briefly on day 8, and then began to decline
again (Figure 3A). Cells at ∼80% density were transfected, and
transfection efficiency was measured 48 h later (Figures 3B,C).
The effect of the bta-miR-150 mimic was prevalent until
day 8 after transfection, but the bta-miR-150 content briefly
reached a maximum on day 2 and then continuously fell
(Figures 3D,E). We directly assessed the effects of miR-150 on
adipose differentiation by staining lipid droplets using BODIPY
and oil red O (Figures 3F1,F2,H1,H2). Compared with the
control group, the number of lipid droplets in bta-miR-150
mimic-treated adipocytes decreased, while the number of lipid
droplets significantly increased in adipocytes incubated with the
inhibitor compared with the control. Overexpressed bta-miR-
150 significantly inhibited the TG production, which increased
when bta-miR-150 was inhibited (Figure 3J). The mRNA and
protein levels of peroxisome proliferator-activated receptor
gamma (PPARγ ), fatty acid binding protein 4 (FABP4), and
CCAAT enhancer binding protein alpha (CEBPα) were higher
with miR-150 inhibition compared with the levels with miR-
150 overexpression NC (Figures 3G1–G3,K1–K3). Inhibition of
bta-miR-150 therefore promotes adipogenesis.

GO and KEGG Analysis of Bovine
Adipocyte DEG
We further clarified the regulatory effect of miR-150 on the
differentiation of bovine pre-adipocytes using RNA-seq. The
miR-150 mimic, mimic NC, inhibitor, and inhibitor NC were
transfected into bovine pre-adipocytes as described above, and
cells were collected on days 2 and 6 after differentiation. The
cells were then incubated daily with miR-150 mimic, mimic
NC, inhibitor, and inhibitor NC. Transcriptomes from eight
groups (n = 3 replicates per group) were sequenced (Beijing
Novo Gene, Beijing, China) (Figure 4A). The RNA-seq results
of cells transfected with miR-150 mimic, mimic NC, inhibitor,
and inhibitor NC of D2, in which a total of 7,348 DEGs were
detected, showed there were 1,234 common DEGs in four groups
(Figure 4B). We identified the DEG in each group, then assessed
them with the KEGG pathway and GO function enrichment
analyses and WGCNA analysis (Figures 4C–F).

The soft threshold in the WGCNA analysis was set to 12,
and 23 gene modules were detected (Figure 4G). By comparing
different groups within the same modules, we identified five
modules (green-yellow, light yellow, brown, blue, midnight blue).
To better understand the biological function of specific gene

modules related to the bovine adipocyte differentiation, we
searched for DEG in these five modules using DAVID and
KOBAS software using the key words, “fat fractionation” and
“metabolism.” We found enrichment for type II diabetes mellitus
(ID: bta04930), the mTOR signaling pathway (bta04150), fatty
acid degradation (ID: bta00071), and fatty acid metabolism (ID:
bta001212) (Figures 4H,I). These pathways are all involved in
the biological process of adipogenesis. We combined the RNA-
seq data with the WGCNA analysis of KEGG findings and
comprehensively integrated P-values, numbers of genes changed
in the pathway, and the mTOR pathway as main research
channels (P < 0.05).

The mTOR Signaling Pathway Is Regulated
by bta-miR-150 Through AKT1
We used targetscan7.1 to predict conserved target genes of
miR-150 and the biological function of miR-150 during the
development of bovine pre-adipocytes.We focused on themTOR
pathway based on the findings of the transcriptomic analysis
(Figure 5A). Over 80% of the genes in the mTOR pathway were
changed at the mRNA level by the miR-150 mimic or inhibitor
(Figures 5B,C). Based on this and published information, we
selected the adipocyte differentiation-related gene AKT1 as a
candidate target of bta-miR-150. We then constructed two
luciferase reporter vectors for wild-typeAKT1 3′UTR andmutant
AKT1 3′UTR (Figure 5D1). Dual luciferase reporter assays
revealed that AKT1 is a target gene of bta-miR-150 (Figure 5D2).
To further confirm the relationship between bta-miR-150
and AKT1, we measured AKT1 expression during adipocyte
differentiation at the mRNA and protein levels. The data
indicated that bta-miR-150 promotes adipocyte differentiation
by directly targeting AKT1. Western blot results showed that
AKT1 phosphorylation increased throughout differentiation up
to a maximum of 1.0-fold after 48 h, compared with that
at 0 h (Figures 5E,F). Taken together, these results implicate
AKT1 in fat differentiation in cattle and that AKT1 is a target
of bta-miR-150.

si-AKT1 Can Inhibit Adipocyte
Differentiation
We used si-AKT1 interference to determine the role of AKT1 in
pre-adipocytes from Qinchuan beef cattle. We determined the
optimal siRNA concentration required to ensure high knockout
efficiency before transfection (Figures 6A-C). We then showed
that silencing the AKT1 gene with 100 nM si-AKT1 reduced
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FIGURE 4 | GO and KEGG analysis of bovine adipocytes DEG and WGCNA analysis. (A) Differentially expressed gene clustering heat map. The abscissa is the

sample name, and the ordinate is the normalized value of the differential gene FPKM. Red color indicates higher expression levels, while green represents lower

expression levels; (B) The DEGs represented by a Venn diagram. Venn diagram showing the overlapping portion by sharing the expression pattern of the DEGs; (C)

GO enrichment analysis of mimic treatment group and mimic NC group on the second day; (D) KEGG pathway enrichment analysis of mimic treatment group and

mimic NC group on the second day;(E) GO enrichment analysis of inhibitor treatment group and inhibitor NC group on the second day; (F) KEGG pathway

enrichment analysis of inhibitor treatment group and inhibitor NC group on the second day; (G) Correlation thermogram between samples and modules; (H) KEGG

enrichment analysis of Midnightblue modules; (I) GO enrichment analysis of Midnightblue modules.
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FIGURE 5 | bta-miR-150 directly targets AKT1 and regulates adipocyte differentiation through mTOR pathway. (A) mTOR signaling pathway. (B,C) Changes in mRNA

levels in the mTOR pathway on day 2 after incubation with the mimic, inhibitor, and NC. (D1) Construction of a double luciferase reporter vector; (D2) Changes in

luciferase activity after co-transfection. (E,F) Western blots of Akt1 phosphorylation on day 2 of differentiation. Error bars, means ± SD. n = 3 replicates. *denotes

significance according to Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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FIGURE 6 | Effects of AKT1 on the metabolism of adipocytes in Qinchuan cattle. (A) The efficiency of si-AKT1 transfection; (B,C) The expression levels of AKT1 mRNA

and protein in pre-adipocytes transfected with si-AKT1 and negative control cells were compared; (D) After si-AKT1 treatment, the triglyceride level in pre-adipocytes

decreased. Error bars represent mean ± SD. n = 3 replicates. *denotes significance according to Student’s t-test, *p < 0.05, **p < 0.01, and ***p < 0.001.

triacylglycerol (TAG) levels in adipocyte precursors (Figure 6D),
indicating that AKT1 is a key transcription factor in pre-
adipocytes from Qinchuan beef cattle.

DISCUSSION

We stained induced adipocytes with BODIPY on day 2 after
differentiation and with Oil Red O on days 4 and 6 after
differentiation. The number of lipid droplets was lower in the
cells incubated with bta-miR-150 mimic than with mimic NC
and higher in those incubated with miR-150 inhibitor than with
inhibitor NC. These phenotypes remained consistent on days 2,
4, and 6 of the induction of bovine adipocyte differentiation.
Further experiments were based on this phenotype. The results
confirmed that miR-150 functions in bovine fat formation,
indicating that it is a candidate for the regulation of adipogenesis
in cattle. At present, the precise role of miR-150 in the regulation
of adipocyte differentiation remains unclear. Many previous
studies used low-throughput methods, which cannot sufficiently
explain the molecular regulatory mechanisms through which
miR-150 affects the formation of pre-adipocytes. Therefore, we
used high-throughput RNA-seq to identify DEG in adipocytes
with overexpressed or inhibited miR-150. The results of KEGG
enrichment analysis of the DEG in adipocytes incubated with
inhibitor and inhibitor NC on day 2 implicated the mTOR
pathway (p = 0.0008), because most genes in the pathway
were changed due to miR-150 inhibition, and most of these
DEG (such as INSR (Cignarelli et al., 2019), IGF1R (Hancock
et al., 2019), RPS6KA1 (Song and Richard, 2015), and NFKB1
(Akbar et al., 2015) were related to “fat metabolism.” To
increase the richness of data analysis methods, we added the
new WGCNA analysis (Langfelder and Horvath, 2008), which
confirmed that among the multiple pathways enriched by DEG
of five modules, the mTOR pathway was the most significant
(p = 0.0092). Therefore, we verified that miR-150 mediates
adipogenesis via the mTOR pathway. AKT1 is part of the mTOR
pathway and was implicated as a target of miR-150. Western
blotting and qPCR findings confirmed that AKT1 functions
during adipogenesis.

Protein phosphorylation is a common and important
post-translational modification (Humphrey et al., 2015).
Approximately a third of cellular proteins are thought to
be phosphorylated, and mTOR is a typical phosphorylation
pathway (Rausch et al., 2019). Mammalian TOR plays an
essential role in the regulation of cell growth and metabolism,
such as responding to cell nutrients and growth signals, and
it is associated with diabetes (Saxton and Sabatini, 2017). The
seed sequence of miR-150 will be combined with the 3′ region
sequence of AKT1. Qualcomm quantitative sequencing results
have shown that when miR-150 is inhibited, insulin receptor
substrates (IRS) are up-regulated, and receptor activation leads
to the phosphorylation of key tyrosine residues on IRS proteins
(Deng et al., 2020). After binding, the receptor activates p85
and recruits p10, which in turn catalyzes the generation of
PI3P from PIP2 on the inner surface of the membrane. As the
second messenger, PI3P further activates AKT and changes
the phosphorylation level of AKT (Choi et al., 2010). Akt
plays an important role in adipocyte differentiation (Xu and
Liao, 2004). The “molecular switch” of BSTA can promote
AKT1 phosphorylation and promote adipocyte differentiation
(Yao et al., 2013), whereas knocking out Akt1 affects insulin-
stimulated adipogenesis (Fischer-Posovszky et al., 2012). In
addition, Akt1/Akt2-DKO mice have dyslipogenesis (Peng et al.,
2003), and AKT deficiency in adipocytes can lead to severe
lipodystrophy (Shearin et al., 2016). We found that miR-150
seems to inhibit bovine pre-adipocyte differentiation, which
might inhibit the mTOR signaling pathway.

CONCLUSIONS

Understanding the genetic basis of fat formation in beef cattle
will support the breeding process to increase the intramuscular
fat content of cattle. Our findings further validate and clarify
the relationship between bta-miR-150 and bovine adipocyte
differentiation; thus, overexpression of bta-miR-150 can inhibit
adipocyte differentiation. Through RNA-seq sequencing data and
WGCNA analysis methods, it was determined that the mTOR
pathway, the signal pathway that plays a major role in bta-miR-
150, affects bovine adipocytes’ differentiation. This information
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paves the way for further research to elucidate the complex
adipocyte differentiation and fat tissue production process.
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Several recent studies have demonstrated the role of long non-coding RNAs (lncRNAs)
in regulating the defense mechanism against parasite infections, but no studies are
available that investigated their relevance for immune response to nematode infection
in sheep. Thus, the aim of the current study was to (i) detect putative lncRNAs that are
expressed in the abomasal lymph node of adult sheep after an experimental infection
with the gastrointestinal nematode (GIN) Teladorsagia circumcincta and (ii) to elucidate
their potential functional role associated with the differential host immune response.
We hypothesized that putative lncRNAs differentially expressed (DE) between samples
from animals that differ in resistance to infection may play a significant regulatory
role in response to nematode infection in adult sheep. To obtain further support for
our hypothesis, we performed co-expression and functional gene enrichment analyses
with the differentially expressed lncRNAs (DE lncRNAs). In a conservative approach,
we included for this predictive analysis only those lncRNAs that are confirmed and
supported by documentation of expression in gastrointestinal tissues in the current
sheep gene atlas. We identified 9,105 putative lncRNA transcripts corresponding to
7,124 gene loci. Of these, 457 were differentially expressed lncRNA loci (DELs) with
683 lncRNA transcripts. Based on a gene co-expression analysis via weighted gene co-
expression network analysis, 12 gene network modules (GNMs) were found significantly
correlated with at least one of 10 selected target DE lncRNAs. Based on the principle of
“guilt-by-association,” the DE genes from each of the three most significantly correlated
GNMs were subjected to a gene enrichment analysis. The significant pathways
associated with DE lncRNAs included ERK5 Signaling, SAPK/JNK Signaling, RhoGDI
Signaling, EIF2 Signaling, Regulation of eIF4 and p70S6K Signaling and Oxidative
Phosphorylation pathways. They belong to signaling pathway categories like Cellular
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Growth, Proliferation and Development, Cellular Stress and Injury, Intracellular and
Second Messenger Signaling and Apoptosis. Overall, this lncRNA study conducted in
adult sheep after GIN infection provided first insights into the potential functional role of
lncRNAs in the differential host response to nematode infection.

Keywords: adult sheep, gastrointestinal infection, nematode, abomasal lymph node, long non-coding RNA,
functional annotation, gene co-expression, pathways

INTRODUCTION

The central dogma of molecular biology states that DNA is
transcribed into mRNA and mRNA is translated into protein
products (Crick, 1970). There is an increasing interest, however,
also in the non-protein coding RNAs (ncRNAs), which are
estimated to comprise up to 80% of the entire transcriptome
in mammals (The ENCODE Project Consortium, 2012; Hon
et al., 2017; Srijyothi et al., 2018). The ncRNAs are classified
into several sub-classes, such as small non-coding RNAs,
including microRNAs and small interfering RNAs, processed
small RNAs (Wilusz et al., 2009), transcription start site–
associated RNAs (Seila et al., 2008), promoter associated RNAs
(PARs) (Taft et al., 2009), enhancer RNAs (eRNAs) (Kim et al.,
2015) and long non-coding RNAs (lncRNAs) (Wilusz et al.,
2009). LncRNAs are defined as non-coding RNA transcripts
with a length greater than 200 nucleotides. Although lncRNAs
are biochemically resembling mRNAs, they generally do not
encode protein products (Ponting et al., 2009). LncRNAs are
divided into several subgroups according to the positional
genomic relationship between lncRNAs and their neighboring
protein-coding genes including overlapping, antisense, intronic
and intergenic lncRNAs. Advances in computational biology
and evolution of sensitive RNA sequencing and epigenomic
technologies have facilitated the discovery of numerous lncRNAs
and encouraged the study of their functional roles.

Based on their potential function, lncRNAs can be broadly
classified into three main categories: (1) lncRNA transcripts,
which are non-functional; (2) lncRNAs as regulators of
transcription, which act as cis- and trans-active modulators
of protein-coding gene expression (Kopp and Mendell, 2018),
and (3) lncRNA transcripts involved in post-transcriptional
regulation, which includes alternative mRNA splicing regulation,
translational control and competing with regulatory endogenous
RNAs (Riquelme et al., 2016; Dykes and Emanueli, 2017). It has
been found that lncRNAs exhibit splice junctions and introns
(Hiller et al., 2009) and cell- and tissue- specific expression
patterns. The misexpression of lncRNAs has been shown to
contribute to neurological disorders, cancer (Qureshi et al., 2010),
susceptibility to infection, metabolic disorders such as diabetes
and obesity (Moran et al., 2012; Zhao and Lin, 2015), and
other diseases (Wapinski and Chang, 2011). In addition to their
identification and cataloging, the functional annotation of the
discovered lncRNAs is also challenging, as they are sparsely and
cell type-specifically expressed, which might limit their function
to few biological states (Derrien et al., 2012). Furthermore, at
sequence level lncRNAs are poorly conserved across species
(Ulitsky and Bartel, 2013; Hezroni et al., 2015).

The functional annotation of lncRNAs aims to identify or
predict the possible biological process with which an lncRNA
transcript can be interrelated, its putative mechanism of action,
potential interacting partners and putative functional elements
within the RNA locus (Cao et al., 2018). The annotation catalog
of lncRNAs is far from complete even in humans and mice, and
much work remains to be done in the field of lncRNAs annotation
in the genomes of livestock species (Weikard et al., 2017).
Currently, several lncRNA databases are available (Maracaja-
Coutinho et al., 2019), which provide annotations of lncRNAs,
mostly referring to the human genome. Among them, the
NON-CODE database (Zhao et al., 2016) currently offers a
comprehensive collection of lncRNA transcripts that have been
experimentally confirmed in humans and 15 animal species
(including the farm animals cow, pig, and chicken, but not
sheep). With regard to the sheep genome, although there are
many predicted protein coding genes known, only 30% of them
are carrying an Ensembl identifier in the OAR v3.1 reference
genome [Ensembl annotation based on adult Texel sheep (Clark
et al., 2017)]. Most of the detected and characterized lncRNAs of
the sheep genome have been annotated through the sheep atlas
project based on the Texel breed (Clark et al., 2017).

Recently, another sheep reference genome Oar rambouillet
v1.0 (GCA_002742125) has become available, providing a highly
contiguous sheep genome with an annotation and mapping of
transcription start sites (Salavati et al., 2020). However, this new
reference genome contains a similar number of coding and non-
coding genes compared to the OAR v3.1 reference genome.
Currently, the Ensembl database contains 1,858 and 2,236
putative lncRNAs in the OAR v3.1 and the OAR rambouillet v1.0
genome annotation, respectively1 (Oar rambouillet v1.02).

LncRNAs are known to act as key regulators of the immune
response by a variety of mechanisms (Chen et al., 2017; Menard
et al., 2019). Some recent lncRNA studies conducted in humans
(Rochet et al., 2019) and mice (Menard et al., 2018) have
demonstrated the role of lncRNAs in regulating the defense
mechanisms against parasite infections. However, up to now
no sheep-specific studies are available that investigated the
importance of lncRNAs for the immune response to nematode
or parasite infection.

Gastrointestinal parasite infections in sheep are a major
challenge to sheep husbandry due to great economic losses,
impairment of animal welfare and difficulties in appropriate
treatment and prophylaxis under the dominating extensive
pasture system in sheep production (Roeber et al., 2013;

1http://www.ensembl.org/Ovis_aries_rambouillet/Info/Strains?db=core
2http://www.ensembl.org/Ovis_aries_rambouillet/Info/Index
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Ruano et al., 2019). The aim of the current study was therefore
to detect lncRNAs in the transcriptome of abomasal lymph
node (ALN) tissue samples extracted from adult Spanish Churra
sheep after an experimental infection with the gastrointestinal
nematode (GIN) Teladorsagia circumcincta and to elucidate
their potential functional role associated with the host immune
response against GIN infection in adult sheep. The current study
is based on the OAR v3.1 genome annotation, as it was the most
widely used annotation and was also used as reference annotation
in our previous RNA-sequencing (RNA-seq) studies (Chitneedi
et al., 2018, 2020), which were conducted with the same samples
as the current study.

We hypothesized that putative lncRNAs differentially
expressed between samples from animals that differ in infection
resistance may play a significant regulatory role in response to
nematode infection in adult sheep. To validate our hypothesis,
we performed co-expression and functional gene enrichment
analyses with selected lncRNAs that (i) were differentially
expressed in our study in response to GIN infection, (ii) are
included in the current sheep gene atlas, and (iii) showed
expression in gastrointestinal and lymph node tissue (Clark
et al., 2017; Bush et al., 2018). Thus, this work will contribute
to the aim of the global network for Functional Annotation of
Animal Genomes (FAANG) to provide high quality functional
annotations of farm animal genomes (Andersson et al., 2015).

MATERIALS AND METHODS

Experimental Design and RNA
Sequencing
The experiment and the criteria for animal selection have
been described earlier in detail in Chitneedi et al. (2018). The
whole experiment was carried out according to the current
National Spanish legislation on the protection of animals used
in experimentation (Royal Decree 53/2013) and the approval of
the competent body of the regional government, Junta de Castilla
y León (ULE_024_2015). Initially, a commercial flock of the
Churra dairy sheep breed including 119 dairy ewes, raised under
a commercial, semi-intensive management system representing
natural GIN infection conditions was sampled to measure the
fecal egg count (FEC). Based on the distribution of FEC values
in the selected flock [phenotypic values: average = 25.59 eggs
per gram (epg); SD = 60.31 epg], we preselected a group of 10
animals showing extremely low FEC values (range 0–15 epg) and
a group of eight animals showing very high FEC values (range
90–225 epg). These animals were transferred to the experimental
farm of the Mountain Livestock Institute (IGM, León, Spain),
where they were exposed to a first standardized experimental
infection (EI1) with T. circumcincta third stage larvae (L3)
after an antihelmintic treatment (oral dose of ivermectin).
T. circumcincta is one of the most common GIN parasites
that infects different sheep breeds, in particular with a high
incidence in Churra sheep (Diez-Banos et al., 1992; Castilla-
Gomez De Aguero et al., 2020). Based on the accumulative FEC
at days 14–31 after the first experimental infection (EI1), six
ewes were classified as ‘susceptible’ (SUS, range: 2,310–9,666 epg;

average: 5,594 ± 2,661 epg) and six ewes as ‘resistant’ (RES,
range: 0–915 epg; average: 308 ± 338 epg). After a second
experimental infection (EI2), these 12 animals were sacrificed at
day 7 after infection, and abomasal lymph node (ALN) tissue
samples were collected. Total RNA extracted from these samples
was used for library preparation using the KAPA Stranded
mRNA-Sequencing Kit that starts with an oligo dT selection
step (Roche). RNA sequencing (RNA-seq) using an Illumina
Hi-Seq 2000 platform generated ‘paired-end’ reads of 75 bp,
with a sequencing depth of 30 M fragments per sample. The
FASTQ format data from the 12 ALN samples were subjected
to the subsequent bioinformatics workflow summarized in
Supplementary Figure 1.

Alignment and Transcript Assembly
The script including the specific parameters used for different
tools included in the bioinformatic workflow is provided in
Supplementary File 1. Initially, potential adapter sequences were
removed from RNA reads with cutadapt_v1.18 (Martin, 2011)
followed by trimming of poor-quality sequences from reads using
quality trim v1.6.0 (Robinson, 2015) to improve subsequent read
alignment. After trimming, the reads were aligned against the
Ovis aries reference genome Oar_v3.1 (GCA_000298735.1) with
Ensembl annotation release 953 using the alignment tool HISAT2
v2.1.0 (Pertea et al., 2015). The aligned unsorted reads were
sorted using samtools v1.9 (Li, 2011). The aligned and sorted
read data were assembled into transcripts using StringTie v1.3.5
(Pertea et al., 2015) and the O. aries reference genome Oar_v3.1
(GCA_000298735.1) with Ensembl annotation release 95 (see
Text Footnote 3) for a reference-guided transcriptome assembly
approach (Pertea et al., 2015). This concept of reference-guided
transcriptome assembly, which depends on a genome assembly
of the target organism, takes benefit from existing information
about transcribed genome elements, but enables detection of
previously unknown transcripts. This is of particular importance
for livestock lncRNA investigation, because the catalog of
lncRNAs is by far not complete up to now. StringTie starts by
building clusters from reads aligned to the genome and then
creates a splice graph to identify transcripts (Pertea et al., 2015).
In addition to tagging the unannotated genes, StringTie also
tags those genes provided in the reference genome annotation.
After assembling the reads from all 12 samples individually,
the full set of transcript assemblies was passed to StringTie’s
merge function, which merges the gene structures found in
any one of the samples. As in some samples only partially
covered transcripts were assembled in the initial StringTie run,
the merging step created a set of transcripts that is consistent
across all samples, so that the transcripts can be compared
in the subsequent steps (Pertea et al., 2015). Additionally,
the merged annotation file was compared with the reference
annotation Ensembl release 95 (see Text Footnote 3) of the
OAR_v3.1 genome using gffcompare v-0.10.6 (Pertea and Pertea,
2020) to identify novel transcripts and to determine how many
assembled transcripts were fully or partially consistent with
annotated genes.

3http://ftp.ensembl.org/pub/release-95/gtf/ovis_aries/
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LncRNA Detection
We used the lncRNA prediction tool FEELnc (Wucher et al.,
2017) to indicate lncRNAs in the newly established merged
annotation file of the ALN transcriptome in our sheep samples.
The selection of this software was based on a previous study of
our research group comparing different bioinformatic tools for
lncRNA prediction (Weikard et al., 2018). The FEELnc analysis
includes three steps: (i) filtering of candidate lncRNA transcripts;
(ii) exploring coding potential and nucleotide composition of
candidate lncRNA transcripts; and (iii) classification of the finally
predicted lncRNA transcripts. In the first step, protein-coding
genes, monoexonic transcripts (except for those in antisense
direction to a coding gene) and transcripts with a size less
than 200 nt were excluded, and a file was generated comprising
potential candidate lncRNA transcripts. In the second step, the
coding potential score was determined for each of the candidate
lncRNA transcripts by considering absence of an open reading
frame and k-mer nucleotide composition using the shuffle mode
option of FEELnc. Finally, those putative lncRNAs with evidence
for non-coding characteristics were classified with regard to
their localization and their direction of transcription compared
to adjacent RNA transcripts (protein-coding and non-coding
loci). This classification of putative lncRNAs with respect to
associated mRNAs or protein-coding genes (or other ncRNAs)
might provide initial indication on potential lncRNA functions.
In addition, to evaluate, if the putative lncRNA transcripts
detected in the ALN sheep transcriptome were novel compared
to the OAR_v3.1-r 95 annotation, the predicted lncRNAs were
classified using the gffcompare -r option, and class code “u”
assignment was taken as indication of a novel lncRNA.

Read Count and Differential Gene
Expression Analysis
The ‘featureCounts’ option of the package subread v 1.6.3
(Liao et al., 2013) was used with the newly generated merged
annotation file to calculate read count matrices for all samples
and all annotated loci. Prior to differential gene expression
(DGE) analysis of the samples, we plotted the accumulated
phenotypic FEC data of the animals and also performed an
exploratory Principal Component Analysis (PCA) of the sample
transcriptomes for the initial six resistant and six susceptible
animals (Supplementary Figure 2). The phenotypic information
available for sample ALN_14 (Supplementary Figure 2A)
showed that the accumulated FEC value of the respective
animal after EI1 was the lowest among the susceptible samples.
Considering the first two principle components (PC1 and PC2)
of the transcriptome expression data, after excluding the ALN_14
this sample originally allocated into the susceptible group could
not be clearly assigned to this group (Supplementary Figure 2B).
Thus, in order to perform the subsequent analysis on two
groups with clearly distinct phenotypes (Figures 1A,B), sample
ALN_14 was considered as an outlier and was excluded from the
subsequent DGE analysis. This DGE analysis was performed with
the DESeq2 R package (Love et al., 2014) to identify differentially
expressed (DE) loci (coding and non-coding) between the
two animal groups differing in susceptibility to GIN infection.

Loci were considered significantly DE at a FDR < 0.05 after
Benjamini–Hochberg correction for multiple testing.

Gene Co-expression Analysis
For a first indication on the potential functional role of lncRNA
highlighted as DE in the differential expression analysis, we
performed co-expression analyses. To this end, we applied the
R package for Weighted gene co-expression network analysis
(WGCNA, v1.64) (Langfelder and Horvath, 2008). This method
was implemented using the parameters mentioned in Weikard
et al. (2018). Briefly, WGCNA was performed initially with all
the protein-coding and non-coding genes expressed in the 11
sheep ALN samples serving as expression data input except for
those genes serving as target variables. We selected 10 lncRNAs
as target variables for the WGCNA according to the following
criteria: (i) they displayed significantly differential expression
between the RES and SUS sheep in response to GIN infection, (ii)
they had been reported previously as expressed in gastrointestinal
and lymph node tissue in the sheep gene atlas study (Clark
et al., 2017) and had been predicted as lncRNAs in the sheep
lncRNA study linked to the sheep gene atlas study (Bush et al.,
2018), (iii) finally, they displayed a clear exon-intron structure as
verified by visual inspection of reads aligned to the selected DE
lncRNA transcripts using the Interactive Genomics Viewer (IGV)
(Thorvaldsdottir et al., 2013).

The co-expressed genes within the WGCNA were identified as
gene network modules (GNMs) marked with different colors. We
assumed that highly interconnected genes within a GNM are co-
regulated and might be involved in similar biological pathways.
Those GNMs that were highly significantly correlated with at
least one DE lncRNA transcript (r > | 0.75| and p < 0.01) were
selected for pathway enrichment analysis of the included DE
genes to obtain indication on a potential functional role of the
correlated DE lncRNA.

Enrichment and Pathway Analysis
To predict the potential biological function of the DE lncRNAs
and associated biological pathways, we performed the gene set
enrichment pathway analysis using the Qiagen Ingenuity analysis
package (IPA4) with the DE genes from those GNM that were
correlated with a specific lncRNA. Only annotated protein-
coding genes in significantly correlated GNMs were included
in the IPA analysis, whereas functionally unannotated and non-
protein-coding genes were excluded.

RESULTS

Alignment and Transcriptome Assembly
After trimming of adapters, primers and poor-quality sequences,
the data from the 12 samples initially included in the
transcriptomic study comprised 30 to 50 M fragments per
sample, which were subjected to further analysis. An average
of 89.8% of the reads were aligned against the OAR_v3.1

4https://digitalinsights.qiagen.com/products-overview/discovery-insights-
portfolio/analysis-and-visualization/qiagen-ipa/
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FIGURE 1 | Exploratory plots of GIN infected resistant and susceptible sheep. (A) Distribution of accumulated fecal egg count (FEC) in resistant and susceptible
sheep after a second experimental infection with GIN Teladorsagia circumcincta. Blue box represents the group mean of the resistant group and red box represents
the group mean of the susceptible group. (B) PCA performed with the read count matrix of the 11 ALN RNA-seq datasets finally included in the differential gene
expression analysis specifying the sample condition [resistant (6) and susceptible (5)].

reference genome. Finally, after performing the reference-guided
transcriptome assembly, the final new annotation file after
merging information across all 12 samples comprised 77,039
transcripts. These transcripts corresponded to a total of 44,203
transcribed gene loci, which is an average of 1.74 isoform
transcripts per gene locus.

LncRNA Detection and Classification
After filtering out protein-coding transcripts, based on their
coding potential score and nucleotide composition, the FEELnc
program identified 9,105 lncRNA transcripts corresponding to
7,124 putative lncRNA loci. This corresponds to 1.28 lncRNA
transcripts per lncRNA locus, which is lower than the average
number of transcript isoforms across all gene loci. We observed
an equal strand distribution of these lncRNA transcripts with
50.2% (3,580 lncRNA loci) identified on the plus strand and
49.7% (3,544 lncRNA loci) on the minus strand. The average
number of exons per lncRNA locus was 3.3 (median 2) with

a mean exon length of 432.2 nt (median149 nt). The average
number of exons per non-lncRNA locus was 14.3 (median 2) with
a mean exon length of 289.8 nt (median 130 nt).

To classify the identified lncRNA transcripts, we used the
sliding window size of 10,000 to 100,000 nt to check for the
possible overlap with the nearest transcript from the reference
annotation. In total, we identified a total of 19,162 potential
predicted spatial lncRNA interactions between 8,676 lncRNA
transcripts (originating from 6,854 lncRNA loci) and other loci
in the merged annotation. Out of these, 11,250 were intragenic
interactions, called as ‘genic’ by the FEELnc classifier, and 7,912
were intergenic. No potential spatial interaction was predicted
for the remaining 429 lncRNA transcripts (270 lncRNA loci).
Some of the lncRNA transcripts interacted with both genic
and intergenic regions of different partner transcripts. In total,
3,004 lncRNA transcripts were in sense direction with potentially
interacting genic regions and 5,216 lncRNA transcripts in
antisense direction. In case of intergenic regions, 3,143 lncRNA
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FIGURE 2 | Distribution of the predicted putative lncRNAs across the sheep genome from the merged ALN RNA-seq datasets of the 12 ALN sheep transcriptome
samples under study.

transcripts were predicted in sense direction and 2,758 in
antisense direction. The mean expression of the 7,124 lncRNA
loci was 60.6 FPKM, with a median of 9.13 FPKM and in case
of the rest 37,079 non-lncRNA gene loci, the mean expression
was 12.9 FPKM (median 0.88). Of the total of 9,105 lncRNA
transcripts found in our analysis (7,124 lncRNA loci), 2,092
lncRNA transcripts (1,393 lncRNA loci) were categorized as novel
by gffcompare. The distribution of novel and known lncRNA
transcripts across the ovine chromosomes is shown in Figure 2.

Differential Gene Expression Analysis
After excluding the outlier sample (ALN_14) detected
through the PCA and evaluation of phenotypic FEC values
(Figures 1A,B), a total of 3,148 differentially expressed
loci (DELs, protein-coding and non-coding) were detected
at a significance threshold of q < 0.05 between the ALN
transcriptomes of the RES and SUS sheep groups in response
to GIN infection. Of these, 1,635 DELs were higher and 1,513
DELs were lower expressed after GIN infection in RES sheep
compared to the SUS group. The list of DELs is shown in
Supplementary Table 1. When investigating the 3,148 DELs,
we found 683 lncRNA transcripts in 457 DELs. Of these, 263
lncRNA transcripts associated with 153 DELs were considered
novel. The list of DE lncRNAs including the novel DE lncRNAs
is provided in Supplementary Table 1.

Gene Co-expression and Enrichment
Analysis
The list of the 10 DE lncRNA loci selected for this analysis is
shown in Table 1 and Figure 3 depicts results of the DE analysis
for those 10 target DE lncRNA loci. The cluster dendrogram plot
of the ALN transcriptome data from the RES and SUS sheep and
the corresponding heatmap (Figure 4) show that the expression

level of the 10 selected lncRNAs displayed a different pattern
between the groups of differential resistance to GIN infection
(Figure 4). Based on the module co-expression analysis with
the 10 target lncRNAs, we found 88 GNMs (Supplementary
Figure 3). Of them, 12 GNMs were significantly correlated
(p < 0.01) with at least one of the 10 target lncRNAs included
in the analysis (see Figure 4). Furthermore, we found that most
lncRNAs were highly co-expressed with several GNMs at r > |
0.75| and p < 0.01.

For canonical biological pathway analysis, out of the 12 GNMs
significantly correlated with at least one target lncRNA, we
selected the DE genes from the three most highly significantly
correlated GNMs: green, turquoise and yellow. Although other
modules were also significantly co-expressed with the 10 selected
lncRNAs, the genes from the other significantly correlated
GNMs did not satisfy the criteria that were used to select
the genes for enrichment pathway analysis. The blue and
darkseagreen4 GNMs did not comprise DE genes and the
other modules contained only a single or no protein-coding
DE gene(s), which precluded biological pathway analysis. As
shown in Table 2, Ingenuity pathway analysis revealed that the
canonical pathways ERK5 (Extracellular signal-related kinase)
Signaling, SAPK/JNK (stress-activated protein kinases) Signaling,
RhoGDI Signaling, EIF2 (eukaryotic translation initiation factors)
Signaling, Regulation of eIF4 (Eukaryotic translation initiation
factor 4) and p70S6K Signaling and Oxidative Phosphorylation
were significantly enriched by genes from GNMs green, turquoise
and yellow. Table 2 also contains the list of DE genes within the
enriched pathways for the three GNMs significantly correlated to
at least one target lncRNA.

The co-expression and IPA analyses revealed that the ERK5
Signaling, SAPK/JNK Signaling and RhoGDI Signaling canonical
pathways were enriched by genes included in the GNMs ‘green’
and ‘yellow’ (Table 2), which were both negatively correlated
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TABLE 1 | Differentially expressed (DE) lncRNAs selected for gene co-expression analysis.

LncRNA Chromosomal location
(chr:start-end:strand, sense)

Overlapping gene Classification of the
identified lncRNA
transcripts expressed in
sheep abomasal lymph node
relative to the overlapping
gene1

Overlapping region from
previous studies
(chr:start-end:strand, sense)

Expression of overlapping
gene regions from previous
sheep studies2

MSTRG.2313 1:188445304–188449367:+ ENSOARG00000020259
(RPL35A)

Intronic, antisense, class code -
S

1:188445366–188448530:− Prescapular lymph node in
TxBF adult3

MSTRG.9049 14:50414613–50422485: + RPS19 Intronic, antisense, class code -
S

14:50414657–50422495: − Prescapular lymph node in
TxBF adult3

MSTRG.32373 9:36111002–36112522: + RPS20 Intronic, antisense, class code -
S

9:36111034–36112627: − Prescapular lymph node in
TxBF adult3

MSTRG.1579 1:109258493–109270297: + ENSOARG00000025559
(lincRNA located near IGSF9
and TAGLN2)

Complete, exact intronic
match, class code -=

1:109251911–109274557: + Not calculated4

1:109264963–109270297: + Multi-exonic with at least one
junction match, class code – j

1:109267606–109271242: − Abomasum in Texel
lamb/6–10 months3

MSTRG.2319 1:188856696–188859141: − Located between MUC20 and
TNK2

Novel (unknown, intergenic),
class code – u

1:188856349–188859135: + Hippocampus in TxBF adult4

1:188856697–188859104: − Novel (unknown, intergenic),
class code – u

1:188856697–188859111: − Novel (unknown, intergenic),
class code – u

1:188856697–188859118: − Novel (unknown, intergenic),
class code – u

1:188856697–188859141: − Novel (unknown, intergenic),
class code – u

1:188856701–188859137: − Novel (unknown, intergenic),
class code – u

MSTRG.5010 11:39016413–39020308: + ENSOARG00000010029
(RPL23)

Intronic, antisense, class code -
S

11:39016458–39020292: − Omasum in TxBF lamb/new
born3

MSTRG.4185 11:14061262–14065789: − ENSOARG00000004831
(CCL14)

Intronic, antisense, class code -
S

11:14061328–14065335: + Omentum in Texel adult3

MSTRG.22699 3:10979130–10983453: − ENSOARG00000013275
(RPL35)

Intronic, antisense, class code -
S

3:10979613–10983240: + Rumen in TxBF lamb/new
born3

MSTRG.24044 3:133375792–133383230: − KRT8 Intronic, antisense, class code -
S

3:133375727–133383019: + Rectum in Texel adult3

MSTRG.32557 9:57536379–57541099: + FABP4 Intronic, antisense, class code -
S

9:57536525–57541042: − Omentum in Texel adult3

1The classification of transcripts is based on the annotation tool Gffcompare -r option.
2TxBF adult refers to adult Texel × Scottish Blackface sheep.
3Clark et al. (2017)
4Bush et al. (2018).
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FIGURE 3 | Volcano plot showing the differentially expressed (DE) genes with the selected target lncRNA loci for co-expression analysis.

with expression levels of several DE lncRNAs (Table 2 and
Figure 5). In addition, genes from GNM ‘turquoise’ that
showed a positive correlation with DE lncRNA expression levels
(Table 2 and Figure 5) were enriched in the canonical pathways
EIF2 Signaling and Regulation of eIF4 and p70S6K Signaling
(Table 2). It is striking that the same lncRNAs (MSTRG.1579,
MSTRG.2313, MSTRG.2319, MSTRG.32373, MSTRG.32557,
MSTRG.5010, MSTRG.9049, and MSTRG.4185) correlated with
the GNMs ‘green,’ ‘yellow,’ and ‘turquoise’ indicating that they
might be involved in the regulation of specific processes
within the respective interconnected biological pathways, which
display variation regarding resistance against GIN infection. An
intersection between these pathways might be the mitogen-
activated protein kinase (MAPK) pathway, which comprises
the ERK, JNK and p38 mediated kinase cascades. It represents
a conserved host-defense repertoire, and dysfunctions are
known to result in hypersensitivity toward infection and stress
(Johnson and Lapadat, 2002).

DISCUSSION

LncRNAs are known to play multiple biological functions and
their expression also varies with the developmental stage of cells
and tissues and under different disease states and environmental
challenges (Ma et al., 2012). Thus, by inferring the functional role
of lncRNAs we can attempt to better understand the possible
mechanisms of complex biological processes related to various
metabolic disorders, disease conditions, divergent phenotypes
and response to environmental challenges. However, compared

to regular protein-coding genes, the sequences and secondary
structures of lncRNA transcripts are usually not conserved
(Mercer et al., 2009; Pang et al., 2009). This makes it difficult
to investigate the function of lncRNAs directly based on their
physical nucleotide structure and features. The availability of
different bioinformatics tools such as CNCI (Sun et al., 2013),
PLEK (Li et al., 2014), PLAR (Hezroni et al., 2015), and
FEELnc (Wucher et al., 2017) has enabled to predict lncRNAs
from unknown transcripts, but the detection of their biological
functions is still challenging. It has been reported that lncRNAs
exert their functions by regulating or interacting with other
molecules like RNA, DNA and proteins (Ma et al., 2012; Schmitz
et al., 2016). Thus, one possible approach to predict the function
of lncRNAs is to explore the relationship between lncRNAs and
other molecular interacting partners. One such approach is to
identify the protein-coding genes that are co-expressed with the
interrogated lncRNA. According to the principle of “guilt by
association,” the putative lncRNA function can be assigned via
correlation to a group of co-expressed genes (in a module) with
the biological pathway enriched by the group of co-expressed
genes (Wolfe et al., 2005). This approach has been applied for a
variety of lncRNA studies in other species (Petri et al., 2015; Li
et al., 2016; Zhang et al., 2017; Weikard et al., 2018; Zheng et al.,
2018; Ling et al., 2019; Nolte et al., 2019; Thiel et al., 2019; Wang
et al., 2020).

In this context, the current study was performed to predict
ovine lncRNA transcripts in the ALN transcriptome and to
investigate the functional role of DE lncRNAs in respective
samples obtained from adult sheep after an experimental
GIN infection. This was carried out in several steps: In the
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FIGURE 4 | (Top) Cluster dendrogram plot of the ALN RNA-seq data to differentiate the resistant and susceptible sheep. (Bottom) Corresponding heatmap with the
expression levels from the 10 selected lncRNAs showing a notable expression differentiation in resistant compared to susceptible samples.

first step, we adopted a pipeline using bioinformatics tools
for the detection and classification of lncRNAs expressed in
the transcriptome of the ovine ALN. In the second step,
differential gene expression and subsequent gene co-expression
analyses were performed to establish co-expression networks
of transcripts in gene expression modules, GNMs, followed
by a correlation analysis between the expression level of 10
selected DE lncRNA loci and GNMs. In the final step, the
potential functional role of these 10 target lncRNAs was predicted
indirectly by performing gene enrichment and canonical
biological pathway analyses with the DE genes of the significantly
correlated GNMs.

Co-expression of LncRNAs With Genes
From ERK5 and SAPK/JNK Signaling
Pathways
The canonical pathway ERK5 (Extracellular signal-related
kinase) Signaling (z-score = −2.5) (Supplementary Figure 4)

was on top of the enriched pathways in the GNM ‘green.’
The involved signal transduction molecules are known
to elicit several biological responses and to regulate cell
functions such as tissue morphogenesis, cell proliferation,
differentiation, migration and survival, apoptosis, cytoskeletal
rearrangements, immune response and adaptation or stress
response as reviewed by different authors (Dong et al., 2002;
Drew et al., 2012; Arthur and Ley, 2013; Stecca and Rovida,
2019). The genes from the GNM ‘green,’ belonging to the ERK5
Signaling pathway, were ELK4 (encoding a transcription factor
involved in both transcriptional activation and repression)
and GNA13 (associated with PKA Signaling and Rho-related
Signaling). They had a higher expression level in the ALN
transcriptome of RES compared to SUS sheep in response
to GIN challenge and were also found to be significantly
higher expressed in susceptible goat (Bhuiyan et al., 2017)
and in susceptible selection lines of Perendale sheep (Diez-
Tascon et al., 2005), respectively, in response to GIN infection
(Bhuiyan et al., 2017).
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TABLE 2 | Significant gene modules and canonical pathways associated with differentially expressed (DE) lncRNAs.

GNM Gene number1 Co-expressed DE
lncRNAs

Correlation
coefficient

(lncRNA- GNM)2

Top canonical
pathways associated
with GNM

−log(p-value) z-score Genes involved

Green 303 MSTRG.1579
MSTRG.2313
MSTRG.2319
MSTRG.32373
MSTRG.32557
MSTRG.5010
MSTRG.9049

−0.76
−0.85
−0.84
−0.8
−0.88
−0.93
−0.84

ERK5 signaling 4.55 −2.45 RAP2A, PTPN11, GNAQ, KRAS, GNA13, ELK4

SAPK/JNK signaling 3.44 −2.45 RAP2A, PTPN11, MAP3K13, MAP3K7, KRAS, GNA13

3-phosphoinositide
degradation

3.4 −1.89 SYNJ2, PTPN11, NUDT9, PIKFYVE, PPP1CA, RNGTT,
PPFIA4

Yellow 505 MSTRG.1579
MSTRG.2313
MSTRG.2319
MSTRG.32373
MSTRG.32557
MSTRG.4185
MSTRG.5010
MSTRG.9049

−0.92
−0.82
−0.89
−0.86
−0.85
−0.97
−0.8
−0.83

RhoGDI signaling 3.96 2.33 ROCK1, ROCK2, ITGA3, PAK1, CFL1, CDH6, ARHGDIA,
ARHGEF10, DLC1, GNG12

Axonal guidance
signaling

2.77 NaN GLI2, CFL1, ADAM15, BCAR1, SEMA6C, ROCK1, ROCK2,
ITGA3, PAK1, PLCB4, MMP11, PLXNB2, SEMA3C,
PLCL1, GNG12

Turquoise 1517 MSTRG.1579
MSTRG.2313
MSTRG.2319
MSTRG.32373
MSTRG.32557
MSTRG.4185
MSTRG.5010
MSTRG.9049

0.92
0.9

0.94
0.88
0.93
0.92
0.93
0.83

EIF2 signaling 13.6 1.21 RPL11, RPLP1, SOS2, PDPK1, RPS11, BCL2, RPS20,
UBA52, RPS13, EIF3A, IGF1R, RPS3, RPS5, RPL32,
RPS19, NRAS, RALB, RPL29, RPS10, AGO2, RPS21,
RPL23, RPL28, FAU, RPL10A, EIF3G, RPL8, RPS16,
SREBF1, RPS27L, EIF4A1, EIF3I, RPS27A, RPL10, RPS25,
RPS14, RPSA, EIF3K

Regulation of eIF4 and
p70S6K signaling

8.83 −1.34 SOS2, PDPK1, RPS11, RPS20, RPS13, EIF3A, RPS3,
RPS5, ITGB1, RPS19, NRAS, RALB, RPS10, AGO2,
RPS21, FAU, EIF3G, RPS16, RPS27L, EIF4A1, EIF3I,
RPS27A, RPS25, RPSA, RPS14, EIF3K

Oxidative
phosphorylation

5.01 4.0 SDHA, NDUFV1, COX4I2, COX6A1, ATP5F1D, NDUFB8,
MT-CO2, NDUFA2, ATP5F1B, UQCR10, NDUFB7, CYC1,
COX5A, CYB5A, UQCRC1, UQCRQ

Mitochondrial
dysfunction

7.37 NaN HSD17B10, SDHA, NDUFV1, COX4I2, ATP5F1D, COX6A1,
PRDX5, TRAK1, BACE1, NDUFB8, MT-CO2, DHODH,
GPX7, NDUFA2, BCL2, ATP5F1B, TXN2, UQCR10,
CYC1,NDUFB7, COX5A, CYB5A, UQCRC1, ACO1,
UQCRQ

1Number of genes (in the GNM) with known function.
2p < 0.01, r >±0.75.

Frontiers
in

G
enetics

|w
w

w
.frontiersin.org

June
2021

|Volum
e

12
|A

rticle
685341

31

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


fgene-12-685341 June 11, 2021 Time: 15:15 # 11

Chitneedi et al. Sheep GIN Infections: Regulatory LncRNA

FIGURE 5 | Weighted gene co-expression plot with co-expression blocks corresponding to the significantly co-expressed (p < 0.01) gene network modules (GNMs)
(on the left) and the 10 selected DE lncRNAs (on the bottom). The left axis consists of color codes of each GNM, the right axis is the correlation coefficient (r)
reference scale with integer value and color intensity (red to blue) adopted for each lncRNA and GNM block. Each block consists of correlation coefficient (on the
top) and p-value (in brackets) corresponding to each GNM-lncRNA pair.

Pathway enrichment analysis of the GNM ‘green’ showed
co-expression of lncRNAs with genes included in the SAPK/JNK
Signaling pathway (z-score = −2.5). The stress-activated protein
kinase/c-Jun N-terminal kinases (SAPK/JNK) are known to
be affected by many types of cellular stresses and extracellular
signals, such as UV irradiation, inflammatory cytokines
and growth factors. They participate in numerous different
intracellular signaling pathways that control cellular processes,
including cell proliferation, differentiation, transformation and
migration, cytoskeletal integrity and DNA repair (Nishina et al.,
2004). Finally, the modulation of the SAPK/JNK pathway by
stress stimuli results in transcriptional regulation of stress-
related genes. In our study, the genes MAP3K13 and MAP3K7
of the MAPK family were included in the SAPK/JNK Signaling
pathway (Table 2), and both were lower expressed in the ALN
transcriptome of RES compared to SUS sheep. MAP3K7 is a key
signaling component of nuclear factor-κB (NF-κB) and MAPK
signaling pathways and acts as an essential regulator of innate
immune signaling and apoptosis and of the proinflammatory
signaling pathway. It also plays a central role in adaptive
immunity in response to physical and chemical stresses
[reviewed by Dai et al. (2012)]. MAP3K13 is able to activate
JNK (Ikeda et al., 2001), is implicated in NF-κB activation
(Ikeda et al., 2001; Masaki et al., 2003) and a role in a variety of
developmental, stress-sensing, and disease contexts is assumed
(Jin and Zheng, 2019).

Co-expression of LncRNAs With Genes
Acting in RhoGDI and Axonal Guidance
Signaling Pathways
Stress signals are known to be delivered to the SAPK/JNK
signaling cascade by small GTPases of the Rho family.

Our analysis revealed that lncRNAs mentioned above were
also co-expressed with genes involved in pathways, which
are linked to GTPases of the Rho family: RhoGDI (Rho-
specific guanine nucleotide dissociation inhibitor) Signaling
(z-score = 2.33) and 4 Actin-based Motility by Rho (z-
score = −1.0) (Supplementary Table 2 and Figure 6). These
pathways all were enriched in the GNM ‘yellow.’ Rho GDP
dissociation inhibitors (RhoGDIs) play important roles in
various cellular processes, including cell migration, adhesion
and proliferation, differentiation, cytoskeletal reorganization
and membrane trafficking by regulating the functions of the
Rho GTPase family members. Dissociation of Rho GTPases
from RhoGDIs is necessary for their spatiotemporal activation
(Dransart et al., 2005; Garcia-Mata et al., 2011; Cho et al.,
2019). Several DE genes in the RhoGDI Signaling pathway,
such as ARHGEF10, DLC1 and ARHGDIA, were co-expressed
with lncRNAs (Supplementary Table 2). The respective protein,
ARHGEF10 is a guanine nucleotide exchange factor regulating
activation of Rho GTPases, DLC1 belongs to the GTPase-
activating proteins involved in the inactivation of Rho GTPases,
whereas ARHGDIA is a RhoGDI, responsible for maintaining
a stable pool of inactive Rho-GTPases (Stradal and Schelhaas,
2018). Co-expression of lncRNAs with the ARHGDIA gene
that is higher expressed in the ALN transcriptome of RES
compared to SUS sheep in our study might indicate a
regulatory role of those lncRNAs for ARHGDIA expression.
These lncRNAs were also co-expressed with ROCK kinase
genes (ROCK1 and ROCK2), which are included in all enriched
Rho-associated pathways mentioned above but also in several
Ephrin Signaling -related and Axonal Guidance Signaling
pathways (Supplementary Table 2). In our study, both ROCK
kinase isoform transcripts were lower expressed in the ALN
transcriptome of RES compared to SUS sheep. Multiple functions
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FIGURE 6 | “RhoGDI Signaling canonical pathway” from IPA, was the top enriched pathway with genes from GNM ‘yellow’ with z-score = 2.33. This figure is
adapted from Ingenuity Pathway Analysis R©.

of ROCK kinases have been detected in biological processes
including cell contraction, migration, apoptosis, survival, and
proliferation (Julian and Olson, 2014). The proteins are key
regulators of actin organization, which link them to the actin-
depolymerizing factor CFL1 that showed higher expression
in the ALN transcriptome of RES versus SUS sheep in our
study. CFL1 acts in Rho-induced reorganization of the actin
cytoskeleton (actin depolymerisation/filament stabilization) and
is known as key player in controlling the temporal and spatial
pattern of actin dynamics, which is crucial for mediating host–
pathogen interactions (Zheng et al., 2016). All intracellular
and even some extracellular pathogens affect the host cell
cytoskeleton to promote their own survival, replication, and
dissemination (Stradal and Schelhaas, 2018). In summary, the
RhoGDI canonical pathway also in conjunction with other Rho-
related and Ephrin- related signaling cascades as well as with
the Axonal Guidance Signaling pathway might be involved in
controlling the differential resistance to nematode infection in
sheep and possibly, all of these processes may be modulated by
co-expressed lncRNAs.

Co-expression of LncRNAs With Genes
Involved in Protein Biosynthesis,
Apoptosis and Mitochondrial Function
Pathways
Furthermore, the co-expression analysis revealed that these
lncRNAs were also connected with genes present in the GNM
‘turquoise’ suggesting a functional role of the canonical pathways
EIF2 Signaling (z-score = 1.21) in conjunction with Regulation of
eIF4 and p70S6K Signaling and mTOR Signaling (z-score =−1.34
for both) in sheep characterized by differential resistance to
nematode challenge. The respective signaling pathways are
engaged in the control of protein biosynthesis by regulating
the translational machinery at different cascade steps (e.g.,
Supplementary Figures 5, 6). As translation is a tightly regulated
process in response to various stimuli, including extracellular
and intracellular signals and environmental stress conditions,
translational control plays a major role in host stress responses,
including pathogenic infection and defense by enabling rapid
responses to the challenge (Mohr and Sonenberg, 2012). In
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our study, the participation of these biological pathways in
the modulation of differential resistance to GIN challenge is
supported by the upregulated expression of numerous ribosomal
protein genes, and translation initiation factors, which are known
to act in the ribosome biogenesis and the mRNA translational
machinery. These genes from the GNM ‘turquoise’ showed a
higher expression in the ALN transcriptome of sheep with a
superior resistance against GIN. A crucial signaling mediator is
the PDPK1 gene (3-phosphoinositide dependent protein kinase 1)
that is involved in all three canonical pathways EIF2 Signaling,
Regulation of eIF4 and p70S6K Signaling and mTOR Signaling.
The encoding protein PDK1 is a master kinase, able to control
numerous physiological and pathological processes (Di Blasio
et al., 2017). In our study, PDPK1 had a lower expression level
in the ALN transcriptome of SUS sheep compared to the RES
group. But in goats, PDPK1 was significantly higher expressed in
susceptible animals after GIN infection (Bhuiyan et al., 2017).

GNM ‘turquoise’ also contained the antiapoptotic BCL2 gene
in the gene set associated with EIF2 signaling. The encoded BCL2
protein is known to be tightly connected with cellular survival. It
suppresses apoptosis in many cell systems and regulates cell death
by controlling the mitochondrial membrane permeability (Youle
and Strasser, 2008; Siddiqui et al., 2015). Apoptosis, a mechanism
by which cells infected with pathogens can be eliminated without
triggering an unwanted inflammatory response, seemed to be
upregulated in the RES group in response to GIN challenge in
our study, which is supported by the higher BCL2 expression
in the RES compared to the SUS sheep. In the study of Ingham
et al. (2008), the BCL2 gene was quantified in the mucosa of the
GIN tract of lambs of resistant and susceptible lines subjected
to of Haemonchus contortus and Trichostrongylus colubriformis
challenge, and it was identified as one of the candidate genes
for maintaining the epithelial integrity of the gut in response to
GIN. Furthermore, the BCL2 gene was higher expressed in the
duodenum of in Naïve Perendale sheep genetically susceptible to
GIN compared to resistant animals (Keane et al., 2006), which is
in line with our observations.

A regulatory link of these pathways is suggested due to
the simultaneous co-expression with several lncRNAs that were
also upregulated in the ALN transcriptome of those sheep
characterized by a better resistance to nematode challenge. The
functional interplay between protein biosynthesis cascades and
PI3K/AKT- and MAPK- related pathways is clearly illustrated
by the intertwining of the GNM ‘turquoise’ with the GNMs
‘green’ and ‘yellow’ and the associated lncRNAs. A closer look
at the genomic location of the correlated lncRNAs revealed that
some of them (MSTRG.9049, MSTRG.32373, MSTRG.2313, and
MSTRG.5010) are located in genomic regions near ribosomal
protein genes, which would indicate a regulatory potential for
them to control the expression of the respective neighbored
genes via cis -regulation. Considering that host cells respond to
stress and imbalances by modifying gene expression at epigenetic,
transcriptional and translational levels for recovering from the
pathogen attacks, Knap et al. (2017) reviewed the state of
knowledge on whether host cells would deploy lncRNAs to
rapidly control host translation, the most energy-consuming
process in cells, to counteract infection. The authors noted that

the cause-effect relationship between the expression of lncRNAs
and the activation of signaling pathways that control translation
is currently unclear, but it is tempting to speculate that host cells
could use this class of ncRNAs to fine-tune translation and cope
with the imbalances triggered by pathogens.

Interestingly, numerous genes contained in the GNM
‘turquoise’ indicated an association of the correlated
lncRNAs with the intertwined canonical pathways Oxidative
Phosphorylation (z – score = 2.45) and Mitochondrial
Dysfunction. These genes encode for various protein components
of all complexes forming the mitochondrial electron transport
chain, which drives oxidative phosphorylation and appeared to
be upregulated in the ALN transcriptome of the sheep group with
a better resistance to GIN challenge (Supplementary Figure 7).
Mitochondria are the key organelles of energy production
and coordinate essential metabolic processes in the cells. In
addition to their central role in metabolism, mitochondria also
regulate cellular processes such as cell cycle, innate immunity
and apoptosis [summarized by Mills et al. (2017) and Mohanty
et al. (2019)]. Recent findings highlight the emerging role of
mitochondria as important intracellular signaling platform
that regulates innate immune and inflammatory responses
(Jin et al., 2017). LncRNAs have been reported to be involved
in regulating mitochondrial processes such as mitochondrial
respiration, reactive oxygen production and apoptosis (De
Paepe et al., 2018) and are hypothesized to coordinate functions
between mitochondria and the nucleus (Dong et al., 2017).
To maintain homeostasis of the cells, an intense cross-talk
between mitochondria and the nucleus, mediated by lncRNAs is
conceivable. Thus, lncRNAs that were highly correlated to genes
of the GNM ‘turquoise’ might be associated with the regulation
of mitochondrial bioenergetics and biosynthesis. Taken together,
of the 10 DE lncRNAs selected for co-expression analysis, eight
were found to be potentially involved in the regulation of these
biological pathways with relevance to GIN infection, namely
MSTRG.1579, MSTRG.2313, MSTRG.2319, MSTRG.32373,
MSTRG.32557, MSTRG.5010, MSTRG.9049, and MSTRG.4185
(Table 2). Thus, these lncRNAs may contribute to the divergent
resistance to gastrointestinal parasites.

Potential Functional Genomic Interaction
Partners of Target LncRNAs Potentially
Involved in Regulating Divergent
Resistance to Gastrointestinal Parasites
in Sheep
LncRNAs might activate or repress the transcription of nearby
genes (cis-regulation) present on the same (Engreitz et al., 2016)
or opposite strand (Villegas and Zaphiropoulos, 2015; Tan-Wong
et al., 2019).

As already mentioned, MSTRG.9049, MSTRG.32373,
MSTRG.2313, and MSTRG.5010 are located in genomic regions
antisense to DE ribosomal protein genes, RPS19, RPS20, and
RPL35A, RPL23 indicating a potential functional regulatory link
to translation-associated processes.

MSTRG.1579 is overlapping with a known lincRNA
(ENSOARG00000025559), and the TAGLN2 gene region.

Frontiers in Genetics | www.frontiersin.org 13 June 2021 | Volume 12 | Article 68534134

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


fgene-12-685341 June 11, 2021 Time: 15:15 # 14

Chitneedi et al. Sheep GIN Infections: Regulatory LncRNA

The TAGLN2 is an actin binding protein and regulates the T
cell activation in mammals by stabilizing the actin cytoskeleton
(Na and Jun, 2015).

MSTRG.2319 represents a novel, not yet annotated intergenic
lncRNA localized between the genes MUC20 and TNK2,
which however, were not DE between the different GIN-
resistance groups. MUC20 encodes a member of the mucin
glycoprotein family implicated in protection of all mucosal
surfaces. Membrane bound mucins have been suggested to play
a functional role in cell signaling linked to health and disease
(Corfield et al., 2001; Linden et al., 2008). A MUC20 -lncRNA has
been reported to bind ROCK1 and to be functionally involved in
tumor suppression (Dai et al., 2020) indicating trans-regulation.
TNK2 encodes a tyrosine kinase that binds to the Rho family
member Cdc42Hs and inhibits both the intrinsic and GTPase-
activating protein-stimulated GTPase activity (Manser et al.,
1993). Thus, MSTRG.2319 could be primarily involved in the
pathway Signaling by Rho Family GTPases.

The lncRNA MSTRG.32557 is located near the FABP4
gene region, which encodes a member of the fatty acid
binding protein family that plays a role in lipid metabolism
by binding and intracellular transport of long-chain fatty
acids. FABP4 showed a higher expression level in the ALN
transcriptome of RES sheep and was found to be DE between
RES and SUS sheep groups in our previous transcriptome
study performed with the same tissue and conditions (Chitneedi
et al., 2018). Other studies also imply roles of FABP family
proteins in cell signaling, inhibition of cell growth and
cellular differentiation. Furthermore, FABP also modulates
tumor cell growth, metabolism, migration, differentiation and
development involving the PI3K/AKT signaling and PPAR-
associated pathways (Amiri et al., 2018). Specifically, FABP4
has been found to function as an adipokine that is involved
in regulating macrophage and adipocyte interactions during
inflammation (Thumser et al., 2014). A GWAS study showed
that FABP4 contributes to resistance to fleece rot in Australian
merino sheep (Smith et al., 2010). This gene was also found to be
downregulated in response to GIN Cooperia oncophora infection
in cattle (Li and Schroeder, 2012).

The lncRNA MSTRG.4185 is located close to the chemokine
(C-C motif) ligand 14 (CCL14) gene region. The cytokine
encoded by this gene induces changes in intracellular calcium
concentration and enzyme release in monocytes and showed
strong correlation with tumor immune cells infiltration (Gu et al.,
2020). The expression of CCL14 along with other chemokine
ligands was reported to be significantly higher in a resistance
sheep flock compared to a susceptible flock after Haemonchus
contortus infection (Zhang et al., 2019). As the CCL14 gene was
not DE between RES and SUS sheep groups in our study, but
MSTRG.4185 was highly correlated with GNMs (most negatively
to the ‘yellow’ GNM and also positively correlated to the
‘turquoise’ GNM, Figure 4), a putative trans-regulation of genes
included in correlated biological pathways could be assumed.

The lncRNAs, which are co-expressed with the GNMs
‘green,’ ‘yellow,’ and ‘turquoise,’ could possibly be involved
in the regulation of the expression of genes included in
the respective network modules. These modules, in turn are

involved in pathways associated with different physiological and
environmental conditions as well as with divergent phenotypic
characteristics, such as the modulation of a differential resistance
or susceptibility of adult sheep to parasite infection. Results
obtained from this study only provide first hints on the genes
and pathways that are primarily targeted by individual lncRNAs
under interrogation. As this is an initial study, further research in
sheep in response to GIN infection will be required to establish
the functional role of the detected lncRNA transcripts.

Overall, this preliminary lncRNA study, conducted in adult
sheep after GIN infection gave first insights into the potential
functional role of selected lncRNAs by investigating their putative
functions via co-expressed genes based on the principle of “guilt-
by-association.” Future multi-omics studies including DNA,
RNA and metabolites will help to gain a better understanding
of the general and specific roles of the selected lncRNAs and
other lncRNAs significantly involved in the regulation of key
physiological pathways associated with resistance against GIN
infection in sheep.
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Supplementary Figure 1 | Bioinformatics workflow showing the different steps
performed to detect long non-coding RNAs (lncRNAs) in the abomasal lymph
node transcriptome from resistant or susceptible sheep to GIN infection and to
predict their potential functional role by gene co-expression and pathway
enrichment analysis.

Supplementary Figure 2 | (A) Distribution of accumulated fecal egg count (FEC)
in resistant and susceptible sheep after a second experimental infection with GIN

T. circumcincta. Blue bars represent the FEC values in each resistant sample and
yellow bars represent the FEC values in each susceptible sample. (B) PCA
performed with the read count matrix of ALN RNA-seq datasets using R function
“varianceStabilizingTransformation” by specifying the sample condition (resistant
and susceptible) with the initially considered 6 resistant and 6 susceptible
samples.

Supplementary Figure 3 | Weighted gene co-expression network matrix plot.
Each block corresponds to the co-expression result of each gene network module
(GNM, left) and a lncRNA (bottom). The left axis consists of color codes for each
GNM and the right axis is the correlation coefficient (r) reference scale with integer
values and color intensity (red to blue) adopted for each lncRNA and GNM block.
Each block consists of the correlation coefficient (top) and p-value (bottom)
corresponding to each GNM-lncRNA pair.

Supplementary Figure 4 | “EIF2 Signaling” from IPA, was the top enriched
pathway with genes from the GNM ‘turquoise’ with z-score = 1.21. This figure is
adapted from Ingenuity Pathway Analysis R©.

Supplementary Figure 5 | “ERK5 Signaling” from IPA, was the top enriched
pathway with genes from the GNM ‘green’ with z-score = −2.5. This figure is
adapted from Ingenuity Pathway Analysis R©.

Supplementary Figure 6 | “Regulation of eIF4 and p70S6K Signaling” from IPA,
was the second top enriched pathway with genes from the GNM ‘turquoise’ with
z-score = −1.34. This figure is adapted from Ingenuity Pathway Analysis R©.

Supplementary Figure 7 | “Oxidative Phosphorylation” from IPA, was one of the
top enriched pathways with genes from the GNM ‘turquoise’ with z-score = 4.00.
This figure is adapted from Ingenuity Pathway Analysis R©.

Supplementary Table 1 | Differentially expressed gene loci sorted based on
p-value and the list of associated long non-coding RNAs (lncRNAs) along with the
information of novel lncRNAs.

Supplementary Table 2 | List of top 20 pathways based on −log (p-value)
enriched by the genes from the three GNMs green, yellow and turquoise
according to the Ingenuity Pathway Analysis R©.

Supplementary File 1 | Bash script with all the parameters adapted for different
tools used in the bioinformatics workflow of lncRNA detection.
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Follistatin (FST) is a secretory glycoprotein and belongs to the TGF-β superfamily.
Previously, we found that two single nucleotide polymorphisms (SNPs) of sheep FST
gene were significantly associated with wool quality traits in Chinese Merino sheep
(Junken type), indicating that FST is involved in the regulation of hair follicle development
and hair trait formation. The transcription regulation of human and mouse FST genes
has been widely investigated, and many transcription factors have been identified to
regulate FST gene. However, to date, the transcriptional regulation of sheep FST is
largely unknown. In the present study, genome walking was used to close the genomic
gap upstream of the sheep genomic FST gene and to obtain the FST gene promoter
sequence. Transcription factor binding site analysis showed sheep FST promoter region
contained a conserved putative binding site for signal transducer and activator of
transcription 3 (STAT3), located at nucleotides −423 to −416 relative to the first
nucleotide (A, +1) of the initiation codon (ATG) of sheep FST gene. The dual-luciferase
reporter assay demonstrated that STAT3 inhibited the FST promoter activity and that
the mutation of the putative STAT3 binding site attenuated the inhibitory effect of STAT3
on the FST promoter activity. Additionally, chromatin immunoprecipitation assay (ChIP)
exhibited that STAT3 is directly bound to the FST promoter. Cell proliferation assay
displayed that FST and STAT3 played opposite roles in cell proliferation. Overexpression
of sheep FST significantly promoted the proliferation of sheep fetal fibroblasts (SFFs)
and human keratinocyte (HaCaT) cells, and overexpression of sheep STAT3 displayed
opposite results, which was accompanied by a significantly reduced expression of FST
gene (P < 0.05). Taken together, STAT3 directly negatively regulates sheep FST gene
and depresses cell proliferation. Our findings may contribute to understanding molecular
mechanisms that underlie hair follicle development and morphogenesis.

Keywords: STAT3, FST, transcriptional regulation, cell proliferation, sheep

INTRODUCTION

The hair follicle is a skin appendage with a complex structure composed of the dermal papilla,
hair bulbs, outer root sheaths (ORS), inner root sheaths (IRS), and the hair matrix (Schneider
et al., 2009; Plowman and Harland, 2018). Hair follicle morphogenesis and development involve
proliferation, differentiation, and apoptosis of hair follicle stem cells (Alonso and Fuchs, 2006;
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Plowman and Harland, 2018). The hair follicle undergoes life-
long cyclic transformations exhibiting anagen (growth), catagen
(regression), and telogen (rest) phases, respectively (Stenn and
Paus, 2001; Schneider et al., 2009). A variety of growth factors
and cytokines have been shown to tightly regulate the hair
follicle morphogenesis and development through acting on the
epithelial-mesenchymal interaction (Müller-Röver et al., 2001;
Wang et al., 2012), such as fibroblast growth factor (FGF) (Pispa
and Thesleff, 2003), tumor necrosis factor (TNF) (Liu et al., 2018)
and transforming growth factor-β (TGF-β) (Li et al., 2016). As an
antagonist of the TGF-β superfamily, follistatin (FST) is highly
expressed in the matrix of hair follicles, which consist of cells
with a strong proliferation ability (Ma et al., 2017). FST transgenic
mice exhibited shinier and more irregular hair (Guo et al., 1998;
Wankell et al., 2001). FST knockout mice died within hours after
birth and displayed curlier whiskers (Matzuk et al., 1995; Jhaveri
et al., 1998; Nakamura et al., 2003). Our previous association
analysis demonstrated that two single nucleotide polymorphisms
(SNPs) in sheep FST gene were associated with wool quality
traits in Chinese Merino sheep (Junken Type) (Ma et al., 2017).
Collectively, these data indicated that FST is involved in the
regulation of hair follicle development and hair trait formation.

The transcriptional regulation of human and mouse FST
genes has been widely investigated, and many transcription
factors have been identified to regulate FST gene. For example,
erythroid 2 related factor (Nrf2) directly regulates FST gene and
inhibits the apoptosis of human lung epithelial cells and A549
cells (Lin et al., 2016). It has been shown that transcription
of FST gene is directly regulated by β-catenin/transcription
factor 4 (TCF4) transcription factor complex to promote the
murid myogenic differentiation and myoblast fusion in vitro
and in vivo (Han et al., 2014). FST gene, involving in skeletal
muscle development of L. crocea, is suppressed by MyoD and
Sox8 (Yang et al., 2016). Myogenin promotes the satellite cell
differentiation of adult mouse myogenesis in an FST-dependent
manner (Jones et al., 2015). Estrogen-related receptor β (ERRβ)
inhibits epithelial to mesenchymal transition in breast cancer
through directly boosting FST expression (Sengupta et al., 2014).
Moreover, transcription factor SP1 induces FST transcription in
intestinal epithelial cells and kidney mesangial cells (Necela et al.,
2008; Mehta et al., 2019). FST gene expression is predominantly
up-regulated by GLI family zinc finger 2 (GLI2) in human
keratinocytes (Eichberger et al., 2008). However, to date, the
transcriptional regulation of sheep FST is largely unknown.

In this study, we investigated the transcription regulation
of sheep FST gene by a transcription factor, signal transducer
and activator of transcription 3 (STAT3), and our results
demonstrated that FST gene is a target of STAT3 and that
STAT3 inhibits cell proliferation at least partly via direct negative
regulation FST gene expression.

MATERIALS AND METHODS

Ethics Statement
All animal experiments were conducted according to the
guidance for the care and use of experimental animals established

by the Ministry of Science and Technology of the People’s
Republic of China (Approval number: 2006-398) and approved
by the Laboratory Animal Management Committee of Northeast
Agricultural University.

Cell Culture
HEK293T and HaCaT cells, purchased from the China Center for
Type Culture Collection, were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco, United States). Sheep fetal
fibroblasts (SFFs), gifted from Dr. Tiezhu An, Northeast Forestry
University, Harbin, were cultured in DMEM nutrient mixture
F12 (DMEM-F12, Gibco, United States). All cells were cultured
in the medium supplemented with 10% fetal bovine serum (FBS)
(Biological Industries, Germany) plus 1% penicillin/streptomycin
(Gibco, United States) at 37◦C in 5% CO2.

Genome Walking
There is a genomic gap immediately upstream of the sheep
FST gene according to Ovis aries reference genome (ISGC
Oar_v3.1/oviAri3). To close the genomic gap upstream of the
sheep FST gene, genome walking was performed as previously
described (Shapter and Waters, 2014). Briefly, genomic DNA
was isolated from sheep skin samples, previously collected
and preserved (Ma et al., 2017), using the phenol-chloroform
method (Green and Sambrook, 2014). Three FST gene-specific
reverse primers: FST-SP1, FST-SP2, and FST-SP3, were designed
and synthesized. Their sequences and location are presented
in Supplementary Table 1 and Supplementary Figure 1,
respectively. Three forward primers: ZFP2, ZSP1, and ZSP2
were provided by the KX Genome Walking Kit (Zomanbio,
China). Three rounds of polymerase chain reaction (PCR) were
performed to amplify the genomic gap region with these primers.
The 3′ end of ZFP2 is a random sequence and its 5′ end is a
specific sequence, which can be matched by primers ZSP1 and
ZSP2 in second- and third-round PCR reactions, respectively.
The first PCR (primers: ZFP2 and FST-SP1) was performed using
genomic DNA as a template. Second PCR (primers: ZSP1 and
FST-SP2) and the third PCR (primers: ZSP2 and FST-SP3) were
performed using the product (1 µL) from the first and second
rounds of PCR as a template, respectively. The first PCR was
performed in a reaction volume of 50 µL including 200 ng
genomic DNA, 10 µL dNTPs (2.5 mM), 25 µL 2×Kx PCR Buffer
(with Mg2+), 1 µL Kx Pfu DNA Polymerase (1 U/µL), 7.5 µL
ZFP2primers (10 pmol/µL), and 1.5 µL FST-SP1 (10 pmol/µL).
The first PCR conditions were as follows: initial denaturation at
94◦C for 2 min, followed by 2 cycles (98◦C for 10 s, 60◦C for
30 s, 68◦C for 2 min), 98◦C for 10 s, 25◦C for 2 min, 25 to 68◦C
for 0.2◦C/s, 68◦C for 2 min, 6 cycles (98◦C for 10 s, 60◦C for
30 s, 68◦C for 2 min, 98◦C for 10 s, 60◦C for 30 s, 68◦C for
2 min, 98◦C for 10 s, 44◦C for 30 s, 68◦C for 2 min), with a
final extension at 68◦C for 5 min. The second and third PCRs
were also conducted in a 50 µL reaction volume including 1 µL
template, 10 µL dNTPs (2.5 mM), 25 µL 2 × Kx PCR Buffer
(with Mg2+), 1 µL Kx Pfu DNA Polymerase (1U/µL), and 1.5 µL
primers (ZSP1 and FST-SP2 for the second PCR, ZSP2, and FST-
SP3 for the third PCR, 10 pmol/µL), and run with a thermal
protocol of 94◦C for 2 min, followed by 30 cycles (98◦C for 10 s,
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60◦C for 30 s, 68◦C for 2 min), with a final extension at 68◦C
for 5 min. The third PCR product was resolved on a 1.2% agarose
gel, recovered, and cloned into pEASY-T1 Simple Cloning Vector
(TransGen Biotech, China) for sequencing in both directions.

Bioinformatics Analysis
In this study, the first nucleotide (A) of the initiation codon
(ATG) of FST was assigned position + 1. The FST promoter
sequences of different animal species were obtained from the
UCSC website1. The conserved transcription factor binding sites
were predicted by using the Mulan website tool2 with the option
“optimized for function” in matrix similarity and “vertebrates” in
biological species (Ovcharenko et al., 2005).

Plasmid Construction and Transient
Transfection
For the construction of FST and STAT3 expression vectors, based
on FST (NM_001257093.1) and STAT3 (XM_015098787)
sequences, two pairs of primers (FST-V and STAT3-V,
Supplementary Table 1) were designed to amplify the full-
length coding regions (CDSs) of sheep FST and STAT3 genes,
respectively. The full-length CDSs of FST and STAT3 were
amplified by reverse transcription PCR (RT-PCR) from the
pooled total RNA of sheep skin (n = 3) using the primer
pairs FST-V and STAT3-V, respectively. The FST and STAT3
PCR products were individually ligated into the pCMV-Myc
(Clontech, United States), and the resulting plasmids were
named pCMV-Myc-FST and pCMV-Myc-STAT3, respectively.

To construct FST promoter luciferase reporter vectors, the
highly conserved region (−980/−340) of sheep FST promoter,
which harbored the conserved putative STAT3 binding site
(from −423 to −416), was PCR amplified with two primer
pairs FST-P(+) and FST-P(−) (Supplementary Table 1) using
sheep genomic DNA as the template. Subsequently, the two
amplified FST promoter fragments were inserted into the KpnI
and HindIII sites of pGL3-basic (Promega, United States) to
yield two FST promoter reporters. The reporter with the
FST promoter fragment in the right direction was named
pGL3-FST(−980/−340) and the other one with the FST
promoter fragment in opposite direction was named pGL3-
FST(−340/−980).

There was only one putative STAT3 binding site
“CGATTCCCC” in sheep FST promoter (locating from −423
to −416). The mutation of this putative STAT3 binding site was
expected to prevent STAT3 from binding to the FST promoter
(Shackleford et al., 2011). This site mutation has not been
reported to be associated with the wool trait. To test whether
STAT3 directly regulates sheep FST gene, this putative STAT3
binding site was mutated to CGAGGTACC in the reporter
pGL3-FST(−980/−340) using the Fast Mutagenesis System
(TransGen, China) and the primer pairs FST-M according to
the manufacturer’s recommendation. The resulting reporter
construct was named pGL3-FST(−980/−340)-mutSTAT3. All
primers were synthesized by Invitrogen (Shanghai, China) and

1http://genome.ucsc.edu/
2https://mulan.dcode.org/

all constructs were confirmed by Sanger sequencing (Invitrogen,
Shanghai, China).

Dual-Luciferase Reporter Assay
Briefly, the HEK293T cells were seeded in a 24-well plate
(2 × 105 cells/well) and cultured in the DMEM medium
supplemented with 10% FBS and 1% penicillin/streptomycin.
After the HEK293T cell reached 70–80% confluence,
HEK293T cells were co-transfected with either pGL3-basic,
pGL3-FST(980/−340), pGL3-FST(−340/−980) or pGL3-
FST(−980/−340)-mutSTAT3 and either pCMV-Myc or
pCMV-Myc-STAT3 using Lipofectamine 2000 (Invitrogen,
United States) according to the manufacturer’s instructions.
Dual-luciferase reporter assays were performed 48 h post-
transfection using the dual-luciferase reporter assay system
(Promega, United States) according to the manufacturer’s
instructions. The firefly luciferase (Fluc) signal was normalized
to that of Renilla luciferase (Rluc).

Western Blot Analysis
Western blotting was performed to identify the two expression
vectors (pCMV-Myc-FST and pCMV-Myc-STAT3). Briefly,
HEK293T cells were transfected with pCMV-Myc-FST or pCMV-
Myc-STAT3, 48 h after transfection, the cells were harvested
in RIPA lysis buffer (Beyotime, China) containing 1% phenyl
methane sulfonyl fluoride (Beyotime, China). After incubation
on ice for 30 min, the supernatant was collected by centrifugation
at 10, 000 × g for 5 min at 4◦C. Equal amounts of protein from
the cell lysates were separated by 12% sulfate dodecyl sodium-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose membranes (Millipore, United States). After
blocking with 5% (w/v) dry milk and 0.1% Tween 20 for
2 h, the membranes were incubated with Myc-tag mouse
monoclonal antibody (Abcam, 1:1,000) at room temperature
for 2 h. Subsequently, the membranes were incubated with
horseradish peroxidase-conjugated secondary rabbit anti-mouse
IgG (H&L) antibody (Abcam, 1:5,000) at room temperature for
1 h, followed by visualization using an ECL Plus detection kit
(Beyotime, China).

Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation was accomplished using a ChIP
assay kit (Beyotime, China) as previously described (Deng et al.,
2012). Briefly, HEK293T cells were co-transfected with pGL3-
FST(−980/−340) and either pCMV-Myc-STAT3 or pCMV-
Myc, at 48 h post-transfection, the cells were fixed with 1%
formaldehyde at room temperature for 10 min. The Chromatin
was digested with 0.5 µL micrococcal nuclease into 100–
900 bp DNA/protein fragments, following immunoprecipitated
with 5 µg of anti-Myc antibody (Abcam, United States) and
mouse IgG (negative control) (Beyotime, China), respectively.
The purified DNA fragments were measured by quantitative
PCR (qPCR) using the FST-C primer pairs (Supplementary
Table 1), which was performed on the 7,500 Fast Real-Time PCR
System (Applied Biosystems, United States) with SYBR Green
PCR Master Mix (Roche Molecular Systems, United States). The
qPCR reaction volume was 20 µL including 1 µL of cDNA,
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10 µL of 2 × SYBR Green PCR MasterMix (Roche Molecular
Systems, United States), 0.5 µL each of the forward and reverse
primers (10 µM), and 8 µL double-distilled water. The qPCR
conditions were as follows: 95◦C for 10 min; 40 cycles at 95◦C
for 30 s, 60◦C for 30 s. Non-immunoprecipitated DNA (2%) was
used as input control. Two additional negative controls, mouse
IgG (A) and anti-Myc antibody (B), were prepared by the co-
transfection of HEK293T cells with pGL3-FST(−980/−340) and
pCMV-Myc. The qPCR data were normalized to input chromatin
DNA and presented as fold enrichment over the input control
using 1Ct equation (Tatler et al., 2016), which signal relative to
input = 0.2 × 2−1 Ct , 1Ct = Ct[IPsample] − Ct[Inputsample] (Patrik,
2018). The amplification product of the qPCR was analyzed by
agarose gel electrophoresis with 1.5% consistency (g/mL).

Cell Counting Kit-8 Assay
The Cell Counting Kit-8 (CCK-8) assay was used to assay cell
proliferation. Briefly, the SFFs and HaCaT cells were seeded in
a 96-well plate (2 × 104 cells/well) and cultured in the DMEM-
F12 and DMEM medium, respectively, supplemented with 10%
FBS and 1% penicillin/streptomycin. The cells were individually
transfected with pCMV-Myc, pCMV-Myc-FST or pCMV-Myc-
STAT3 for 24, 48, and 72 h, every well was added with 10 µL
CCK-8 solution (TransGen, China) and incubated at 37◦C for
2 h, following the absorbance was measured at 450 nm using a
Model 680 Microplate Reader (Bio-Rad, United States). The cells
transfected with pCMV-Myc were used as the negative control.

RNA Isolation, Reverse Transcription,
and qPCR
The SFFs and HaCaT cells were transfected with pCMV-
Myc, pCMV-Myc-FST, or pCMV-Myc-STAT3, at 48 h after
transfection, total RNAs were isolated using Trizol reagent
(Invitrogen, United States) according to the standard procedures,
and RNA quality was assessed by denaturing formaldehyde
agarose gel electrophoresis. Reverse transcription was performed
with ImProm-II Reverse Transcriptase (Promega, United States)
according to the manufacturer’s protocols.

The expression of proliferation marker genes, Ki67 and
proliferating cell nuclear antigen (PCNA), were detected by
quantitative real-time PCR (qPCR). The qPCR reaction volume
was 20 µL containing 1 µL of cDNA, 10 µL of 2 × SYBR Green
PCR MasterMix (Roche Molecular Systems, United States),
0.5 µL each of the forward and reverse primers (10 µM),
and 8 µL double-distilled water. Thermal cycling consisted
of an initial step at 95◦C for 10 min followed by 40 cycles
at 95◦C for 30 s and 60◦C for 30 s. The primers used for
qPCR are listed in Supplementary Table 1. The target gene
expression was normalized to the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene using the 2−1 Ct method, where
1Ct = Ct[targetgene]-Ct[GAPDH ]. The negative control was the cells
transfected with pCMV-Myc.

Statistical Analysis
Results were expressed as the mean ± standard error of the
mean (SEM), and all experiments were performed in triplicate.

The equity of variance was tested using the Hartley F test and
the result showed that the variance was homogeneous. In our
present study, every group had three samples, which was not
enough for normality testing. Because of the continuity and
regularity of gene expression, we considered that the data were
normally distributed. The statistical significance of differences
was evaluated with the student’s t-test using SAS 9.1.3 (SAS
Institute lnc., NC). Statistical significance was indicated by
∗P < 0.05, ∗∗P < 0.01, or different letters above error bars
indicating a statistical significance (P < 0.05).

RESULTS

Sheep FST Promoter Contains a
Conserved Putative STAT3 Binding Site
There is a genomic gap immediately upstream of the sheep
FST gene according to Ovis aries reference genome (ISGC
Oar_v3.1/oviAri3). To obtain the promoter sequence of the
sheep FST gene, we first closed the genomic gap by genome
walking. The results showed that the gap sequence was 775 bp
in length and we submitted the sequence to GenBank (Accession
No. MT917184). The complete genomic sequence immediately
upstream of the initiation codon (ATG) of the sheep FST gene
was obtained by sequence assembly using the acquired genomic
gap sequence and the genomic sequence from the UCSC Genome
Browser database (see text footnote 1). Then we performed
sequence alignment of FST promoters (3-kb genomic sequences
immediately upstream of the initiation codon (ATG) of FST
genes) from various animal species, which were obtained from
the UCSC Genome Browser database (see text footnote 1),
including sheep, cow, pig, human, mouse, and rat. The result
showed that there was a conserved region, which was located
at the −1,900/−1 region of sheep FST gene promoter. Using
Mulan website tool (see text footnote 2), several putative binding
sites for transcription factors, such as homeobox A4 (HOXA4),
E2F transcription factor 2 (E2F2), hepatocyte nuclear factor
4 (HNF4), and STAT3, were predicted within the conserved
region of the sheep FST gene promoter. As shown in Figure 1A,
sequence alignment showed that a putative STAT3 binding
site was conserved among various animal species. Interestingly,
STAT3 interested us. STAT3 belongs to the signal transduction
and transcription activation factor family in cell signal activation
and transduction (Kong et al., 2019). It has been shown that
STAT3 plays a vital role in the hair follicle and morphogenesis
and development (Sano et al., 2008; Yu et al., 2014; Nelson
et al., 2015; Gong et al., 2018, 2020). Whether STAT3 regulates
FST is not clear.

STAT3 Inhibits the FST Promoter Activity
To test the hypothesis that STAT3 directly regulates FST gene
expression, firstly, we constructed and verified the STAT3
expression vector, pCMV-Myc-STAT3 by western blotting
(Figure 1B). Subsequently, dual-luciferase reporter assays were
performed. The promoter reporter gene assay showed that,
as expected, both pGL3-basic and pGL3-FST(−340/−980), as
a negative control, had very lower luciferase activity, and no
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FIGURE 1 | Effects of STAT3 overexpression on FST gene promoter activity. (A) Conservation analysis of STAT3 binding sites in FST promoter among various
species, STAT3 binding sites are announced by capital letters and their locations are relative to the first nucleotide (A, + 1) of the initiation codon (ATG) of the FST
gene. (B) Western blot recognition of the STAT3 expression vector (pCMV-Myc-STAT3). Lane 1: the lysate of the cells transfected with pCMV-Myc-STAT3 (89 kDa);
M: Protein markers (25 kDa-90 kDa). (C) The effect of the mutation of STAT3 binding site on FST promoter activity. (D) Effects of STAT3 on FST gene promoter
activity. (E) ChIP-qPCR analysis of the binding of STAT3 to the FST promoter. (F) The agarose gel electrophoresis analysis of ChIP-qPCR products. Lane 1: The
qPCR products generated from the immunoprecipitated DNA which was isolated from the cells co-transfected with pCMV-Myc-STAT3 and pGL3-FST(–980/–340);
Lane 2: The qPCR products generated from the immunoprecipitated DNA which was isolated from the cells co-transfected with pCMV-Myc and
pGL3-FST(–980/–340). All data are representative of three independent experiments and display as the mean ± SEM. For each figure layer, statistical significance
was indicated by *P < 0.05, **P < 0.01, and different letters above error bars indicated a statistical significance (P < 0.05).

difference in luciferase activity was observed between them
(P > 0.05, Figure 1C). The luciferase activities of pGL3-
FST(−980/−340) and pGL3-FST(−980/−340)-mutSTAT3 were
3.39- and 6.23-fold, respectively, higher than that of pGL3-basic
(P < 0.05, Figure 1C). Moreover, the luciferase activity of pGL3-
FST(−980/−340)-mutSTAT3 was significantly higher than that
of pGL3-FST(−980/−340) (P < 0.05, Figure 1C). These data
suggest that the−980/−340 region has promoter activity and that
STAT3 inhibits sheep FST promoter activity.

Further co-transfection analysis showed that the luciferase
activity of pGL3-FST(−980/−340) was significantly reduced
by 22.83% in the cells co-transfected with pCMV-Myc-STAT3,
as compared with the cells co-transfected with pCMV-Myc
(P < 0.05, Figure 1D). Consistent with the above mutation
analysis result (Figure 1C), this result also supports that STAT3
inhibits sheep FST promoter activity.

Furthermore, to test whether STAT3 directly regulates sheep
FST promoter, the pGL3-FST(−980/−340) and either pCMV-
Myc-STAT3 or pCMV-Myc were co-transfected into HEK293T
cells, and chromatin immunoprecipitation (ChIP) assay was
employed with anti-Myc antibody or mouse IgG (negative
control). The ChIP-qPCR results exhibited that the FST promoter
fragment (−547/−356) was significantly enriched (6.16, 20.55,

and 8.89-fold, respectively) in the DNA immunoprecipitated
by the anti-Myc antibody related to negative controls (mouse
IgG, A and B) (P < 0.05, Figure 1E). Consistent with the
ChIP-qPCR results, agarose gel electrophoresis analysis showed
that, compared with negative controls (mouse IgG, A, and
B), more PCR products (−547/−356 region of FST promoter)
were obtained from the DNA fragments immunoprecipitated
by the anti-Myc antibody (Figure 1F). In summary, these data
indicated that STAT3 directly binds to and negatively regulates
the FST promoter.

STAT3 and FST Have Opposite Effects on
Cell Proliferation
To test whether FST mediates the roles of STAT3 in cell
proliferation, we constructed and confirmed the FST expression
vector (pCMV-Myc-FST) by western blotting (Figure 2A),
and investigated the effects of overexpression of STAT3 and
FST on cell proliferation using the CCK-8 assay. The results
showed that the absorbance of both the SFFs and HaCaT
cells transfected with pCMV-Myc-FST was significantly higher
than those transfected with pCMV-Myc at 96 h of transfection
(P < 0.01, Figures 2B,C), suggesting that FST promotes the

Frontiers in Genetics | www.frontiersin.org 5 June 2021 | Volume 12 | Article 67866744

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


fgene-12-678667 June 22, 2021 Time: 14:2 # 6

Xu et al. STAT3 Negatively Regulates FST

FIGURE 2 | Effects of FST overexpression on cell proliferation. (A) Western blot recognition of the FST expression vector (pCMV-Myc-FST). Lanes 1 and 2: the
lysate of the cells transfected with pCMV-Myc-FST (38.2 kDa). (B,C) Effects of FST overexpression on the proliferation of SFFs and HaCaT cells. (D,E) Expression of
Ki67 and PCNA in the SFFs transfected with pCMV-Myc-FST. Fold change was calculated referring to the expression of the SFFs transfected with pCMV-Myc at
48 h. All data are representative of three independent experiments and display as the mean ± SEM. For each figure layer, statistical significance was indicated by
*P < 0.05, **P < 0.01, and different letters above error bars indicated a statistical significance (P < 0.05).

proliferation of SFFs and HaCaT cells. In contrast, the absorbance
of both the SFFs and HaCaT cells transfected with pCMV-
Myc-STAT3 was significantly lower than those transfected with
pCMV-Myc at 48 h and 72 h (P< 0.01, Figures 3A,B), suggesting
that STAT3 represses the proliferation of SFFs and HaCaT cells.
Consistently, FST overexpression significantly promoted Ki67
and PCNA expression in the SFFs (P < 0.05, Figures 2D,E), while
STAT3 overexpression significantly inhibited Ki67 and PCNA
expression in the SFFs, compared with the cells transfected with
pCMV-Myc at 48h (P < 0.05, Figures 3C,D). Further gene
expression analysis showed STAT3 overexpression significantly
reduced the endogenous FST expression in both SFFs and HaCaT
cells by 76.39 and 71.36%, respectively, compared with the cells
transfected with pCMV-Myc at 48 h (P < 0.05, Figures 3E,F).

DISCUSSION

In this study, we revealed that STAT3 directly negatively regulates
sheep FST gene. Our evidence is as follows: (1) Bioinformatics
analysis showed that FST promoter harbored a conserved
putative STAT3 binding site (Figure 1A). (2) The luciferase

reporter assay showed that mutation of STAT3 binding site led
to an increase in the FST promoter activity and that STAT3
inhibited the FST promoter activity (Figures 1C,D). (3) The
ChIP-qPCR assay showed that STAT3 directly bound to the FST
promoter (Figures 1E,F). (4) Further functional analysis showed
that FST and STAT3 overexpression had opposite effects on the
proliferation of SFFs and HaCaT cells (Figures 2, 3) and that
STAT3 overexpression inhibited the endogenous FST expression
in SFFs and HaCaT cells (Figures 3E,F). Moreover, Many target
genes of STAT3 have been identified, such as forkhead box L2
(FOXL2) (Han et al., 2017), interleukin 17A (IL-17A) (Kunkl
et al., 2019), interferon regulatory factor 4 (IRF-4), and B cell
lymphoma 6 (Bcl-6) (Chen et al., 2019). To our knowledge, for
the first time, we demonstrated that FST is a bona fide target gene
of STAT3 and that STAT3 directly negatively regulates the FST
gene and inhibits cell proliferation.

In the present study, the bioinformatics analysis showed that
besides STAT3, several transcription factors had their binding
sites in sheep FST gene promoter, such as HOXA4, E2F2, and
HNF4. Previous studies have demonstrated that HOXA4 and
E2F2 were involved in the development of epidermis and dermis,
as well as hair follicles (Stelnicki et al., 1998; Lorz et al., 2010).
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FIGURE 3 | Effects of STAT3 gene overexpression on cell proliferation and endogenous FST expression. (A,B) Effect of STAT3 overexpression on the proliferation of
SFFs and HaCaT cells. (C,D) Expression levels of Ki67 and PCNA in the SFFs transfected with pCMV-Myc STAT3. (E,F) Effects of STAT3 overexpression on the
endogenous expression of FST gene in SFFs and HaCaT cells. Fold change was calculated referring to the expression of the SFFs transfected with pCMV-Myc at
48 h. All data are representative of three independent experiments and display as the mean ± SEM. For each figure layer, statistical significance was indicated by
*P < 0.05, **P < 0.01, and different letters above error bars indicated a statistical significance (P < 0.05).

To better understand the transcriptional regulation of the
FST gene in sheep hair follicles, it is worth investigating the
regulation of the sheep FST gene by these predicted transcription
factors as well.

In the present study, we found that the STAT3 negatively
regulated FST gene and inhibited cell proliferation (Figures 1–
3). Considering that transcription factors have numerous target
genes, we cannot eliminate the probability that STAT3 inhibits
cell proliferation partly by regulating the expression of its other
target genes. Interestingly, a partial inhibitory repercussion of
STAT3 on the promoter activity of pGL3-FST(−980/−340)-
mutSTAT3 was observed, as compared with the cells co-
transfected with pCMV-Myc (P < 0.05, Figure 1D). This may
be dual for several reasons. Firstly, STAT3 may bind to its

non-canonical binding sites in sheep FST promoter and inhibit
FST promoter activity. Secondly, STAT3 may indirectly regulate
FST promoter activity through regulation of the expression
of the transcription factors which have binding sites in the
FST promoter. Lastly, STAT3 may indirectly regulate FST
promoter activity by interaction with some transcription factors,
which have binding sites in the FST promoter. Further study
is required to determine the precise mechanism underlying
the partial inhibitory effect of STAT3 on the reporter pGL3-
FST(−980/−340)-mutSTAT3 in the future.

In the present study, we demonstrated that sheep FST
overexpression promoted SFFs and HaCaT cell proliferation
(Figures 2B–E). In agreement with our results, it has been
shown that FST promotes the proliferation of duck primary
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myoblasts (Li et al., 2014). Moreover, FST overexpression
promoted satellite cell proliferation and stimulated muscle
fiber hypertrophy in mice (Gilson et al., 2009) and duck (Liu
et al., 2012). The knock-down of FST significantly reduced the
proliferation of the immortalized ovarian surface epithelial and
human ovarian carcinoma cell line SKOV3 (Karve et al., 2012).
Previous studies showed STAT3 overexpression inhibited the
proliferation of mouse leukocyte and hepatocyte via inhibiting
cyclin D expression (Lee et al., 2002; Matsui et al., 2002), as
well as chondrogenic cell line ATDC5 (Suemoto et al., 2007).
In agreement, our results showed that STAT3 overexpression
inhibited the proliferation of SFFs and HaCaT cells (Figures 3A–
D). However, it has been shown that STAT3 overexpression
has been shown to promote human breast cancer (Bromberg
et al., 1999; Ma et al., 2020) and thyroid carcinoma (Kong
et al., 2019) cell proliferation. The different effects of STAT3
overexpression on cell proliferation suggest that STAT3 may play
different roles in cell proliferation, depending on cell type, cellular
context, and species.

Accumulating evidence has demonstrated that STAT3 and
FST function in hair follicle morphogenesis and development.
STAT3 activation is a prerequisite for the early anagen of hair
follicles (Sano et al., 2008) and keratinocytes-specific STAT3
knockout mice exhibited impaired hair cycle (Sano et al., 1999).
Additionally, STAT3 can maintain keratinocyte stem/progenitor
cell homeostasis via facilitating the maturation of the bulge
region in mouse hair follicle development (Sano et al., 2000,
2008; Rao et al., 2015; Shibata et al., 2015; Nelson et al., 2016).
FST promotes hair follicle development via binding activins and
preventing the activation of activin receptors (Mcdowall et al.,
2008). FST knockout mice displayed thin and curlier vibrissae
(Matzuk et al., 1995; Nakamura et al., 2003), and FST transgenic
mice exhibited smaller hair follicles and rough and irregular
pelage (Wankell et al., 2001). Our previous study showed that
sheep FST gene polymorphisms were associated with wool quality
traits (Ma et al., 2017). Given these previous reports and our
previous and present results, we hypothesize that STAT3 controls
sheep hair follicle development at least in part via direct negative
regulation of FST expression. Considering the STAT3 binding
site in FST promoter are conserved across different species, we
presume that our results may not be limited to sheep.

There are several limitations in the present study. First, SFFs
and HaCaT cell lines were used for transcriptional regulation and
function of sheep STAT3 and FST in hair follicle morphogenesis
and development. These two cell lines do not originate from hair
follicles and the HaCaT cell line is a non-sheep cell line. Both of
these two cell lines may not be the best in vitro model for our
study. However, hair follicles consist of mesenchymal cells and
epithelial cells. SFFs are a type of mesenchymal cells (Martin,
1997; Haniffa et al., 2009), and HaCaT cells, a spontaneously
immortalized, human keratinocyte line, represent epithelial cells
(Deyrieux and Wilson, 2007; Wilson, 2014). These two types of
cell lines may reflect some extent the in vivo situation of hair
follicles. Additionally, these cell lines are widely used to study
hair follicle morphogenesis and development (Inui et al., 2000;
Ahmed et al., 2011; Luanpitpong et al., 2011; Nakamura et al.,
2014; Koobatian et al., 2015). Second, only a 3-kb promoter

fragment upstream of the sheep FST gene was used for promoter
analysis, and the distal promoter region of the sheep FST
gene was not investigated. Third, only the in vitro study was
performed in our study. An In vivo study needs to be carried
out to investigate the regulation of FST by STAT3 in sheep hair
follicle development and wool trait formation. Nevertheless, even
though there are several limitations in our present study, our
results suggests that STAT3 regulates FST gene in sheep.

CONCLUSION

In summary, in the present study, we closed the genomic gap
upstream of sheep genomic FST gene (Accession No. MT917184)
and demonstrated that STAT3 inhibits the proliferation of SFFs
and HaCaT cells at least in part via direct negative regulation
of FST gene expression. Our findings will contribute to an
understanding of the FST transcriptional regulation and the
molecular mechanisms underlying hair follicle development. To
gain a better understanding of the mechanisms underlying sheep
hair follicle development and morphogenesis, in vivo studies will
be needed to validate the regulatory relationship between STAT3
and FST in sheep hair follicle development.
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This study aimed to characterize proteins and exosomal microRNAs (miRNAs) in the uterine 
flushings (UF) of cows associated with Day 7 (D7) pregnancy using the embryo donor cows 
of the embryo transfer program. Superovulated cows either were inseminated (AI cows) or 
remained non-inseminated (Ctrl cows). UF was collected on D7 in the presence of multiple 
embryos (AI cows) or without embryos (Ctrl cows) and subjected to isobaric tags for relative 
and absolute quantification protein analysis. A total of 336 proteins were identified, of which 
260 proteins were more than 2-fold higher in AI cows than Ctrl cows. Gene ontology analysis 
revealed that many differentially expressed proteins were involved in “neutrophil-related” 
and “extracellular vesicular exosome-related” terms. In silico analysis of proteins with higher 
concentrations in the UF of AI identified 18 uniquely expressed proteins. Exosomes were 
isolated from the UF, from which RNA was subjected to miRNA-seq, identifying 37 miRNAs. 
Of these, three miRNAs were lower, and six miRNAs were higher in the UF of AI cows than 
those of Ctrl ones. The principal component analysis displayed a close association in miRNA 
and protein between bta-miR-29a, bta-miR-199b, SUGT1, and PPID. In addition, the 
receiver operating characteristic curve analysis showed that SUGT1 was the best predictor 
for the presence of embryos in the uterus. These findings suggest that the presence of 
multiple D7 embryos in the uterus can lead to significant changes in the protein composition 
and exosomal miRNA contents of UF, which could mediate innate immunological interactions 
between the pre-hatching embryo and the uterus in cows.

Keywords: Day 7 embryo, uterine flushing, protein, exosome, miRNA, immunity, cow
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INTRODUCTION

Up to 50% of potential bovine pregnancies are lost in the 
first week following insemination (Diskin and Morris, 2008; 
Wiltbank et  al., 2016). Thus, proper interactions between the 
early embryo and mother are crucial for successful pregnancy 
in cows. Pregnancy is established by complex interactions of 
the factors/molecules derived from both the developing embryo 
and the cow’s endometrium (Talukder et  al., 2020). The 
pre-hatching bovine blastocyst can synthesize and secrete 
interferon-tau (IFNT), the pregnancy recognition signal in 
ruminants, on Day 7 (D7) of pregnancy. Subsequently, IFNT 
regulates the maternal immune response toward an anti-
inflammatory (Th2) action to tolerate the semi-allogenic embryo 
(Sponchiado et  al., 2017; Talukder et  al., 2017; Passaro et  al., 
2018; Rashid et  al., 2018; Sponchiado et  al., 2019). In addition 
to IFNT, other factors from both the pre-hatching embryo or 
the endometrium may modulate maternal immunity. However, 
the nature of these interactions during the pre-hatching period 
of pregnancy has not yet been well characterized.

Several global analyses of bovine uterine flushing (UF) revealed 
some changes in intrauterine protein levels during the peri-
implantation period (Forde et  al., 2013, 2014a,b; Kusama et  al., 
2016, 2018b). Furthermore, extracellular vesicles (EVs), including 
exosomes, have been identified in UF (Burns et al., 2014; Nakamura 
et  al., 2016; Kusama et  al., 2018b) and found to be  involved in 
the conceptus-endometrial interactions during the implantation 
period (Burns et  al., 2016; Nakamura et  al., 2016; Kusama et  al., 
2018b). In sheep, endometrial exosomes regulate IFNT production 
by the conceptus (Ruiz-González et  al., 2015). Several studies 
investigated the effects of intrauterine exosomes on immunological 
interactions between the conceptus and endometrium during the 
peri-implantation period (Burns et  al., 2014, 2016; Nakamura 
et  al., 2016; Kusama et  al., 2018b), but not in earlier stages, 
particularly during the pre-hatching period in cows.

MicroRNAs (miRNAs) are small, non-coding RNAs that 
regulate gene expression in various cell types (Bi et  al., 2009). 
The pre-hatching D7 bovine blastocysts can secrete miRNAs 
into the extracellular environment through EVs/exosomes (Gross 
et  al., 2017b). Given that both the early embryo and the 
maternal tract produce miRNAs, these miRNAs may serve as 
communication signals between the pre-hatching embryo and 
mother during early pregnancy (Gross et  al., 2017b). miRNAs 
were found to be  involved in gametogenesis, early embryo 
development, implantation, and placental formation (Bidarimath 
et al., 2014; Ioannidis and Donadeu, 2016; Gross et al., 2017a). 
Recent studies also indicate that miRNAs contribute to the 
immune tolerance at conception through regulatory effects of 
seminal fluid in generating tolerogenic dendritic cells and T-reg 
cells (Bidarimath et  al., 2014; Schjenken et  al., 2016).

We hypothesized that the presence of D7 embryos could 
induce global changes in the protein composition and exosomal 
contents of UF during the pre-hatching period, regulating the 
local uterine immunity on D7 post-insemination for the embryo 
tolerance, thereby ensuring the establishment of pregnancy in 
cows. Therefore, the present study aimed to investigate the 
embryo- and endometrium-derived factors involved in regulating 

the local immune environment of the uterus at D7 of pregnancy 
in cows. Additionally, bioinformatics analysis was used to 
identify significant proteins and miRNAs and their 
interrelationship associated with D7 pregnancy in cows. In 
the present investigation, we  used a superovulation model for 
multiple embryo production in embryo transfer donor cows. 
This model could amplify embryo-derived signals in the uterus 
that can not be easily detected using the single-embryo model. 
Indeed, we  previously found that interferon-stimulated genes 
were upregulated in circulating immune cells in the 
superovulation cow model (Talukder et al., 2019). Furthermore, 
we used the Japanese Black cows that were prepared exclusively 
for embryo donors and have only one-time experience of 
pregnancy and lactation, so their responsiveness to hormone 
treatment was expected to be  highly homogeneous.

MATERIALS AND METHODS

Ethics Statement
All animal experiments were conducted in a commercial herd 
(Nobel’s Co. Ltd., Hokkaido, Japan) under the approval of the 
Animal Experiments Ethics Committee, Obihiro University of 
Agriculture and Veterinary Medicine, Japan (Permit number 25–101).

Experimental Design
To investigate the effect of multiple D7 embryos on uterine 
proteomic and exosomal miRNA contents, donor Japanese Black 
cows (3–7  years old) were treated for superovulation 7  days 
before estrus (D7). UF (20–25  ml) was collected on D7 from 
inseminated cows and remained non-inseminated cows on D0 
(estrus). Pregnancy was confirmed by the presence of multiple 
embryos in the UF. The UF content was analyzed using isobaric 
tags for relative and absolute quantification (iTRAQ) analysis, 
followed by GO and enriched signaling pathway analyses. 
Exosomes were isolated from the UF, followed by RNA extraction 
and miRNA sequencing. Proteins and miRNAs were subjected 
to network analysis to identify associations with D7 pregnancy 
outcomes in cows (Figure  1).

Generation and Collection of D7 Bovine 
Uterine Flushing
Twenty-one cows from a commercial herd (Nobel’s Co. Ltd., 
Hokkaido, Japan) were assigned randomly to the experiment. 
All cows were synchronized for estrus using the superovulation 
regimen as described previously (Rashid et  al., 2018). Based 
on the behavioral estrus on D0, cows were either inseminated 
(n  =  15) or remained non-inseminated (n  =  6). On D7, 
embryos were non-surgically flushed out from the uterus using 
Ringer solution (SOLULACT, Terumo Co., Tokyo, Japan, 500 ml/
uterine horn × 2 horns) as described in Rashid et  al. (2018). 
Briefly, a balloon catheter (Fujihira Industries Co., Tokyo, 
Japan) was first inserted up to the tip of the uterine horn 
ipsilateral to the side existing a higher number of corpora 
lutea in the ovary, and an inflatable cuff on the catheter was 
filled with air to hold the catheter in place. Flushing solution 
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(20–25 ml) was infused inside the uterus and rapidly aspirated 
to avoid fluid overflow inside the lumen of the uterus and 
prevent injury of the soft uterine horn. The flushing process 
was repeated several times using small amounts of Ringer 
solution (totally 500  ml/uterine horn × 2 horns). Embryos 
were classified and graded according to the guidelines of the 
International Embryo Transfer Society (Bó and Mapletoft, 2014). 
Only inseminated cows, referred to as AI cows (n  =  9), with 
relatively large numbers of good quality embryos (Grades 1 
and 2) were used in this experiment. The first 20–25  ml of 
UF collected from the uterine horn ipsilateral to the side 
existing a higher number of corpora lutea in the ovary was 
kept for further analysis. The Ctrl cows were exposed to a 
single uterine flushing process using 20–25  ml of UF. To 
minimize individual variation in the animal responses, three 
pools of UF samples from AI cows and three pools from 
Ctrl cows were constructed. Each pool comprised an equal 
volume (4  ml) of UF. Pooled samples were centrifuged at 
1,000 × g for 15  min, and the supernatant was collected and 
stored at −80°C until use.

iTRAQ Analysis
Global protein analysis was performed using iTRAQ analysis 
as described previously (Kusama et  al., 2018b). Briefly, total 
protein (100 μg) from D7 UF samples was subjected to trypsin 
digestion and then reacted with appropriate iTRAQ reagent 
according to the manufacturer’s instructions. Sample fractionation 
was performed with an Agilent 3100 OFFGEL Fractionator 
(Agilent Technologies, Santa Clara, CA, United  States). Mass 
spectrometry analysis was performed with a Thermo Scientific 
LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, 
Waltham, MA, United  States). Mascot software was used to 
identify and quantify proteins simultaneously.

Isolation of Exosomes From the Uterine 
Flush
Exosomes were isolated from D7 UF using exosome precipitation 
solution (Exo-Quick-TC, System Biosciences, Mountain View, 
CA, United States) according to the manufacturer’s instructions. 
The UF with Exo-Quick-TC was incubated overnight at 4°C 

FIGURE 1 | Schematic illustration of the experimental design. Cows were superovulated 7 days before the estrus (D7). In estrus (D0), the cows were either 
inseminated (AI cows) or non-inseminated (Ctrl cows) on D1. The embryos were flushed out on D7, and the first uterine flush (UF) was collected (20–25 ml). To 
reduce individual variations in the animal responses and the cost for analyses, the equal volume of UF samples was pooled together (UF from each three AI cows 
and each two Ctrl cows were pooled as a single sample, respectively; thus, three pooled AI UF from nine cows and three pooled Ctrl UF from six cows) and stored 
at −80°C until use. The number of recovered embryos with good quality per AI cow was 9.5 ± 1.4 (mean ± SEM). Global UF protein analysis was performed using 
isobaric tags for relative and absolute quantification (iTRAQ) analysis followed by GO and enriched signaling pathway analyses. Exosomes were isolated from D7 UF 
followed by RNA extraction and microRNA (miRNA) sequencing for the identification of exosome-derived miRNAs contents. The identified proteins and miRNAs 
were mapped to network analysis. AI, artificial insemination; UF, uterine flush; and D, day.
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and then centrifuged at 1,500 × g for 30  min at 4°C to pellet 
exosomes as previously described (Nakamura et  al., 2016; 
Kusama et  al., 2018b).

Western Blotting
Exosomes lysed with M-PER (10  μg) were separated through 
SDS-PAGE, then transferred onto polyvinylidene difluoride 
membranes (Bio-Rad, Hercules, CA, United  States). After 
blocking with bullet blocking one (Nacalai Tesque, Kyoto, 
Japan), the membranes were incubated with rabbit polyclonal 
anti-AKR1B1 (1:500, sc-33219, Santa Cruz Biotechnology, 
Dallas, TX, United States), goat polyclonal anti-CAPG (1:100, 
sc-33084, Santa Cruz Biotechnology), rabbit polyclonal 
anti-HSP70 antibody (1:2,000, EXOAB-HSP70A-1, System 
Biosciences), rabbit polyclonal anti-CD63 (1:1,000, EXOAB-
CD63A-1, System Biosciences), or rabbit polyclonal anti-RAB5 
(ab13253, 1:1,000, Abcam, Tokyo, Japan). Immunoreactive 
bands were detected using enhanced chemiluminescence (EMD 
Millipore, Temecula, CA, United States) after incubation with 
horseradish peroxidase-labeled goat anti-rabbit IgG or horse 
anti-goat IgG (1:5,000, Vector Laboratories, Burlingame, CA, 
United  States). Signals were detected using C-DiGit Blot 
Scanner (LI-COR; Kusama et  al., 2018a). Total proteins were 
stained with colloidal gold total protein stain solution according 
to the manufacturer’s instructions (Bio-Rad Laboratories, 
Hercules, CA, United  States).

Nanoparticle Tracking Analysis
Nanoparticle tracking analysis of exosomes, isolated from D7 
UF and suspended in PBS (2–6 × 108 particles/ml) was performed 
using a NanoSight NS300 (NanoSight Ltd., Amesbury, 
United  Kingdom) instrument with 488  nm laser and a 
complementary metal oxide-semiconductor camera (Andor 
Technology, Belfast, United Kingdom) and NanoSight NTA 3.2 
software calibrated with 100  nm polystyrene beads (Thermo 
Fisher Scientific; Kusama et  al., 2017).

RNA Extraction and miRNA Sequencing
For miRNA-seq analysis, RNA was extracted from exosomes 
using the SeraMir Exosome RNA Amplification Kit (System 
Biosciences) according to the manufacturer’s instructions. 
The miRNA libraries were constructed using the SMARTer 
smRNA-seq kit (Clontech, Tokyo, Japan) according to the 
manufacturer’s instructions. RNA sequencing was performed 
on an Illumina Hiseq  2500 platform (Macrogen, Tokyo, 
Japan), and 50-bp, single-end reads were generated. Trimmed 
reads of 18–50  nt were mapped to a reference sequence by 
Bowtie. Mapped fragments were annotated with a known 
miRNA database (miRBase22.1) using feature counts. 
Annotated data were normalized using edgeR to the total 
reads of each sample as the standardized to count per million. 
The primary data were deposited to the (DNA Data Bank 
of Japan) Sequence Read Archive1 (accession number 

1 https://www.ddbj.nig.ac.jp/dra/index-e.html

DRA010067). Data analysis was performed as described 
previously (Nakamura et  al., 2020).

Statistical Analysis
Data are expressed as the mean  ±  SEM. Significance was 
assessed using ANOVA and the Dunnet comparisons test. A 
value of p  <  0.05 was considered statistically significant. Gene 
ontology (GO) and enriched signaling pathway analyses were 
performed with the Enrichr tool.2 The multivariate method, 
the principal component analysis (PCA), was used to estimate 
the association of the inter-correlated variables (i.e., an association 
between proteins and the presence of embryos in the UF or 
an association between proteins and miRNAs). Network analysis 
with the Pearson similarity index was performed to identify 
central nodes (i.e., proteins or miRNAs). The Fruchterman-
Reingold algorithm was used as a force-directed layout algorithm. 
For PCA and network mapping, the PAST program (accessible 
at http://folk.uio.no/ohammer/past) was used. Using the easyROC 
web-tool,3 a receiver operating characteristic (ROC) curve 
analysis was performed to identify predictive factors for the 
presence of embryos. The optimal cutoff for the presence of 
embryos was determined by maximizing the Youden index. 
Finally, the area under the curve (AUC) was determined by 
the asymptotic statistic (a parametric unbiased likelihood 
estimator) to detect UF-containing embryos.

RESULTS

Quantitative Changes in the Protein 
Abundance of D7 UF
The number of recovered embryos with good quality (Grade 
1 + Grade 2) per AI cows was 12  ±  0.95. Moreover, no 
significant differences were detected in the numbers of corpora 
lutea (Ctrl cows, 11.8  ±  0.9 and AI cows, 14.7  ±  1.6) or 
circulating P4 concentration (Ctrl cows, 12.2  ±  1.5  ng/ml and 
AI cows, 13.8  ±  0.8  ng/ml). The iTRAQ analysis revealed a 
significant difference in protein content and level in the D7 
UF from AI cows with multiple embryos vs. those of Ctrl 
cows without embryos. A total of 336 proteins were identified, 
of which 260 proteins were more than 2-fold higher (Figure 2A) 
in AI cows compared to Ctrl cows. The PCA of the 260 proteins 
identified 18 unique proteins in AI cows, which significantly 
differed from those of Ctrl cows. Additionally, the presence 
of embryos in the UF was positively associated with SUGT1, 
PPID, PDLIM1, DBI, and NMRAL1 (vectors<45°, yellow circle; 
Figure  2B). In contrast, the presence of embryos in the UF 
showed a negative association with PNP, EFHD1, and ENO1 
(vectors approaching 180°, red circle; Figure  2B). The ROC 
curve analysis was performed to identify UF proteins that can 
predict the presence of embryos in the uterus on D7. The 
area under the ROC curve analysis (AUC) determined that 
SUGT1 (AUC: 0.999), PPID (AUC: 0.998), NMRAL1 (AUC: 

2 http://amp.pharm.mssm.edu/Enrichr/
3 http://www.biosoft.hacettepe.edu.tr/easyROC/
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FIGURE 2 | The iTRAQ analysis of uterine flush (UF) collected on D7. (A) Volcano plot showing the protein levels found by the iTRAQ analysis. The proteins 
(Continued)
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0.995), DBI (AUC: 0.994), and PDLIM1 (AUC: 0.992) had a 
strong predictive power for the presence of embryos in the 
uterus (Figures  2C,D; Table  1).

Furthermore, GO analysis of the 260 proteins revealed significantly 
enriched biological process (BP), cellular component (CC), and 
molecular function (MF) terms, from which several neutrophil-
related terms were identified in BP terms, and the most enriched 
CC term was “extracellular vesicular exosome” (Figure  2E).

Proteins Identified in D7 UF Were Involved 
Mainly in Neutrophil-Mediated Immune 
Responses
Since the GO analysis identified “neutrophil-related terms,” the 
iTRAQ-identified proteins were compared with the immune-
related gene database, from which a heat map was generated 
(Figure 3A). The matched proteins were re-evaluated with GO 
BP and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses. The GO BP analysis identified enriched the 
neutrophil degranulation term, neutrophil-mediated immunity 
term, and neutrophil activation involved in the immune response 
term (Figure  3B). KEGG pathway analysis revealed enriched 
complement and coagulation cascade terms (Figure  3C).

Exosomes Were Enriched in the 
UF-Containing Embryos on D7 
Post-insemination
GO analysis identified “extracellular vesicular exosome” terms. 
Similar to neutrophil-related terms, we compared iTRAQ-identified 

proteins with the database of exosome-expressed genes and 
generated a heat map (Figure 4A). Using Western blot analysis, 
we  further examined exosome markers HSP70, CD63, RAB5, 
AKR1B1, and CAPG. The Western blot analysis revealed 
exosomal markers present in UF, and the levels of these 
markers in UF-containing embryos were higher than those 
in UF from Ctrl cows (Figure  4B). These results indicate 
that exosomes were secreted into the uterine lumen at 7  days 
post-insemination. The exosomes isolated from UF in AI cows 
were subjected to nanoparticle tracking analysis, which showed 
an average size of 122.5  nm  ±  35.2  nm (mean  ±  SEM; 
Figure  4C).

Exosomal miRNAs Were Differentially 
Expressed in D7 UF-Containing Embryos
It was reported that exosomal miRNAs participate in dynamic 
changes in uterine gene expression patterns (Liang et  al., 
2017). To elucidate functional roles of miRNAs in exosomes, 
exosomal RNA isolated from D7 UF was subjected to 
miRNA-seq analysis, then compared with a database of 
miRNAs, followed by the generation of a heat map. The 
analysis detected 37 miRNAs in the intrauterine exosomes 
from Ctrl to AI cows (Figure  4D), of which three miRNAs 
(miR-2332, -199b, and -29a) were lowly expressed and six 
miRNAs (miR-1248, -12034, -2890, -11,972, -2892, and 
-423-5p) were highly expressed in AI vs. Ctrl cows 
(Figures  4E,F).

FIGURE 2 | highlighted in light blue are more than 2-fold higher, and those proteins highlighted in red are significantly higher (p < 0.05) in UF-containing embryos 
obtained from inseminated (AI) cows. (B) Biplot produced by the principal component analysis (PCA) of factors, including higher-concentration proteins in UF of 
cows. Close-angles vectors (<45°) indicate a strong correlation, perpendicular vectors indicate no correlation, and vectors in opposite directions (approaching 180°) 
indicate a negative correlation. (C) Receiver operating characteristic (ROC) curve analysis was performed to assess the predictive power of variables and to measure 
the optimum cutoff point for the presence of embryos in UF. (D) Changes in identified proteins by the comparison between Ctrl and AI cows were determined by 
iTRAQ analysis. Upper box plots were AUC > 0.99 by ROC. (E) Higher-concentration proteins in UF of AI cows were functionally classified in GO analysis by the 
biological process (BP), cellular component (CC), and molecular function (MF) terms.

TABLE 1 | The list of parameters of factors identified by ROC analysis.

Gene ID AUC Optimal cutoff Sensitivity Specificity PPV NPV PLR NLR

SUGT1 0.999 8.4 100 100 100 100 INF 0
PPID 0.998 41.5 100 100 100 100 INF 0
NMRAL1 0.995 122.2 100 100 100 100 INF 0
DBI 0.994 4419.7 100 100 100 100 INF 0
PDLIM1 0.992 22.9 100 100 100 100 INF 0
PEBP1 0.987 1147.9 100 100 100 100 INF 0
LOC615026; PRSS1; 
LOC780933

0.986 145090.9 100 100 100 100 INF 0

PRDX5 0.985 801 100 100 100 100 INF 0
LDHB 0.979 3096.6 100 100 100 100 INF 0
CAPG 0.975 265.2 100 100 100 100 INF 0
PSMA1 0.974 378.1 100 100 100 100 INF 0
AKR1B1 0.965 8649.6 100 100 100 100 INF 0
TXN 0.965 1483.8 100 100 100 100 INF 0
GSTP1 0.965 774.9 100 100 100 100 INF 0
ENO1 0.96 5348.7 100 100 100 100 INF 0
PNP 0.952 5055.7 100 100 100 100 INF 0
EFHD1 0.947 346.2 100 100 100 100 INF 0

LOC100851864; CKB 0.91 4293.1 100 100 100 100 INF 0
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Interaction of Exosomal miRNAs and 
Proteins in D7 UF-Containing Embryos
A network and PCA analyses were carried out to elucidate the 
relationship between miRNAs and proteins found in the UF of 
AI cows. To this aim, 18 proteins that significantly differed 
between AI cows and Ctrl cows and nine differentially expressed 
miRNAs were analyzed. The network analysis showed that three 
miRNAs, including bta-miR-29a, bta-miR-199b, and bta-miR-
423-5p, were associated with many uterine proteins (Figure 5A). 
More precisely, the PCA showed that bta-miR-29a, bta-miR-199b, 
SUGT1, and PPID exhibited a strong and positive association 
with each other (vectors<45°, red ovals; Figure  5B). Other 
miRNAs, such as bta-miR-12034 and bta-miR-1246, were negatively 
associated with UF proteins, PDLIM1, NMRAL1, SUGT1, and 
PPID (vectors approaching 180°, blue oval; Figure  5B).

DISCUSSION

This study characterized the proteomics and exosome-derived 
miRNA content in UF collected from superovulated donor cows 
on D7 post-insemination. The proteomic analysis revealed a 
remarkable difference in protein content of UF in AI cows vs. 
Ctrl cows, and most of the identified proteins were associated 
with neutrophil-mediated immune responses. The expression of 
exosome markers was higher in UF from AI cows, and miRNA-seq 
identified differential expression of exosomal miRNAs in UF of 
AI cows vs. Ctrl cows. These findings demonstrate that the 

presence of D7 bovine embryos induces significant changes in 
uterine luminal proteins and exosome-derived miRNAs and 
suggest that as early as D7, a proper embryo-maternal interaction 
may be  required to adjust the uterine environment toward the 
establishment of pregnancy in cattle.

One of the key immunological events that characterize the 
pre-hatching period of pregnancy in ruminants is the ability 
of the developing embryo to express antigenic MHC molecule-I 
on D7 post-insemination in cows (Templeton et  al., 1987; Low 
et  al., 1990). Therefore, the maternal immune system must 
be  in place on D7 of pregnancy to prevent rejection of the 
semi-allogenic embryo. Indeed, recent in vivo investigations 
showed that D7 bovine embryos could modify the endometrial 
transcriptome and the biochemical composition of the uterine 
luminal fluid in the most cranial portion of the uterine horn 
ipsilateral to the corpus luteum (Sponchiado et al., 2017, 2019). 
Recently, we  reported that UF collected from superovulated 
donor cows on D7 post-insemination induced anti-inflammatory 
responses and upregulation of interferon-stimulated gene 
expression in peripheral blood mononuclear cells in vitro (Rashid 
et  al., 2018). In the present study, 336 proteins in the D7 UF, 
of which 260 proteins showed over a 2-fold increase in AI 
cows vs. Ctrl cows. Of these, many proteins were associated 
with “neutrophil-related” terms and “extracellular vesicular 
exosome” terms, suggesting that D7 bovine embryos exist in 
the intrauterine innate immune microenvironment.

In particular, many proteins identified in the D7 UF were 
related to “neutrophil degradation,” “neutrophil-mediated immunity,” 

A B

C

FIGURE 3 | Involvement of innate immune functions in the UF obtained on D7. (A) Heat-map study of innate immune system-related genes in UF of inseminated 
(AI) and non-inseminated (Ctrl) cows. High-concentration proteins are shown in red, and low-concentration proteins are shown in green. (B,C) Identified immune 
system-related genes were functionally classified in biological GO terms (B) and enriched pathway analyses (C).
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FIGURE 4 | Profile of exosomal miRNAs in uterine flush (UF) collected on D7 after the estrus. (A) Heat-map analysis of exosome-related genes found in the UF of 

(Continued)
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FIGURE 4 | inseminated (AI) cows and non-inseminated (Ctrl) cows. High-concentration proteins are shown in red, and low-concentration proteins are shown in 
green. (B) The UF of Ctrl and AI cows was subjected to Western blotting, which revealed the presence of exosomal markers. The arrow heads show each target 
band. The polyvinylidene difluoride membrane was stained with colloidal gold. Total protein stain solution confirms total loading of protein. (C) Nanoparticle tracking 
analysis of the UF of AI cows revealed an exosomal size range of 50–150 nm. Black lines are SEM. (D) Heat-map analysis detected 37 exosomal miRNAs in the UF 
of AI and Ctrl cows. Upregulated miRNAs are shown in red, and downregulated miRNAs are shown in green. (E) Volcano plot showing the miRNA levels identified 
by miRNA-seq. The nine miRNAs highlighted in red are differentially expressed (p < 0.05). (F) Changes in identified miRNAs by the comparison between Ctrl and AI 
cows were determined by miRNA-seq analysis.

A

B

FIGURE 5 | Interaction of exosomal miRNAs and proteins in D7 UF-containing embryos. (A) Correlation-based network analysis of exosomal miRNAs and proteins 
in UF. Eighteen unique proteins and nine differentially expressed miRNAs in UF of cows were mapped to a network analysis. Network analysis and visualization were 
carried out using the PAST and Fruchterman-Reingold algorithm as a force-directed layout algorithm. The Pearson correlation thresholds of 99% were chosen to 
assess the relationships between edges and nodes. Nodes are proteins and miRNAs. Edges are the interactions of all variables. The size of the nodes and edges 
refers to the coefficient of clustering and the coefficient of correlation, respectively. Small nodes and thin edges refer to small values. (B) Biplot generated from the 
PCA of factors, including 18 unique proteins and nine differentially expressed miRNAs found in the UF of cows. Vectors with close angles (<45°) indicate a strong 
correlation, perpendicular vectors indicate no correlation, and vectors in opposite directions (approaching 180°) indicate a negative correlation.
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and “neutrophil activation involved in immune response.” Neutrophils 
are the first line of the defense mechanism in the innate immune 
system (Tapper, 1996); thus, they might immediately respond to 
the presence of embryo(s) in the uterus and play key roles in 
modulation of the local immune cascade for acceptance or rejection 
of the embryo. Neutrophils could also transfer the local IFNT-
signal from the uterus to the peripheral blood neutrophils. This 
hypothesis was supported by our previous study, demonstrating 
that the peripheral blood neutrophils could respond to the IFNT-
signal much earlier (D5) than peripheral blood mononuclear cells 
(D8; Shirasuna et  al., 2012). Additionally, we  reported that 
superovulated D7 embryos generated an anti-inflammatory immune 
response in peripheral blood neutrophils through the upregulation 
of transcripts for anti-inflammatory cytokines (TGFB1 and IL10; 
Talukder et  al., 2019). Moreover, it was found that insemination 
induces rapid and transient infiltrations of neutrophils into the 
uterine lumen for removal of bacteria, excess/dead sperm, and 
tissue debris, which enhances uterine clearance and subsequent 
embryo receptivity (Katila, 2012). The data from the current study 
suggest that the pre-hatching D7 bovine embryos begin to 
communicate with the uterus locally through the innate immune 
system, which might pave the way for a tolerance of the semi-
allogenic embryo toward successful pregnancy in the cow. However, 
the definite role of neutrophils, as a component of innate immune 
functions of the uterus, in pregnancy establishment in cows warrants 
further investigations, particularly during the pre-hatching period.

This study provides the first evidence for the existence of 
exosomes in the lumen of the bovine uterus on D7 of pregnancy. 
The intrauterine exosomes are secreted from both embryo and 
endometrium (Burns et  al., 2016), and the number of intrauterine 
exosomes was shown to be  markedly higher in the presence of 
a D17 embryo in ruminants (Nakamura et  al., 2016). Although 
the presence of intrauterine exosomes was validated in this study, 
the origin of exosomes (trophectoderm or endometrium) was not 
determined. We speculate that the higher concentration of exosomes 
in the UF of AI cows could be  released from the endometrium 
in response to the zona-pellucida encapsulated embryos.

Nucleic acids, especially miRNAs, are enriched in exosomes, 
suggesting that exosomes can serve as means of genetic information 
transfer from one cell to another. It has been reported that 
several miRNAs in the embryo- and endometrium-derived 
exosomes affect the expression of adhesion- and migration-related 
genes in the endometrium (Kurian and Modi, 2019). In addition, 
enrichment analysis of the exosome-derived miRNAs indicated 
their involvement in several pathways necessary for embryo-
endometrial crosstalk at implantation, inflammation, cell 
remodeling, proliferation, and angiogenesis (Ng et  al., 2013; 
Bidarimath et  al., 2017). In this study, miRNA-seq of exosomal 
RNA from UF revealed 37 miRNAs, of which nine miRNAs 
were differently expressed between AI and Ctrl cows. Of these, 
miR-1246, upregulated in exosomes from AI cows, targets GSK3ß 
and AXIN2, and inhibitors of WNT/ß-catenin signaling, which 
is crucial for embryo development and placentation (Chai et  al., 
2016; Muralimanoharan et  al., 2018; Yang et  al., 2019). Indeed, 
the enrichment analysis identified several WNT signaling-related 
terms in this study. It has been reported that several WNTs and 
WNT-related molecules are produced and secreted in the oviduct 

and endometrium, which regulate embryo development during 
early pregnancy, such as D7 (Tríbulo et al., 2018). These findings 
suggest that miR-1246-containing exosomes could accelerate 
WNT-induced early embryonic development through inhibition 
of GSK3ß and AXIN2. The functional impact of other deferentially 
expressed miRNAs on embryo-maternal interaction during 
the pre-hatching period in cows is unknown and requires 
further investigations.

The PCA analysis identified SUGT1 as a unique protein 
associated with the presence of embryos in the UF. Moreover, 
the AUC showed that SUGT1 is an indicator of embryo presence 
in the UF. It has been reported that SUGT1 may be  involved 
in innate immunity through the control of inflammasome and 
NF-kappaB (NF-kB) activities in mammals (Mayor et al., 2007). 
It has also been shown that the presence of D8 bovine embryos 
decreased NF-kB contents in UF, adding to the thoughts on 
immune privilege during early embryonic development (Muñoz 
et  al., 2012). Of note, the network analysis and PCA revealed 
a strong association between bta-miR-29a, bta-miR-199b, SUGT1, 
and PPID. It has been reported that miR-29 decreases the 
chemotaxis of human neutrophils through CDK2 suppression 
(Hsu et  al., 2019), and miR-199b negatively regulates innate 
and adaptive immunity by suppression of IFN gamma 
(Ma  et  al.,  2011). These findings suggest that D7 embryos can 
regulate local innate immunity in the uterine microenvironment 
via regulation of miR-29, miR-199b, and SUGT1. However, 
further studies are required to confirm this hypothesis.

One could argue that the superovulation model for multiple 
embryo production used in this study may not represent the 
physiological condition normally seen with a single embryo. 
It was reported that the maintenance of higher circulating P4 
concentration by P4 supplementation during early pregnancy 
leads to subtle changes in a large number of genes in conceptus 
and endometrium, resulting in enhancing histotroph composition 
and contributing to advanced conceptus elongation (Forde 
et  al., 2009; Carter et  al., 2010; Forde et  al., 2010). Thus, the 
present model used may advance the endometrial response to 
the embryos, i.e., the observed changes on D7 of the present 
study could represent the physiological changes induced by a 
single embryo normally seen several days later. We  previously 
reported that the presence of multiple D7 embryos amplified 
the embryo-derived signals in the uterus while a single embryo 
did not (Talukder et al., 2017; Passaro et al., 2018). As expected, 
in the present study, Japanese Black cows’ responsiveness to 
hormone treatment was highly homogeneous, of which the 
number of recovered embryos with good quality per AI cows 
was 12  ±  0.95. Therefore, it is likely that using the model 
with multiple embryos in our study may have amplified the 
response in gene expression, rather than causing unphysiological 
condition or response, in the intrauterine environment.

CONCLUSION

In conclusion, this study provides evidence that the presence 
of D7 multiple pre-hatching blastocysts induces significant 
changes in the relative and absolute protein and miRNA contents 
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of UF. The comparison of global protein analysis of UF between 
AI and Ctrl cows revealed the involvement of innate immunity 
and the increase of exosomes, including several miRNAs, in 
the uterine lumen on D7  in the presence of multiple embryos. 
These findings suggest that a network of proteins and miRNA 
components in exosomes could contribute to the uterine 
microenvironment for embryo development and successful 
pregnancy. The impact of these proteins and miRNAs on the 
immunological regulation of embryo-maternal communication 
and the establishment of pregnancy in cattle warrants 
further investigations.
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Deoxynivalenol (DON) caused serious cytotoxicity for animal cells. However, genes
involved in regulating DON toxicity and the underlying molecular mechanisms remain
largely unknown. This study explored the role of SLC4A11 and MFSD3 in alleviating
DON toxicity and analyzed the DNA methylation changes of these two genes. Viability
and cell cycle analysis showed that DON exposure decreased the IPEC-J2 viability
(P < 0.01), blocked the cell cycle in the G2/M phase (P < 0.01), and increased the rate
of apoptosis (P < 0.05). Expression of the SLC4A11 and MFSD3 genes was significantly
downregulated upon DON exposure (P < 0.01). Overexpression of SLC4A11 and
MFSD3 can enhance the cell viability (P < 0.01). DNA methylation assays indicated that
promoter methylation of SLC4A11 (mC-1 and mC-23) and MFSD3 (mC-1 and mC-12)
were significantly higher compared with those in the controls and correlated negatively
with mRNA expression (P < 0.05). Further analysis showed that mC-1 of SLC4A11
and MFSD3 was located in transcription factor binding sites for NF-1 and Sp1. Our
findings revealed the novel biological functions of porcine SLC4A11 and MFSD3 genes
in regulating the cytotoxic effects induced by DON, and may contribute to the detection
of biomarkers and drug targets for predicting and eliminating the potential toxicity of
DON.

Keywords: pig, DON, SLC4A11, MFSD3, methylation regulation

INTRODUCTION

Deoxynivalenol (DON), belonging to the family of trichothecenes, is one of the metabolites
of Fusarium, induces emesis in swine, leading to it being known as “vomitoxin” (Pestka and
Smolinski, 2005; Pestka, 2010; Borutova et al., 2012). DON is extremely harmful to pigs, and
its main toxic effects are antifeeding, vomiting, decreased immunity, necrosis of the digestive
tract, decreased reproductive performance, and finally, death (Eriksen and Pettersson, 2004).
Early research suggested that DON induced the apoptosis of piglet mesenteric lymph node cells,
stimulated immune cells to secrete cytokines, and resulted in intestinal inflammation by destroying
the intestinal barrier and inducing inflammation (Pestka, 2010; Gerez et al., 2015). Once the
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intestinal barrier is damaged, in addition to affecting the
digestion and absorption of pigs, it is likely to cause other
intestinal diseases, which will seriously affect the growth and
development of pigs, resulting in huge economic losses to
the pig industry. Therefore, it is necessary to determine the
toxic effects and mechanism of DON, which will contribute
to discovering new methods of prevention and treatment of
diseases induced by DON.

Epigenetic modification is a type of gene regulation that
is ubiquitous in all organisms, and is essential to maintain
the normal life activities of mammals (Shi and Wu, 2009).
Epigenetic modification includes DNA methylation, histone
modification, and non-coding RNA regulation, among which
DNA methylation has attracted much attention from epigenetic
modification researchers (Dahl and Guldberg, 2003). DNA
methylation regulates gene expression by affecting chromatin
structure, DNA conformation, chromosome stability, and DNA-
protein interaction. In eukaryotes, it plays an important role
in cell differentiation, embryonic development, environmental
adaptation, and the development of diseases (Deng, 2014; Dai
et al., 2019). After DON exposure, the levels of methyltransferase
H3K4me2 increased significantly on EZH2, encoding enhancer
of Zeste 2 polycomb repressive complex 2 Subunit, a key
regulator in the early development of oocytes. Thus, DON
can cause the interruption of oocyte maturation by changing
epigenetic modifications (Han et al., 2016). Studies have also
reported increased DNA methylation levels and the expression
of H3K9me3 and H4K20me3 in the oocytes of mice fed
a diet containing DON, and that the expression levels of
H3K27me3 and H4K20me2 were reduced, revealing that
epigenetic modifications might be one of the reasons for the
decrease of the level of oocyte development (Zhu et al., 2014).
These studies showed that epigenetic modification plays an
important regulatory role in the process of DON induction.

Our previous transcriptome analysis in IPEC-J2 cells found
significant decreases in the expression levels of the SLC4A11
(encoding solute carrier family 4 member 11) and MFSD3
(encoding major facilitator superfamily domain containing 3)
genes in response to DON (Wang et al., 2019). SLC4A11
and MFSD3 are both membrane-bound solute carriers (SLCs),
which maintain nutrient uptake, ion transport, and waste
removal associated with physiological functions (Perland et al.,
2017). SLC4A11 is an electrogenic Na/borate cotransporter
that stimulates cell growth and proliferation by increasing
intracellular borate levels and activating the mitogen activated
protein kinase (MAPK) pathway (Jiao et al., 2007; Lopez et al.,
2009). MFSD3 is a kind of membrane-bound solute carrier that
belongs to the major facilitator superfamily (MFS), which is
the largest phylogenetic group of SLCs in humans (Nicoletti
et al., 2019). Studies reported that the expression of MFSD3 was
associated with nutrient intake and adipose tissue homeostasis
(Hoglund et al., 2011). Therefore, SLC4A11 and MFSD3 may
play an important role in DON-induced cell damage, we further
explored the expression regulation mechanism of SLC4A11 and
MFSD3 genes associated with the activity of IPEC-J2 cells
induced by DON. We examined the effects of DON on the
viability, cell cycle, and apoptosis of IPEC-J2 cells, as well as the

regulation of SLC4A11 and MFSD3 expression levels in IPEC-
J2 cells induced by DON, including a comprehensive analysis
of the degree of methylation and expression changes of these
two genes. The present study explored the regulatory role of
SLC4A11 and MFSD3 in resisting DON-induced cytotoxicity.
Better understanding of DON pathogenesis and identification
of the responsive genes provided the theoretical basis for
further study of the molecular regulation mechanism of DNA
methylation modification in DON-induced cytotoxicity, and
may contribute to the identification of biomarkers and drug
targets for DON contamination.

MATERIALS AND METHODS

Ethics Statement
The animal study proposal was approved by the Institutional
Animal Care and Use Committee (IACUC) of the Yangzhou
University Animal Experiments Ethics Committee [permit
number: SYXK (Su) IACUC 2012-0029]. All experimental
methods were conducted in accordance with the related
guidelines and regulations.

Cell Culture
The IPEC-J2 cells were preserved in our laboratory, and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) and 1% penicillin streptomycin
(1 mg/mL) at 37◦C with 5% CO2.

Cell Viability
IPEC-J2 cells were cultivated in 96-well plates at a density of
2 × 103 cells/well and cultured for 24 h. Based on a previous
study, (Wang et al., 2019) we could see that treatment with
a DON (Sigma, Germany) concentration of 1 µg/ml for 48 h
induces cytotoxicity in IPEC-J2 cells. When the cells reached
70–80% confluence, they were incubated with DON (1 µg/mL)
for 24, 48, and 72 h. Cell viability was assessed using a Cell
Counting Kit-8 (MedChemExpress, Monmouth Junction, NJ,
United States) according to the manufacturer’s protocol. The
absorbance was measured on a Tecan Infinite Pro (Sunrise,
Tecan, Switzerland) at 450 nm.

Cell Apoptosis Assay
IPEC-J2 cells were seeded into six-well plates at a density of
2 × 105 cells/well and randomly assigned into a control group
and a DON treated group. When the cells reached 70–80%
confluence, they were incubated with DON (1 µg/mL) for 48 h in
the DON treated group. Subsequently, cells were collected, and
stained with Annexin V-FITC according to the instructions of
the Apoptosis Detection kit (Solarbio, Beijing, China). Finally,
apoptosis was analyzed using a Flow Cytometer (FAC Scan,
Becton Dickinson, Franklin Lakes, NJ, United States) within 1 h.

Cell Cycle Analysis
First, IPEC-J2 cells were cultured in a six-well plates and
incubated at 37◦C with 5% CO2 overnight and divided into a
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control group and a DON treated group. Then, digestion was
performed with trypsin without EDTA followed by washing twice
in pre-cooled phosphate-buffered saline. Cell cycle analysis was
performed according to a Cell Cycle and Apoptosis Analysis
Kit (Beyotime Institute of Biotechnology, Jiangsu, China) and
the percentage of the cell population at a particular phase was
estimated using ModFit LT for Windows V3.1 (Verity Software
House, Topsham, ME, United States).

RNA Extraction and Quantitative Real
Time Reverse Transcription PCR
Total RNA was extracted from IPEC-J2 cells using Trizol.
cDNA was reverse transcribed from the mRNA was reverse
transcribed using a HiScript II Q RT SuperMix kit (Vazyme
Biotech Co., Ltd., Nanjing, China). The cDNA was used as
the template for the quantitative real-time PCR (qPCR) step
using a fast real-time PCR system (ABI Step One Plus; Applied
Biosystems, Foster City, CA, United States). GAPDH (encoding
glyceraldehyde-3-phosphate dehydrogenase) was used as the
control gene. The relative expression levels were determined
using the 2−11CT method (Livak and Schmittgen, 2001) and
overexpression efficiency was also calculated using the 2−11CT

method. The primers used are shown in Table 1. All primers were
synthesized by Sangon (Shanghai, China).

Construction of Overexpression Cell
Lines
Primers with SacI and PmeI restriction enzyme sites were
designed according to the coding sequences (CDS) of porcine
SLC4A11 (XM_021077564.1) and MFSD3 (XM_021090521.1)

TABLE 1 | The primer sequence of genes for quantitative real-time PCR (qPCR)
and their sequences.

Gene Primer sequence Product
length (bp)

SLC4A11-q1 F: AGTAGTAGGGAGCAGGGTGG 234

R: AAGCAAGCAGAGAGTGAGCC

MFSD3-q2 F: CGCCTCAGCCATCAGAACCCCGCCG 224

R: TGAGCCCACAATGGAACAGA

GAPDH-q3 F: GGTCGGAGTGAACGGATTT 245

R: ATTTGATGTTGGCGGGAT

SLC4A11-c1 F: CGAGCTCATGTCACAGAGTGGATACCC 2631

R:
AGCTTTGTTTAAACTCAATGATTCGGGGCAGCAG

MFSD3-c2 F: CGAGCTCATGCACGGGAAGCTGCTGGT 1635

R:
AGCTTTGTTTAAACTCAGCCAAGGCTCCGGCCAG

SLC4A11-p1 F: GTTATTTTGGGAAGGAAAAAGTT 345

R: CCCTAATATCAACTTTAAATATATAACC

MFSD3-p2 F: ATTCTGCCCCCCA 260

R: GCCTCCAAGCAGCCAA

Note q1–q3 stands for qPCR primers. c1–c2 stands for overexpression primers.
The underlined sequences represent restriction sites. p1–p2 stands for BSP
primers, respectively.

gene published in the GenBank database1 (Table 1). The
primers were used to amplify the SLC4A11 and MFSD3
genes, which were ligated into the florescence expression
vector, pEGFP–C1, after double digestion. The sequences
of the SLC4A11 and MFSD3 overexpression vectors were
confirmed by Sangon sequencing. Cells were incubated
with 20 nM SLC4A11 and MFSD3 overexpression vector
or negative control using Jet PRIME (Polyplus, Illkirch,
France). After transfection, stable cells lines were established by
incubation with geneticin (800 µg/mL) (Invivogen, Toulouse,
France) for 15 days.

Bioinformatic Analysis and Primer
Design
Analysis and identification of the promoter region, CpG islands
and transcription factor binding sites in the 5′ flanking regions
of SLC4A11 and MFSD3 were performed using the online tool
MethPrimer and Alibaba (Li and Dahiya, 2002). Based on
this analysis and the location of the predicted CpG islands,
bisulfite-sequencing PCR (BSP) primers were designed using
MethPrimer (Table 1).

Genomic DNA Preparation and Promoter
Methylation Analysis
Genomic DNA was extracted from IPEC-J2 cells using a
Universal DNA purification kit (Tiangen, Beijing, China),
following the manufacturer’s instructions. The genomic DNA
was treated with bisulfite and used as the template for PCR
(ZymoTaq PreMix; Zymo Research, Irvine, CA, United States).
Purified PCR products were ligated into vector PMD-19T
overnight (Bao Biological Engineering Co., Dalian, China).
The recombinant clones were transformed into competent
Escherichia coli DH5α cells (Tiangen, Beijing, China). 200 µL
of the bacteria solution were applied to Luria-Bertani (LB) agar
plates containing 100 ng/mL ampicillin, and maintained at 37◦C
overnight. The positive recombinant clones were selected on
LB-ampicillin and confirmed by sequencing (Sangon Shanghai,
China). The raw SLC4A11 and MFSD3 mRNA sequences were
aligned using QUMA online software to analyze the degree of
methylation at each CpG site. The methylation rate for each
sample was calculated as the number of CpG methylated loci/the
number of CpG loci.

Statistical Analysis
One-way analysis of variance and Student’s t-test were used
for comparisons between the control and DON treated groups.
The association between an individual CG methylation and the
expression levels of genes after DON-induced cytotoxicity in
IPEC-J2 cells was analyzed using Pearson’s correlation analysis.
All statistical analyses were performed using the SPSS 23.0 (IBM
Corp., Armonk, NY, United States) or GraphPad Prism version
8.0 for Windows (GraphPad Software Inc., San Diego, CA,
United States). P < 0.05 was considered statistically significant
and all experimental samples had three replicates.

1https://www.ncbi.nlm.nih.gov/gene/100157069
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FIGURE 1 | The viability, cell cycle, and apoptosis of IPEC-J2 cells in the control group and the DON treated group. (A) The viability of IPEC-J2 cells in the control
group and the DON treated group. (B) Apoptosis of IPEC-J2 cells in the control group and the Deoxynivalenol (DON) treatment group was evaluated by
measurement of Annexin V by flow cytometry. Apoptotic cells were Annexin V-positive and PI-negative. Q1-UL stands for nuclear debris, Q1-LL stands for living
cells, Q1-LR stands for early apoptotic cells, and Q1-UR stands for later apoptotic cells (C) Quantification of panel (B). *P < 0.05. (D) The cell cycle distribution in
the control group and the DON treated group. **P < 0.01.

RESULTS

DON-Induced Cytotoxicity in IPEC-J2
Cells
To investigate the effect of DON on the viability of IPEC-J2 cells,
the cells were incubated with DON (1 µg/mL) for 24, 48, and
72 h. Cell viability was significantly lower compared with that
of the control group at 24, 48, and 72 h (P < 0.01), indicating
that DON induced increased cell death with time (Figure 1A).
Flow Cytometry analysis also showed that DON increased the
percentage of early, late, and total apoptotic cells significantly
compared with that in the control group following 48 h of
incubation (Figures 1B,C). In subsequent experiments, the cell
samples were treated with DON for 48 h. Flow cytometry analysis

of the cell cycle showed that after 48 h of DON treatment the cell
cycle was arrested at the G2/M phase compared with the controls
(P < 0.01), and the percentage of cells in the S phase decreased
(P < 0.01) (Figure 1D).

Effects of DON Induction on the
Expression Levels of SLC4A11 and
MFSD3 in IPEC-J2 Cells
The mRNA expression levels of SLC4A11 and MFSD3 were
assessed using qRT-PCR in DON-treated IPEC-J2 cells. In the
DON treated group, the mRNA expression levels of SLC4A11
(P < 0.01) (Figure 2A) and MFSD3 (P < 0.01) were significantly
lower compared with those in the controls (Figure 2B).
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FIGURE 2 | SLC4A11 and MFSD3 mRNA expression levels in DON-induced IPEC-J2 cells. (A) SLC4A11 mRNA expression levels induced by DON. *P < 0.05.
(B) MFSD3 mRNA expression levels induced by DON. **P < 0.01.

Construction of Overexpression Cell Line
SLC4A11 and MFSD3
The recombinant plasmids pEGFP-C1-SLC4A11 and pEGFP-
C1-MFSD3 were verified by DNA sequencing (Supplementary
Figure 1). The gene sequences of the overexpression vectors
were consistent with those of the pEGFP vector, and the
SLC4A11 and MFSD3 CDS, which indicated that plasmids
were successfully constructed. After 15 days of screening with
geneticin, green fluorescent cells could still be observed under the
fluorescence microscope, which indicated that the recombinant
fusion proteins of pEGFP-C1-SLC4A11 and pEGFP-C1-MFSD3
were stably expressed in IPEC-J2 cells (Supplementary Figure 2).
The relative mRNA expression levels of SLC4A11 in the
overexpression group represent a 585.09-fold increase compared
with that in the control group (P< 0.01) (Figure 3A). The relative
expression levels of the MFSD3 mRNA in the overexpression
group representing a 6.68-fold increase compared with that in the
control group (P < 0.01) (Figure 3B).

Effects of Overexpression of SLC4A11
and MFSD3 on the Viability of IPEC-J2
Cells Induced by DON
SLC4A11 and MFSD3 overexpressing cells were incubated
with DON (1 µg/mL) for 24, 48, and 72 h to detect cell
viability. The results showed that the viability of the SLC4A11
overexpression group under DON treatment was significantly
increased compared to the control group at 24, 48, and 72 h
(P < 0.01) (Figure 4A). For the MFSD3 overexpression group
under DON treatment, the viability was significantly lower that
of the control group at 24 and 48 h (P < 0.05). There was an
increasing trend at 72 h, but the changes were not significant
(P > 0.05) (Figure 4B).

Prediction of SLC4A11 and MFSD3 CpG
Islands and Methylation Analysis
The CpG islands in the porcine SLC4A11 and MFSD3 5′ flanking
region were predicted by MethPrimer, respectively. The analysis
indicated that the SLC4A11 5′ flanking region contained two CpG
islands, and primers were designed to amplify a 345 bp fragment

(Figure 5A). The MFSD3 5′ flanking region also contained two
CpG islands, and primers were designed to amplify a 260 bp
fragment (Figure 5B). After determining the CpG island regions
of the porcine SLC4A11 andMFSD3 genes, we analyzed the rest of
the gene sequences and found that the SLC4A11 gene contained
28 CpG sites (Figure 6A) and the MFSD3 gene contained 19
CpG sites (Figure 6D). Methylation levels of both genes in the
DON group (48 h of treatment) and the control group were
very high. In addition, there was no significant difference in
the overall methylation degree of SLC4A11 and MFSD3 between
the DON treated group and the control group (Figures 6B,E).
Interestingly, the methylation levels of the mC-1 and mC-23
sites of SLC4A11 and the mC-1 and mC-12 sites of MFSD3
were significantly higher compared with those in the controls
(P < 0.05) (Figures 6C,F).

Correlation Between the Methylation
Level of SLC4A11 and MFSD3 Gene
Amplified Fragment and mRNA
Expression
Pearson analysis was performed to examine the correlation
between the methylation degree of CpG islands in the promoter
regions of SLC4A11 and MFSD3 genes and the mRNA expression
level. The methylation level of 19 (out of 28) CpG sites in
SLC4A11 CpG islands correlated negatively with the mRNA
expression level, in which the methylation levels of mC-1 and
mC-23 correlated significantly and negatively with the mRNA
expression level (P < 0.05) (Figure 7A). The methylation level
of 11 (out of 19) CpG sites in MFSD3 correlated negatively with
the mRNA expression level (Figure 7B), in which the methylation
level of mC-1 and mC-12 correlated significantly and negatively
with the mRNA expression level (P < 0.05).

Prediction of Transcription Factor
Binding Sites
The potential transcription factor binding sites in the regions
containing the CpG islands in the SLC4A11 and MFSD3 genes
were predicted. The results showed that mC-1 of SLC4A11 was
located in the NF-1 and Antp binding region, while mC-23 was
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FIGURE 3 | Construction of recombinant plasmids and cell lines overexpressing pEGFP-C1-SLC4A11, pEGFP-C1-MFSD3. (A) pEGFP-C1-SLC4A11 plasmid
expression efficiency. **P < 0.01. (B) pEGFP-C1-MFSD3 plasmid expression efficiency. **P < 0.01.

FIGURE 4 | Effects of DON induction on the viability of SLC4A11 and MFSD3 overexpressing IPEC-J2 cell lines after 24, 48, and 72 h. (A) The cell viability of the
SLC4A11 cell line and DON treated group induced by DON. **P < 0.01. (B) The cell viability of the MFSD3 cell line DON treated group. *P < 0.05. **P < 0.01.

FIGURE 5 | Prediction of CpG islands in gene promoter regions. (A) CpG islands in the SLC4A11 gene promoter region. (B) CpG islands in the MFSD3 gene
promoter region.
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FIGURE 6 | CpG island methylation analysis of the SLC4A11 and MFSD3 gene promoter regions. (A) The methylation level of CpG site of the SLC4A11 gene.
(B) Degree of methylation of the SLC4A11 gene between the DON treated and control groups. (C) the methylation levels of the mC-1 and mC-23 sites of SLC4A11
between the DON treated and control groups. *P < 0.05. (D) The methylation level of CpG site of the MFSD3 gene. (E) Degree of methylation of the MFSD3 gene
between the two groups. (F) the methylation levels of the mC-1 and mC-12 sites of MFSD3 between the DON treated and control group. *P < 0.05.

not located in a transcription binding site (Figure 8A). The mC-1
site of MFSD3 was located in the Sp1 binding region, while mC-
12 was not located in a transcription binding site (Figure 8B).

DISCUSSION

The growth and function of intestinal epithelial cells might
be affected by DON through various pathological mechanisms,

including the activation of cell signaling and ribosomal stress
(Diesing et al., 2012). In pigs, the intestines are the main
organ that absorbs DON, and most of it is absorbed in
the jejunum (Diesing et al., 2011). The porcine intestinal
epithelial IPEC-J2 cell line provides an ideal in vitro model
system to study porcine-specific pathogenesis, which can show
basic features similar to those in vivo (Goyarts and Dänicke,
2006). In this study, we examined the effects of DON on the
viability, cell cycle, and apoptosis of IPEC-J2 cells. We found
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FIGURE 7 | Correlation between the degree of methylation of CpG islands in the gene promoter region and mRNA expression. (A) Correlation between the CpG
island methylation degree in the promoter region of SLC4A11 gene and mRNA expression. *P < 0.05. (B) Correlation between CpG island methylation degree in the
promoter region of the MFSD3 gene and mRNA expression. *P < 0.05; **P < 0.01.

that DON significantly decreased cell viability, induced cell
cycle arrest in the G2/M phase, and increased the apoptosis
rate. Previously, it was shown that DON affects cell growth
significantly by inducing IPEC-J2 cell apoptosis and arresting
the cell cycle in the G2/M phase (Schierack et al., 2006),
which is consistent with our results. Wang et al. (2019)
showed that DON significantly increased the expression of the
BCL10 and AEN genes, whose protein products function in the
induction and enhancement of apoptosis. Previous research also
showed that DON decreases the activity of porcine endometrial
cells, resulting in apoptotic phenotypes, such as mitochondrial
swelling, membrane rupture, and cytoplasmic vacuolization,
which hinders the synthesis of DNA, arrest the cell cycle at
the G0 and G1 phases, and reduces the expression of PCNA,
a key protein in the cell cycle, thus inhibiting cell proliferation
(Tiemann et al., 2003; Diesing et al., 2011). Other studies have
indicated the toxicological effects of DON on cell growth of
different cell types via activation of the apoptosis and cell
cycle arrest pathway. Our previous transcriptome analysis found
that the expression levels of SLC4A11 and MFSD3 decreased
significantly in the DON treated group. DON activates MAPKs
related to differentiation and apoptosis, thereby disrupting
normal cell functions. Previous research showed DON induces
apoptosis and disrupts cellular homeostasis through MAPK
signaling pathways in bovine mammary epithelial cells (Lee
et al., 2019) and SLC4A11 activated the MAPK pathway to

stimulate cell growth and proliferation (Lopez et al., 2009).
As MAPKs are important molecules in regulation of cell cycle
and growth (Vithana et al., 2006), we speculate that SLC4A11
and MFSD3 may play a central role in DON-induced cell
damage. In the present study, the expression levels of SLC4A11
and MFSD3 in the DON treated group were significantly
lower than those in the control group. The cell viability of
SLC4A11 and MFSD3 IPEC-J2 overexpressing cell lines under
DON induction enhanced compared with the control group.
SLC4A11 and MFSD3 can maintain nutrient physiological
functions, and overexpression of SLC4A11 and MFSD3 may
help resist the toxicity of DON. A previous study showed
that relative to SLC4A11 wild-type cells, SLC4A11 knockout
caused obvious oxidative damage to the corneal endothelial
cells and depressed glutamine (Gln) catabolism, suggesting that
SLC4A11 can protect cells from Gln-induced toxicity (Bonanno
and Ogando, 2018). A recent study found that SLC4A11 plays
a key role in the oxidative stress response in human corneal
endothelial cells (HCEnC) mediated by the NRF2 gene, and
overexpression of SLC4A11 in HEK 293 cells resulted in a
significant increase in cell viability and reduced reactive oxygen
species (ROS) in these cells compared with those in the control
cells (Guha et al., 2017). In addition, DON exerts a direct toxic
effect on the IPEC-J2 cells by enhancing ROS accumulation,
activating NF-kB and apoptotic signaling pathways (Ruifen et al.,
2019). Therefore, we hypothesized that the downregulation of
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FIGURE 8 | Prediction of transcription factors that bind to the SLC4A11 and MFSD3 genes. (A) Prediction of transcription factor binding sites in the SLC4A11 gene
promoter region. (B) Prediction of transcription factor binding sites in the MFSD3 gene promoter region. The underlined regions represent the transcription factor
binding sites, and the red bases are the CpG sites.

SLC4A11 and MFSD3 expression is closely related to growth
inhibition induced by DON.

DNA methylation is a significant epigenetic modification,
which can regulate gene expression by promoting or inhibiting
the ability of transcription factors to bind to DNA (Keshet et al.,
1985; Lister et al., 2009). Liu et al. (2020) showed that DON
affected the expression of growth related-genes in liver through
DNA methylation. This suggested that epigenetic modifications
play an important regulatory role in the mechanism of DON’s
effects. In view of the role of SLC4A11 and MFSD3 gene
expression on DON-induced injury, the present study explored
the regulatory mechanism of promoter methylation on DON-
induced toxicity. The results showed that the methylation
levels of SLC4A11 gene methylation sites (mC-1 and mC-23)
and MFSD3 methylation sites (mC-1 and mC-12) correlated
significantly and negatively with the mRNA expression level.
Previous research showed that promoter region methylation
was associated with inhibition of gene expression, which
occurs mainly through interference, in which the binding of
transcription factors to the target gene or histone deacetylase
(HDACs) is hindered (Keshet et al., 1985; Nan et al., 1998).
Our study found that the mC-1 site of SLC4A11 is located in
an NF1 transcription factor binding domain and the mC-1 site
of MFSD3 is located in an Sp1 transcription factor binding

domain. Sp1-like transcription regulators participate in the
regulation of cell function, including cell proliferation, apoptosis,
differentiation, and tumor transformation, by regulating the
expression of many genes with CG-rich promoters (Black et al.,
2001). NF-1 is considered as a common transcription factor
(Inoue et al., 1990). However, the interaction with specific NF-
1 subtypes in different cell types might contribute to the selective
transcriptional activation or silencing of target genes (Chaudhry
et al., 1997). ANTP belongs to Transcription factors of the
homeodomain family (Bernd et al., 2008) NF-1, ANTP and Sp1
transcription factors fulfill important roles in cell proliferation
and growth. Various components in different CpG islands play
their respective roles in gene regulation. Some specific CpG sites
have a crucial impact on the function of CpG islands and are
decisive factors for the methylation of CpG islands (Mikeska
et al., 2007; Barrera and Peinado, 2012). A single methylation
site in the CCR3 (C–C motif chemokine receptor 3) region
is a candidate region for causing narcolepsy (Mihoko et al.,
2018). Wang et al. (2020) found that changes in the methylation
degree of mC-6 site would significantly change the expression
of gonadotropin releasing hormone 1 (GNRH), indicating that
the methylation level of specific sites would affect the expression
level of the gene. Therefore, it can be speculated that in the
regulatory regions of SLC4A11 and MFSD3, hypermethylation of
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mC-1 in SLC4A11 and MFSD3 induced by DON in IPEC-J2 cells
might hinder the binding of transcription factors to their target
sequences, which would inhibit gene expression.

In the present study, we found that overexpression of
SLC4A11 and MFSD3 can enhance the cell viability and alleviate
the cytotoxicity of DON. The methylation levels of the mC-
1 and mC-23 sites of SLC4A11, and the mC-1 and mC-12
sites of MFSD3 showed significantly negative correlations with
mRNA expression. These findings indicated that the SLC4A11
and MFSD3 genes may play important roles in regulating the
growth of IPEC-J2 cells and the DON-induced cell damages.
This study provided novel insights into the biological functions
of SLC4A11 and MFSD3 genes in regulating the cytotoxic
effects induced by DON, which lays important foundations for
future studies on the identification of functional gene and toxic
mechanisms associated with DON. Further studies are needed
to use chip-assay to confirm transcription factor binding, to
reveal the detailed relationship between SLC4A11 and MFSD3
promoter methylation and the specific mechanism of DON-
induced cytotoxicity.
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Intramuscular fat (IMF) deposition is a complicated process, and most of the underlying
regulators of this biological process are unknown. Here, we cloned the intact CDS
of KLF4 gene, investigated the role of KLF4 by gaining or losing function in vitro
and further explored the pathways of KLF4 regulating differentiation of intramuscular
preadipocytes in goat. Our results show that goat KLF4 gene consists of 1,536 bp
encoding a protein of 486 amino acids. The expression of KLF4 is higher in the
lung while lower in the heart and muscle in goat. Knockdown of KLF4 mediated by
siRNA technique significantly promotes intramuscular preadipocyte lipid accumulation
and upregulates mRNA expression of adipogenic related genes including C/EBPα,
C/EBPβ, and PPARγ in vivo cultured cells. Consistently, overexpression of KLF4 inhibits
intramuscular adipocyte lipid accumulation and significantly downregulation gene
expression of C/EBPβ, PPARγ, aP2, and Pref-1. Further, we found that other members
of KLFs were upregulated or downregulated after interference or overexpression of
KLF4, including KLF2 and KLF5–7. We also found that C/EBPβ was a potential
target of KLF4, because it had an opposite expression pattern with KLF4 during the
differentiation of intramuscular preadipocytes and had putative binding sites of KLF4.
The dual-luciferase reporter assay indicated that overexpression of KLF4 inhibited the
transcriptional activity of C/EBPβ. These results demonstrate that KLF4 inhibits the
differentiation of intramuscular preadipocytes in goat by targeting C/EBPβ.

Keywords: goat, KLF4, intramuscular preadipocytes, differentiation, C/EBPβ

INTRODUCTION

Intramuscular fat (IMF) content is a crucial indicator for meat sensory quality evaluation and has
been positively correlated with meat color, marbling, moisture content, and flavor (Cheng et al.,
2015). Optimizing the number of intramuscular adipocytes can enhance IMF content. Alongside
that, the balance between triglyceride (TG) anabolism and catabolism determines the volume
of lipid droplets in intramuscular preadipocytes, which misguidedly cause IMF deposition (Gao
and Zhao, 2009). IMF deposition is a complicated process that is controlled by triacylglycerol
catabolic or synthesis genes and a complex network of transcription factors, including CCAAT
enhancer binding protein family, peroxisome proliferator-activated receptor gamma (PPARγ),
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sterol regulatory element binding protein isoform 1c (SREBP1c),
Krüppel-like factor (KLF) family, lipoprotein lipase (LPL), and
fatty acid binding protein (FABP4) (Lowe et al., 2011). It is
believed that a complicated regulatory network exists in these
molecular regulators and that many genes were involved in
this biological process (Tontonoz et al., 1994; Tzameli et al.,
2004). However, little information is known about the molecular
regulatory mechanisms understanding the IMF deposition.

Krüppel-like factors are important transcription factors
including 18 members, and they have important roles in
gluconeogenesis, obesity, and the differentiation of preadipocytes
(Gray et al., 2002; White and Stephens, 2010; Wang et al.,
2017). KLF4, the core of transcription cascade of preadipocyte
differentiation, is a target gene of multiple microRNAs and
regulates numerous downstream genes (Rivero et al., 2012; Shen
et al., 2018). The Evidence that KLF4 regulates adipogenesis is
increasing. However, the discrepancies of animal species and the
source (endogenous or exogenous) result in different functional
significance (Cervantes-Camacho et al., 2015; Park et al., 2017).
For example, KLF4 knockdown in 3T3-L1 cells downregulates
the expression level of C/EBPβ and inhibits adipogenesis,
suggesting that KLF4 can function as a regulator of adipogenesis
and preadipocyte differentiation (Birsoy et al., 2008). On the
contrary, deletion of KLF4 in white preadipocytes and brown
preadipocytes had little effect on adipogenesis, indicating that
endogenous KLF4 is dispensable for adipogenesis in mice (Park
et al., 2017). Thus, the role of KLF4 in the differentiation
of intramuscular preadipocytes in goat needs to be further
investigated in view of the different cells and species.

To explore the functional effects of KLF4 on regulating the
differentiation of intramuscular preadipocytes in goats, KLF4
gene was cloned for the first time, and its expression was
monitored in various tissues, and adipogenic differentiation
process was detected in goats. Intramuscular preadipocytes were
separated and cultured as we described previously (Xiong et al.,
2018). siRNAs and adenovirus were used for transfection or
infection in intramuscular preadipocytes to reveal the role of
KLF4 in intramuscular preadipocyte differentiation. Further, we
explored the regulation between KLF4 and other members of KLF
family. Finally, we predicted the putative binding site of KLF4 and
identified its target genes. Our results show that KLF4 inhibits the
adipogenic differentiation of goat intramuscular preadipocytes
through targeting C/EBPβ directly.

MATERIALS AND METHODS

Animals, Tissue Collection, and Cell
Culture
The 7-day-old (n = 3) and 1-year-old (n = 6) Jianzhou Daer
male goats were used as experimental models, and the goats were
purchased from Sichuan Jianyang Dageda Animal Husbandry
Co., Ltd (Sichuan, China). Animal studies were approved by
the Institutional Animal Care and Use Committee, Southwest
Minzu University (Chengdu, China). One-year-old goats were
slaughtered by using carotid bleeding. The heart, liver, spleen,
lung, kidney, subcutaneous fat, longissimus dorsi, biceps femoris,

and triceps brachii were harvested and stored at liquid nitrogen.
Seven-day-old goats were slaughtered on an empty stomach and
washed twice with 10 mg/L of benzalkonium bromide and 75%
ethyl alcohol. The longissimus dorsi was isolated under sterile
conditions, washed thrice in phosphate-buffered saline (PBS)
(HyClone, Logan, UT, United States) supplemented with 3%
penicillin/streptomycin and minced. Triploid collagenase type II
(Sigma-Aldrich Corp., St. Louis, MO, United States) was added
to the minced tissues at 37◦C for 1 h with gentle agitation to
sufficiently digest. The same volume of DMEM/F12 (HyClone)
containing 10% fetal bovine serum (FBS) was used to terminate
enzymatic digestion. The cell suspension was filtrated through
75-µm mesh and centrifuged at 2,000 r/min for 5 min, and
then the suspension was disposed with red blood cell (RBC)
lysed solution. After centrifugation at 2,000 r/min for 5 min, the
intramuscular preadipocytes were re-suspended in DMEM/F12
supplemented with 10% FBS and seed in cell culture flask. These
cells were cultured in an incubator with 5% CO2 at 37◦C.

Cloning and Sequence Analysis of KLF4
Gene
Based on the predicted sequence of goat KLF4 gene at
GenBank with accession number: XM_005684390.1, clonal
primers were designed with Primer Premier 5.0 software, which
are KLF4-KS: 5′-TACCCCTTCTGCTTCGGA-3′ and KLF4-KA:
5′-TGTGGGTCACATCCACTGTT-3′. A 2 × GC-rich PCR
MasterMix (TIANGEN, Beijing, China) and AG 22331 Hambury
PCR (Thermo Fisher Scientific, Waltham, MA, United States)
were used to perform polymerase chain reaction (PCR). The right
separated DNA was purified by 1% agarose gel and connected
with pMD-19T vector. These recombinants were converted
into Escherichia coli DH5α (Tiangen, China). Finally, certified
recombinants were submitted to TSINGKE (Chengdu, Sichuan,
China) for sequencing in two directions. The tools for sequence
analysis, including ORF Finder, DNAMAN, Version 5.2.10) and
the Conserved Domains (CD) Search Service as described (Qing
et al., 2018b), were used to analyze the open reading frame
(ORF), the homology of derived amino acid sequences, and
protein domain, respectively. The protein interaction network
and neighbor-joining (NJ) phylogenetic tree were constructed by
using STRING and MEGA7.0, respectively.

Construction of the KLF4 Adenoviruses
Vector
The coding sequence (CDS) of KLF4 was cloned into the
pHBAD-EF1-MCS-3flag-CMV-GFP vector, named as pHBAD-
KLF4. The SnapGene program was used for designing the
primers, KLF4-Eco/Eco-Fg: gtgaccggcgcctacgccaccATGAGGC
AGCCACCTGGC, KLF4-Eco/Eco-Rg: ggatcccgcccggggAAAGT
GCCTTTTCATATGT (lowercase letters represent the sequence
of vector). The pHBAD-KLF4 was transformed into DH5α and
screened by PCR amplification. pHBAD-KLF4 and pHBAD-
BHG were co-transfected in HEK293A cells by LipofectamineTM

3000 (Invitrogen, Carlsbad, CA, United States) to package
adenovirus. Following multiplication in 293A cells, high titer of
adenovirus was harvested for KLF4 expression. The adenovirus
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titer was measured by TCID50 method. An adenovirus expression
green fluorescent protein was used as the control (vector) and was
stored in our laboratory.

Chemical Synthesis of siRNA
Three gene-specific siRNAs for KLF4 were designed and
synthesized by Invitrogen according to the sequence of
goat KLF4 (KU041754.1), named as KLF4 siRNA-1 (5′-
GACCUGGACUUUAUCCUCUCCAACUdTdT-3′), KLF4 si
RNA-2 (5′-CCUACACGAAGAGUUCUCAUCUCAAdTdT-3′),
and KLF4 siRNA-3 (5′-ACCACCUCGCCUUACAUAUGAAdT
dT-3′). The sequence of negative control was 5′-UUCUCC
GAACGUGUCACGUdTdT-3′.

Cell Induction, Transfection, and
Infection
The goat intramuscular preadipocytes whose confluence reached
80% were adipogenic inducted by DMEM/F12 supplemented
with 10% FBS and 100 µM of oleic acid (Sigma) as described
(Shang et al., 2014). For KLF4 knockdown, intramuscular
preadipocytes at 80% confluence were transfected by siRNAs
via Lipofectamine R© RNAIMAX Reagent (Invitrogen). Ad-GFP
[negative control, (NC)] or Ad-KLF4 was used to infect cells
to perform the experiment to overexpress KLF4. The cells
were collected and monitored at day 1 with an analysis by
qPCR, Oil Red O staining, or Bodipy staining after adipogenic
differentiation.

Oil Red O Staining and Bodipy Staining
The cells were washed twice with PBS and fixed with 500 µl of
10% formaldehyde for 30 min. Then, the cells were washed and
stained using the Oil Red O or Bodipy working solutions for
20 min. Cells were observed and photographed with an Olympus
TH4-200 microscope after staining and washing. Finally, Oil Red
O dye was extracted with 1 ml of isopropanol and the Oil Red
signal was quantified by measuring the absorbance at 490 nm
(OD 490) to determine the extent of differentiation.

Total RNA Extraction and Quantitative
Real-Time PCR
Total RNA was extracted from 1-year-old goats using TRIzol
reagent (TaKaRa, Dalian, China) according to the manufacturer.
The integrality and concentration of total RNA from cultured
cell samples or tissues were detected by 1% agarose gel
electrophoresis and ultraviolet spectrophotometer. Total RNA
of 1 µg for each sample were reverse-transcribed by RevertAid
First Strand cDNA Synthesis Kit (Thermo) according to the
instructions. Peptidylprolyl isomerase A (PPIA) was selected
to normalize the expression levels. qPCR was by using TB
GreenTM Premix EX TaqTM (Tli RNase H Plus) (Takara)
and CFX96 (Bio-Rad, Hercules, CA, United States). Relative
mRNA expressions were normalized by UXT. The primers’
information for qPCR is listed in Table 1. The 2−11Ct method
was used to analyze the relative expression level of each gene
(Livak and Schmittgen, 2001).

TABLE 1 | Primer information for quantitative real-time PCR (qPCR).

Gene (GeneBank number) Forward
sequence (5′–3′)

Reverse sequence
(5′–3′)

PPIA (XM_005679322.2) ACAAAGTCCCG
AAGACAGCAG

AAGTCACCACC
CTGGCACAT

C/EBPα (XM_018062278) CCGTGGACAAGA
ACAGCAAC

AGGCGGTCATT
GTCACTGGT

C/EBPβ (XM_018058020.1) CAAGAAGACGGT
GGACAAGC

AACAAGTTCC
GCAGGGTG

PPARγ (NM_001285658) AAGCGTCAGGG
TTCCACTATG

GAACCTGATGGCG
TTATGAGAC

aP2 (NM_001285623.1) TGAAGTCACTCC
AGATGACAGG

TGACACATTCC
AGCACCAGC

SREBP1 (NM_001285755) AAGTGGTGG
GCCTCTCTGA

GCAGGGGTTT
CTCGGACT

Pref1 (KP686197.1) CCGGCTTCATG
GATAAGACCT

GCCTCGCACTT
GTTGAGGAA

KLF2 (KU041748) GCGGCAAGACC
TACACCAA

TGTGCTTGCGGTAG
TGGC

KLF4 (KU041754.1) GTCGGTCATCA
GTGTTAGCAAAGG

ACGGTGCACGAGGA
GACAGTCT

KLF5 (KU041751) CACCTCCATCCTA
TGCTGCTAC

CAGCCTGGGTAATC
GCAGTAGT

KLF6 (KU041749) GCCTCTGAGATC
AAATTCGACA

GGAGGACTCGCTG
CTCACAT

KLF7 (KU041750) TTCGGTGAGGACTT
GGACTGTT

TGTCCCGAGAG
AGCAGAATGTC

UXT (XM_005700842.2) GCAAGTGGATTT
GGGCTGTAAC

ATGGAGTCC
TTGGTGAGGTTGT

Total Protein Extraction and Western
Blot Analysis
The cells were washed twice with PBS. Total protein was
extracted from cells using 150 µl of radioimmunoprecipitation
assay (RIPA) (Biosharp, Hefei City, Anhui, China) solution
supplemented with 1% phenylmethylsulfonyl fluoride (PMSF)
for each well. The protein concentrations were measured by
bicinchoninic acid (BCA) protein quantitation assay (KeyGen
Biotech, Nanjing, China) according to the instructions. Total
proteins of 40 µg were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride (PVDF) (Roche Diagnostics, Basel,
Switzerland) membrane. The membrane was blocked with 5%
fat-free milk and then incubated for 2 h with antibodies
to C/EBPβ (WanleiBio, Shenyang, China; WL01710)/β-actin
(Abcam, Cambridge, United Kingdom; ab176323), which were
diluted to 1:500. The membrane was incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (diluted to
1:1,000) for 1 h. Subsequently, an immunodetection was
performed using ClarityTM Western ECL Substrate (Bio-Rad)
and analyzed by FluorChem R System (ProteinSimple, San Jose,
CA, United States).

Dual-Luciferase Reporter Assay
The promoter of goat C/EBPβ containing KLF4 target sites
was cloned from goat genome DNA using primers tagged
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with XhoI and HindIII restriction sites (sense primer: 5′-
CCGCTCGAGCACAATCGGCCATCCCAGG-3′ and antisense
primer: 5′-CCCAAGCTTTAACTGAAGGCGGGAATGGG-3′).
The wild-type promoter fragment was cloned into pGL3-basic
vector, named as pGL3-C/EBPβ. The constructed plasmids
of (pGL3-C/EBPβ)/pGL3-basic and pHBAD-KLF4/vector were
co-transfected into goat intramuscular preadipocytes using
Lipofectamine R© 3000 (Invitrogen). Then the cells were induced
to adipogenic differentiation for 48 h; after that, the cells
were harvested, and the luciferase activity was detected by an
automated microplate reader.

Phylogenetic Tree Construction
Phylogenetic tree constructed based on the deduced KLF4 amino
acid sequences with NJ method in MEGA v7.0.14 (Kumar et al.,
2016). The GeneBank accession number: Ovis aries (ALI16866.1),
Bos taurus (NP_001098855.1), Sus scrofa (NP_001026952.2),
Equus caballus (XP_005605741.1), Homo sapiens (ABG25917.1),
Macaca mulatta (NP_001136265.1), Rattus norvegicus
(NP_446165.1) Mus musculus (NP_034767.2) Canis lupus

FIGURE 1 | The expression level of KLF4 in different tissues and during
intramuscular preadipocyte differentiation. (A) The mRNA level of KLF4 in the
heart, liver, spleen, lung, kidney, subcutaneous white adipose tissue,
longissimus dorsi, biceps femoris, and triceps brachii of goats (n = 6). (B) The
mRNA level of KLF4 at 0, 12, 24, 36, 48, 96, and 124 h after intramuscular
preadipocytes adipogenic differentiation. The data are presented as the mean
values ± SD. Each experiment was performed at least in triplicate, producing
consistent results. *p < 0.05, **p < 0.01.

familiaris (XP_005627053.1), Felis catus (NP_001166915.1),
Oryctolagus cuniculus (XP_017202748.1), Gallus gallus
(XP_004949426.1), and Danio rerio (NP_001106955.1).

Statistical Analysis
All data were presented as “means ± SD.” The variance of
data was analyzed by SPSS; to evaluate the significance of the
differences between two groups, the means were compared using
Student’s t test. Multiple-group comparisons were performed by
Duncan’s multiple comparisons test. P < 0.05 was considered
to be significant difference. All experiments in our study were
carried out three times at least.

RESULTS

Cloning and Sequence Analysis of the
KLF4 Gene in Goats
Previous studies reported that the function discrepancies of KLF4
were observed in different animal species and cell models (Birsoy
et al., 2008; Park et al., 2017). To further explore its role in goat
intramuscular adipogenesis, the subcutaneous fat tissue from 1-
year-old Jianzhou Daer male goats was harvested. By means

FIGURE 2 | Knockdown of KLF4 expression promotes goat intramuscular
adipocyte adipogenic differentiation. (A) Knockdown efficiency detection of
KLF4 at mRNA level mediated by siRNA. (B–D) Representative images (×400)
of Bidipy staining and Oil Red O staining and extracting between control and
siRNA-treatment intramuscular adipocytes. **p < 0.01 versus negative control
(siNC) groups. The Data are presented as mean values ± SD. Each
experiment was performed at least in triplicate, producing consistent results.
*p < 0.05, **p < 0.01.

Frontiers in Genetics | www.frontiersin.org 4 August 2021 | Volume 12 | Article 66375976

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


fgene-12-663759 July 29, 2021 Time: 16:50 # 5

Xu et al. KLF4 Inhibits Goat Preadipocytes Differentiation

of PCR amplification, the complete CDS of KLF4 (GenBank
No. KU041754.1) was obtained, which contains 1,461 bp and
codes 311 amino acids (Supplementary Figure 1A). The deduced
protein contains three zinc finger structures, which were the
representative structure of KLFs (Supplementary Figure 1B).
The amino acid sequence of goat KLF4 shows a similarity
of 97.94, 97.94, 92.61, and 92.39% with O. aries, B. taurus,
H. sapiens, and M. musculus, respectively (Supplementary
Figure 2). According to the corresponding amino acid sequences,
an NJ phylogenetic tree was constructed, which suggested that the
KLF4 protein in goat has higher genetic relationship with O. aries
and B. taurus (Supplementary Figure 2).

The Expression Pattern of KLF4 in
Various Goat Tissues and During
Intramuscular Preadipocyte
Differentiation
To explore the characteristics of KLF4 expression, qPCR was
performed to detect its expression in various goat tissues. The
result showed that KLF4 expression was the highest in the
lung, whereas it was of middle expression level in the spleen
and subcutaneous white adipose tissue with ∼13.7- and 18.6-
fold change to that of the heart, respectively (Figure 1A).
Alongside that, KLF4 presents a similar mRNA level in the
heart, longissimus dorsi, biceps femoris, and triceps brachii,
where the expression level was the lowest (Figure 1A). In view

of subcutaneous white adipose tissue will be fractionated into
mature adipocytes and stromal vascular fraction and the skeletal
muscle tissues containing minimal intramuscular adipocytes,
we isolated intramuscular preadipocytes from longissimus
dorsi and induced them to adipogenic differentiation. The
expression of KLF4 during differentiation showed that KLF4
mRNA abundance ratio was downregulated for the previous
36 h during differentiation and exhibited an increasing trend
from 36 to 124 h (Figure 1B). All the above suggest that
KLF4 might regulate the adipogenic differentiation of goat
intramuscular preadipocytes.

Loss of Function of KLF4 Promotes
Intramuscular Preadipocyte
Differentiation
To reveal the function of KLF4 on intramuscular preadipocyte
differentiation, three independent siRNAs were transfected
into preadipocytes to knockdown of KLF4 expression.
The interference efficiency assay suggested that the siRNAs
dramatically decreased the expression of KLF4 (Supplementary
Figure 3). Interference efficiency reached 71.62, 85.11, and
61.50% compared with negative control (siNC) for siRNA1,
siRNA2, and siRNA3, respectively (Supplementary Figure 3).
Because of the prominent effect of siRNA2, the subsequent KLF4
knockdown experiment was performed by siRNA2; we named
it siKLF4 (Figure 2A). At morphological observation, which

FIGURE 3 | Knockdown of KLF4 expression upregulates the mRNA expression of C/EBPα and PPARγ. The mRNA levels of PPARγ (A), C/EBPα (B), aP2 (C),
SREBP1 (D), and Pref1 (E) in control and KLF4 siRNA-treated intramuscular adipocytes. *p < 0.05, **p < 0.01 versus negative control (siNC) groups. The data are
presented as the mean values ± SD. Each experiment was performed at least in triplicate, producing consistent results. *p < 0.05, **p < 0.01.
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was performed by Oil Red O staining and Bodipy staining, we
found that not only lipid accumulation was augmented but also
lipid droplets were increased, both of which were caused by
knockdown of KLF4 expression (Figures 2B–D). Consistently,
the Oil Red O signal was significantly increased in siKLF4 group
compared with that of siNC as shown in Figure 2C. These
data suggest that knockdown of KLF4 expression can increase
intramuscular preadipocyte lipid accumulation.

Preadipocyte differentiation required the expression
of numerous lipogenic genes, and then the cells present
lipid accumulation and cellular morphology change (Ali
et al., 2013; Cohen and Spiegelman, 2016). To explore the
enhancive lipid content in KLF4 knockdown intramuscular
preadipocytes whether caused by lipolysis inhibiting or
promoting differentiation into adipocytes, we further detected
the expression changes of several adipogenic and lipolysis genes,
including C/EBPα, PPARγ, SREBP1, aP2, and Pref1. We found
that the interference of KLF4 upregulated the mRNA level
of PPARγ, which increased by ∼2.6-fold in siRNA2-treated
cells (Figure 3A). Moreover, the mRNA level of C/EBPα,
cooperatively active with PPARγ, was also upregulated in KLF4
knockdown group as shown in Figure 3B. However, the mRNA
levels of aP2, SREBP1, and Pref1 were comparable with those
of control cells (Figures 3C–E). These evidences suggest that
loss function of KLF4 promotes adipogenic genes expression
of PPARγ and C/EBPα and may promote goat intramuscular
preadipocyte differentiation.

Overexpression of KLF4 Inhibits Goat
Intramuscular Preadipocyte
Differentiation
To further illustrate the role of KLF4 in the differentiation of
goat intramuscular preadipocytes, stable KLF4 overexpression
(KLF4) and the negative control (vector) cells were established
by adenovirus-mediated technique. Overexpression gave rise
to ∼71.3-fold increase of KLF4 mRNA level when compared
with vector (Figure 4A). In addition, overexpression of KLF4
substantially inhibited lipid contents based on the evaluation
of Oil Red O staining and Bodipy staining (Figures 4B–D).
Consistently, Oil Red O signal measurement showed that the
OD value at 490 nm was decreased in overexpression group
(Figure 4C). These data demonstrated that gain of function KLF4
can inhibit intramuscular preadipocyte differentiation.

The efficient evidences between gain and loss function of
KLF4 in differentiated intramuscular preadipocytes confirmed
our initial speculation. And the speculation was further
confirmed by detecting the expression of adipogenic and
lipolysis genes as described above. Overexpression of KLF4
significantly downregulated the mRNA level of PPARγ, as shown
in Figure 5A. Surprisingly, aP2 and Pref1, two key genes in
TG synthesis and differentiation, were also inhibited by KLF4
overexpression (Figures 5C,E). However, no obvious change
was observed about mRNA level of C/EBPα and SREBP1 when
compared with the control group (Figures 5B,D). All the
above suggest that KLF4 inhibits intramuscular preadipocyte
differentiation and gene expression of PPARγ, aP2, and Pref1.

FIGURE 4 | Overexpression of KLF4 inhibits goat intramuscular adipocyte
adipogenic differentiation. (A) KLF4 Overexpression efficiency detection at
mRNA level mediated by adenovirus. (B–D) Representative images (×400).
The Bodipy staining and Oil Red O staining and extracting between control
and adenovirus treatment intramuscular adipocytes. **p < 0.01 versus the
negative control (vector) groups. Data are presented as mean values ± SD.
Each experiment was performed at least in triplicate, producing consistent
results. *p < 0.05, **p < 0.01.

KLF4 Regulates mRNA Expression of
Other Members of KLF Family
The internal regulation of KLF family members has been
reported to be a well-orchestrated multistep process (Eaton
et al., 2008; Guo et al., 2018). To determine whether the
expression of the other members of KLF family will be affected
by KLF4 in goat intramuscular preadipocytes, the mRNA levels
of KLF family members were measured by qPCR technique.
We first noticed the expression of KLF1, KLF2, and KLF17
belonging to the same subfamily with KLF4. Knockdown of KLF4
significantly enhanced the mRNA level of KLF2 as shown in
Figure 6A. Similarly, overexpression of KLF4 suppressed the
mRNA level of KLF2 by ∼0.31-fold compared with control
group (Figure 6B). However, knockdown or overexpression of
KLF4 did not affect the expression of KLF1 and KLF17 (data
was not shown). KLF5, KLF6, and KLF7, belonging to the
same subfamily of KLF, exhibited a dramatically higher mRNA
level in KLF4 knockdown preadipocytes and a markedly lower
mRNA level in KLF4 overexpression cells (Figures 6A,B). No
significant change was recorded of KLF3, KLF4, KLF8, KLF9,
KLF10, KLF11, KLF12, KLF13, KLF14, KLF15, and KLF16
(data not shown). On the whole, these data imply that KLF4
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FIGURE 5 | Overexpression of KLF4 downregulates PPARγ, aP2, and Pref1 expression. The mRNA levels of PPARγ (A), C/EBPα (B), aP2 (C), SREBP1 (D), and
Pref1 (E) in control and adenovirus-treated intramuscular adipocytes. *p < 0.05, **p < 0.01 versus negative control (vector) groups. The data are presented as the
mean values ± SD. Each experiment was performed at least in triplicate, producing consistent results. *p < 0.05, **p < 0.01.

inhibits the expression of KLF2, KLF5, KLF6, and KLF7 in goat
intramuscular preadipocytes.

KLF4 Regulates Intramuscular
Preadipocyte Differentiation Through
Targeting C/EBPβ Directly
Based on the fact that KLF4 inhibits goat preadipocyte
differentiation and regulates the expression of several adipogenic
genes, the potential downstream targets of KLF4 should be
identified. Interestingly, we found that C/EBPβ expression was
opposite with KLF4 during goat intramuscular preadipocyte
differentiation (Xiong et al., 2018). Combining that C/EBPβ is a
very important gene in regulating preadipocyte differentiation
and bioinformatic analysis showed that C/EBPβ may be
a target of KLF4 stimulated us to further investigate the
regulation between C/EBPβ and KLF4 expression. We
found that both mRNA and protein level of C/EBPβ were
significantly upregulated by KLF4 interference when compared
with the control groups (Figures 7A,B). Consistently, KLF4
overexpression visibly downregulated both the mRNA and the
protein level of C/EBPβ (Figures 7A,B). Thus, we speculated that
C/EBPβ might be a potential target gene of KLF4. To confirm
this hypothesis, we first analyzed the transcriptional binding
DNA motif of KLF4 using JASPAR software1. The result showed

1http://jaspar.genereg.net/

that KLF4 binding sequence is TGGGTGGGGC as shown in
Figure 7C. Then we analyzed the promoter region of C/EBPβ and
found 77 potential binding sites of KLF4, and the top 12 is shown
in Figure 7D. Further, through dual-luciferase reporter assay, we
showed that the transcriptional activity of C/EBPβ in cells was
inhibited by KLF4 by about 73.18% when compared with the
control group (Figure 7E). These data jointly suggest that KLF4
inhibits goat intramuscular preadipocyte differentiation through
targeting C/EBPβ directly.

DISCUSSION

Intramuscular fat content is an important indicator for
meat quality, and adipose lipid deposition is related
to numerous genes.

In this study, we revealed that goat KLF4 has three zinc finger
motifs similar to those of other species (Pearson et al., 2008;
Wu and Wang, 2013), which were located at the C-terminus of
the protein and recognized as GC- and CACCC-boxes of DNA.
Based on the STRING analysis, KLF4 protein might interact
with several proteins, such as FGF2, FGF4, FGF5, BMP4, MYC,
and FOXA2 (data not shown). A previous study reported that
KLF4/STAT3 pathway plays a critical role in podocyte injury and
regulates aberrant glomerular epithelial cell (GEC) proliferation
(Estrada et al., 2018). KLF4 and MYC drive the differentiation
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FIGURE 6 | The expressions of other KLF members in gain or loss function of
KLF4 intramuscular adipocytes. The mRNA levels of KLF2, KLF5, KLF6, and
KLF7 in knockdown (A) and overexpression (B) KLF4 intramuscular
adipocytes. *p < 0.05, **p < 0.01 versus negative control groups. The data
are presented as the mean values ± SD. Each experiment was performed at
least in triplicate, producing consistent results. *p < 0.05, **p < 0.01.

of cardiac mesenchymal progenitors into adipocytes (Kami
et al., 2016). Furthermore, KLF4 was upregulated by BMP4
to promote a change of esophageal squamous epithelium in
phenotype (Yan et al., 2016). KLF4, as a novel regulator of
lipid signal, enhances the FGF2 induction of SK1 expression in
endothelial (de Assuncao et al., 2014), and our previous research
showed that the interaction between KLFs and FGFs might
exist in differentiation of goat intramuscular preadipocytes (Qing
et al., 2018a). Altogether, KLF4 is an important transcription
factor involved in a variety of biological functions. Thus,
understanding that KLF4 regulates intramuscular adipogenesis
might be important to regulate the IMF content for improving
the meat quality of goat.

The expression characteristic of genes is indispensable for
understanding specific functional mechanism. Researches have
shown that KLF4 is highly expressed in the late stage of
embryonic development and many types of epithelial cells
(Garrett-Sinha et al., 1996; Foster et al., 2000). Nevertheless, the
expression pattern of KLF4 in goats is unclear. We examined
the expression pattern of KLF4 in multiple tissues and found

that the highest level of KLF4 in lung, which was supported by
KLF4, inhibits lung carcinoma growth through downregulating
hTERT expression and telomerase activity in mice (Hu et al.,
2016). More KLF enrichment to SWAT pointed that it might
regulate fat deposition in goats on account that KLF4 plays a
critical role in differentiation of preadipocytes (Park et al., 2017).
The reason of the heart having the lower relative expression
level of KLF4 is a vital role of KLF4 in cardiac hypertrophy and
atherosclerotic plaque (Yoshida et al., 2014; Shankman et al.,
2015). However, the lowest mRNA level of KLF4 in muscle,
including LD, BF, and TB, could be explained by these tissues
containing a small proportion of intramuscular preadipocytes
(Hausman et al., 2014). To better uncover the role of KLF4
in goat intramuscular adipocytes, we investigated its temporal
expression during adipogenic differentiation. Surprisingly, the
mRNA level of KLF4 was lower at early stage of differentiation
in accordance with our previous study based on RNA -seq
analysis (data not shown), whereas it reached to the peak at
2 h during differentiation in 3T3-L1 cells (Birsoy et al., 2008;
Park et al., 2017). It can be supported by the discrepancies in
selected differentiation stages and experimental conditions of
experimental animals (Jiang et al., 2015). However, Birsoy and
colleagues found that KLF4, as an early regulator, promotes
adipogenesis through inducing the expression of C/EBPβ in 3T3-
L1 cells (Birsoy et al., 2008). As mentioned above, whether KLF4
acts as a positive or negative regulator in goat intramuscular
adipocytes should be further elucidated.

In this study, knockdown of KLF4 in intramuscular
preadipocytes dramatically increased lipid accumulation
and mRNA level of several adipogenic genes. The number
and size of lipid droplets were reduced by KLF4 knockdown;
moreover, this effect was partially attributable to the higher
expression of C/EBPα and PPARγ, but not to downregulate
a negative regulator for adipogenesis genes such as Pref1.
The C/EBPα and PPARγ were the major regulatory genes for
adipogenesis, and C/EBPα promotes adipocytes into terminal
differentiation to form mature adipocytes (Satoh et al., 2011;
Mota de Sá et al., 2017). Further, we demonstrated that KLF4 is
indispensable for differentiation by infecting KLF4 adenovirus
into intramuscular preadipocytes in goats. The intramuscular
adipogenesis was significantly enhanced in adenovirus-treated
cells. Interestingly, the mRNA level of PPARγ was in proportion
to lipid content in both interference and overexpression
groups. This result might be explained by the nature ligands
of PPARγ, which contain some fatty acids and derivatives
(Tzameli et al., 2004). Moreover, the lower expression of aP2,
an important TS synthesis gene, revealed that the lipid synthesis
activity is weak in overexpressing KLF4, compared with NC
groups. The Pref1 was also inhibited; however, the mechanisms
underlying the inhibition of Pref1 in adipogenic differentiation
remain unclear. Taken together, KLF4 antagonizing PPARγ

inhibits the differentiation of intramuscular preadipocytes
in goats. On the contrary, KLF4, as a positive regulator,
promotes differentiation of preadipocytes in 3T3-L1 cells (Birsoy
et al., 2008). We speculate that this might be related to the
specificity of cells and species. In our previous studies, we found
that many members of KLF family play differential roles in
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FIGURE 7 | KLF4 effects on intramuscular adipocyte differentiation through targeting C/EBPβ directly. The protein (A) and mRNA (B) levels of C/EBPβ in KLF4
siRNA and adenovirus-treated cells. (C) KLF4 binding DNA motif. (D) The predicted of KLF4 binding sites at C/EBPβ promoters. (E) Luciferase assay of transfected
with pGL3-C/EBPβ P in goat intramuscular adipocytes. The data are presented as the mean values ± SD. Each experiment was performed at least in triplicate,
producing consistent results. *p < 0.05, **p < 0.01.

subcutaneous preadipocyte and intramuscular preadipocytes
differentiation in goats.

Recently, transcription factor cross-talk in KLF family attracts
much attention in adipogenesis. For instance, KLF15 triggers
adipogenesis through promoting transcription of KLF3 (Mori
et al., 2005; Guo et al., 2018). As expected, our data show
that KLF4 inhibits the expression of KLF2 and KLF5–7. In
chicken, it was demonstrated that KLF2 inhibits adipogenesis
partly through downregulating the expression of PPARγ and
C/EBPα (Zhang et al., 2014), but the reason why KLF4
inhibits KLF2 and the regulatory relationships among them are
unknown during differentiation of intramuscular preadipocytes
in goats. In addition, we also reveal that KLF4 has an effect
on the expression of KLF5-7 during adipogenic differentiation.
According to KLF member clusters in the phylogenetic analyses,
KLF5, KLF6, and KLF7 are divided into the same subgroups
(Chen et al., 2010). KLF5 cooperates with C/EBPβ and C/EBPδ

to activate the transcription of PPARγ (Oishi et al., 2011).
The expression of PPARγ was controlled by KLF6 to promote
TG accumulation (Escalona-Nande et al., 2015). And KLF7
promotes the differentiation through aP2, C/EBPα, C/EBPβ, and
SREBP1c in our previous research (data not shown). Thus, KLF4
antagonizes with KLF5, KLF6, and KLF7 during differentiation
of intramuscular preadipocytes in goats. As mentioned above,
the network of KLF4 inhibition role has been described in
Supplementary Figure 4.

On the other hand, we found that the expression pattern of
KLF4 and C/EBPβ is interesting, and the transcriptional binding
site of KLF4 is found in the promoter of C/EBPβ. Meanwhile,
the mRNA and protein levels of C/EBPβ are blocked by KLF4
during adipogenic differentiation. Based on the dual-luciferase
reporter assay, we reveal that, in intramuscular adipocytes of
goat, the pGL3-C/EBPβ transcriptional activity is decreased by
KLF4 overexpression. These results indicate that C/EBPβ is a
marker gene for differentiation with putative KLF4 binding
sites in promoter region, which is similar to those reported
in a previous study where KLF4 binds to a 1.45- to 1.1-kb
region of C/EBPβ promoter to take part in the differentiation
(Birsoy et al., 2008). Also, we speculate that the decreased
expression level of PPARγ may be a secondary effect caused
by C/EBPβ. Meanwhile, KLF2 and KLF5-7 might interact with
C/EBPβ or PPARγ as mentioned above. Therefore, KLF4 directly
downregulates the transcriptional expression of C/EBPβ and
inhibits expressions of KLF2 and KLF5-7 and further results
in the decrease of PPARγ expression and lipid accumulation
at the early stage of differentiation in goat intramuscular
preadipocytes. However, the expression of KLF4 at terminal
stage is higher than that of early stage. Whether the regulatory
effects of KLF4 are different between early and terminal stages
or a feedback loop exists in C/EBPβ and KLF4 (Birsoy et al.,
2008) in intramuscular preadipocytes of goats remain to be
further explored.

Frontiers in Genetics | www.frontiersin.org 9 August 2021 | Volume 12 | Article 66375981

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


fgene-12-663759 July 29, 2021 Time: 16:50 # 10

Xu et al. KLF4 Inhibits Goat Preadipocytes Differentiation

CONCLUSION

In summary, we showed that KLF4 inhibits the differentiation of
intramuscular preadipocytes in goat through targeting C/EBPβ

directly and regulates the expression of KLF2 and KLF5–7. These
results suggest that KLF4 is a new candidate gene of regulating
IMF deposition in goat.
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Comparative Analyses of Sperm DNA
Methylomes Among Three
Commercial Pig Breeds Reveal Vital
Hypomethylated Regions Associated
With Spermatogenesis and Embryonic
Development
Siqian Chen, Shuli Liu, Siyuan Mi, Wenlong Li, Shengli Zhang, Xiangdong Ding* and Ying Yu*

Key Laboratory of Animal Genetics, Breeding and Reproduction, Ministry of Agriculture and National Engineering Laboratory for
Animal Breeding, College of Animal Science and Technology, China Agricultural University, Beijing, China

Identifying epigenetic changes is essential for an in-depth understanding of phenotypic
diversity and pigs as the human medical model for anatomizing complex diseases.
Abnormal sperm DNA methylation can lead to male infertility, fetal development failure,
and affect the phenotypic traits of offspring. However, the whole genome epigenome map
in pig sperm is lacking to date. In this study, we profiled methylation levels of cytosine in
three commercial pig breeds, Landrace, Duroc, and Large White using whole-genome
bisulfite sequencing (WGBS). The results showed that the correlation of methylation levels
between Landrace and Large White pigs was higher. We found that 1,040–1,666 breed-
specific hypomethylated regions (HMRs) were associated with embryonic developmental
and economically complex traits for each breed. By integrating reduced representation
bisulfite sequencing (RRBS) public data of pig testis, 1743 conservated HMRs between
sperm and testis were defined, which may play a role in spermatogenesis. In addition, we
found that the DNAmethylation patterns of human and pig sperm showed high similarity by
integrating public data fromWGBS and chromatin immunoprecipitation sequencing (ChIP-
seq) in other mammals, such as human and mouse. We identified 2,733 conserved HMRs
between human and pig involved in organ development and brain-related traits, such as
NLGN1 (neuroligin 1) containing a conserved-HMR between human and pig. Our results
revealed the similarities and diversity of sperm methylation patterns among three
commercial pig breeds and between human and pig. These findings are beneficial for
elucidating the mechanism of male fertility, and the changes in commercial traits that
undergo strong selection.
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INTRODUCTION

Pigs are an important source of fats, proteins, and human
biomedical models (Swindle et al., 2012). After a long artificial
and natural selection period, considerable phenotypic differences
have emerged between pig and human in morphology,
physiological structure, and behavior. Identifying epigenetic
markers subject to evolution in different pig breeds will
contribute to elucidating the epigenetic mechanism of
important economic trait changes and supporting pigs as
human biomedical models.

DNA methylation is the most stable and commonly studied
epigenetic marker (Curradi et al., 2002), which participates in
genome imprinting, silencing of the transposon element, and
transcription inhibition (Barlow, 1993; Zamudio et al., 2015).
Previous studies have shown that DNA methylation plays an
important role in the growth, fertility, and health of pigs (Wang
et al., 2017). In addition, by comparing epigenome-wide skeletal
muscle DNA methylation profiles in distinct metabolic types of
pig breeds, Ponsuksili et al. (2019) demonstrated that breed-
specific methylated genes are linked to muscle metabolism and
trigger extensive compensatory processes.

Sperm is an important heritable lineage. The comparison of
sperm DNA methylomes in the whole genome across different
pig breeds is unknown. Thus, to fill this gap, we conductedWGBS
of sperm DNA samples from different pig breeds to explore the
potential genetic mechanisms of phenotypic diversity and male
fertility. Duroc, Landrace, and Large White are three common

commercial pig breeds known for their excellent production
performance under long-term artificial selection. Comparing
breed-specific epigenomic markers in three commercial pig
breeds helps us to understand how epigenetic regulation leads
to phenotypic changes during evolution.

This study aimed to: 1. Investigate the sperm DNA
methylomes using WGBS and analyze DNA methylation
variation in three pig breeds—Landrace, Duroc, and Yorkshire;
2. Excavate breed-specific hypomethylated regions and identify
genes that are enriched by lineage-specific hypomethylated
regions around promoters; 3. Further identify the epigenetic
biomarkers by integrating public reduced representation
bisulfite sequencing (RRBS) data in pig testis; 4. Combine
public data from WGBS and chromatin immunoprecipitation
sequencing (ChIP-seq) in other mammals, the changes in sperm
DNA methylation across mammalian evolution, and the
epigenetic mechanism of pigs as human medical models
(Figure 1).

MATERIALS AND METHODS

Sample Collection and Sequence Library
Preparation
Six sperm samples were collected from three pig breeds in
Landrace, Duroc, and Large White (3 breeds × 2 individuals).
The pigs were raised using the same feed type on the same farm.
Semen samples were collected by professional artificial

FIGURE 1 | Schematic overview of this study. We identified breed-specific/breeds-conserved HMRs of pigs using whole-genome bisulfite sequencing of six sperm
samples from three pig breeds in Landrace, Duroc, and Yorkshire. Thereafter, we annotated them by integrating GO/KEGG, traditional quantitative trait loci (QTL) and
transcriptional factor binding sites. Finally, we analyzed changes of HMRs in mammalian evolution by integrating WGBS public data on humans and mice.
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insemination personnel according to a standardized procedure
with artificial vaginas. Genomic DNA was extracted using a salt-
fractionation protocol. DNA quality was assessed using a 2,100
Bioanalyzer (Agilent Technologies, Santa Clara, CA,
United States) and a spectrophotometer (NanoDrop
Technologies, Rockland, DE). The qualified genomic DNA
were spiked with unmethylated lambda DNA and fragmented
into 200–300 bp, followed by terminal repair, the addition of 3′ A
and adapter ligation. The DNA fragments were treated twice with
bisulfite using an EZ DNA Methylation-Gold™ kit (Zymo
Research, Irvine, CA, United States), under the manufacturer’s
instructions. Then the DNA fragments were amplified by PCR to
screen the qualified library and sequenced using a paired-end
150 bp flow cell on an Illumina HiSeq X Ten machine (PE-150bp
FC; Illumina, San Diego, CA, United States).

WGBS Data Processing and
Hypomethylated Region Identification
The public WGBS data used in this study included human sperm
(GSE30340 and GSE57097) (Hammoud et al., 2014; Molaro et al.,
2011) and mouse sperm (GSE49623) (Molaro et al., 2011). Three
RRBS data of Landrace testis tissues from the NCBI GEO database
(GSE129385) (Wang and Kadarmideen, 2019). FastQC v 0.11.2
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
Trim Galore v 0.4.0 (https://www.bioinformatics. babraham. ac.
uk/projects/trim _galore/) was used to assess the quality of the
sequence data and filter low-quality reads (q < 30), respectively. The
cleaned data were then mapped to the respective reference genomes:
sscrofa11.1 (pig), hg38 (human), and mm10 (mouse), using bowtie2
under the Bismark software (0.14.5) with default parameters
(Langmead et al., 2009; Krueger and Andrews, 2011).
Furthermore, bismark_methylation_extractor was employed to
obtain methyl CpG site information.

CpG sites with coverage greater than five were used for the
HMR analysis. We used tools from the MethPipe package to
identify HMRs, as described previously (Song et al., 2013). HMRs
were inferred according to the methylation level and coverage at
individual cytosines, using the HMM algorithm, which is trained
using the Baum-Welch algorithm and posterior decoding
(Rabiner, 1989). We only kept HMRs with an average regional
methylation level of less than 20% and at least five CpG sites for
further analysis.

Identification of Conserved/Specific HMRs
The conservation and variability of HMR was analyzed using
BEDTools (version 2.26.0) (Quinlan and Hall, 2010). This study
required conserved HMRs overlappingmore than 25% of the base
pair unless otherwise stated. Specific and conserved HMRs were
identified according to the number of overlapping HMRs across
breeds, tissues, or species.

RNA-Seq Data and Gene Expression
Quantification
The transcriptomes of pig testes (PRJEB33381) and human sperm
(PRJNA573604) were collected from a public database.

Thereafter, the RNA-seq reads were mapped to the respective
reference genomes of pigs (sscrofa11.1) and human (Hg38) using
the HISAT2 software (Kim et al., 2015). Finally, we obtained
FPKM using StringTie software to quantify gene expression levels
for downstream analyses (Pertea et al., 2015).

DNA Motif Enrichment
DNA motif enrichment analysis of breed-specific HMRs was
conducted in three pig breeds. Moreover, we identified
overrepresented DNA sequences using MEME suite 5.0.5 with
the following parameters:’ -dna -minw 8 -maxw 20 -mod zoops
-objfun de -nmotifs 10’ (Bailey et al., 2009). In addition, 2000 HMRs
were randomly selected as the control region. We compared motifs
against known motifs using the Tomtom of MEME suit software to
identify enriched motifs. The databases of known motifs consist of
jolma2013 motifs (Jolma et al., 2013), HOCOMOCOv11 full
HUMAN mono meme format motifs (Kulakovskiy et al., 2018)
and JASPAR2018 CORE vertebrate non-redundant motifs (Khan
et al., 2018). Significant motifs were identified at p < 0.05.

ChIP-Seq Data and Epigenetic Features
Analysis
Histone data were downloaded from the SRA dataset, including
five histone modifications: H3K27me3, H3K4me1, H3K4me3,
H3K36me3, and H3K27ac (PRJNA173071 and PRJNA281061).
First, we obtained clean reads using the Trim Galore software.
The clean reads were mapped to hg38 (human) using the Bowtie2
software. Then, the Picard tool (http://broadinstitute.github.io/
picard/) was used to remove duplicated reads with parameters
‘REMOVE_DUPLICATES � true’. Histone peaks were obtained
using the MACS2 software. The overlap between the HMR
datasets and five histone modifications was identified using
BEDTools, as previously described.

Other Downstream Bioinformatics Analysis
The proportion of breed-specific HMRs that fell completely
within the QTLs were calculated. The QTLs were downloaded
from the Pig QTL database (https://www.animalgenome.org/cgi-
bin/QTLdb/SS/index). Genes with promoter HMRs were
annotated using the online software DAVID (http://metascape.
org/). Significant GO terms and pathways were identified based
on p < 0.05. GO terms were visualized using the R package
GOplot (version 1.0.2) (Walter et al., 2015). Thereafter, the
protein-protein interaction network (PPI) encoded by
important genes was investigated using the STRING Genomics
database (https://www.string-db.org/) and identified hub genes
with a higher degree of connectivity using CytoHubba under the
Cytoscape software (Shannon et al., 2003).

RESULTS

General Characteristics of Sperm DNA
Methylome
In this study, we conducted WGBS of individual sperm DNA
samples from three commercial pig breeds—Landrace, Duroc,
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and LargeWhite. We obtained 204 to 307million unique mapped
reads with an average coverage from 12.21 to 18.43×
(Supplementary Table S1). An overall methylation level of
86.20–87.80% was observed for all CpG sites in the three pig
breeds, and non-CpG methylation levels (CHG and CHH) of
Landrace (5.90%) were higher than those of Duroc (1.40%) and
Large White (1.55%). Moreover, the bisulfite conversion rates of
all samples were greater than 99%; therefore, we faithfully
captured the patterns of porcine sperm genomic DNA
methylation.

In general, we observed that approximately 86% of the
analyzed CpG sites were extremely hypermethylated
(methylation level ≥80%) for all samples (Figure 2A), which
was consistent with the pattern of sperm methylation in other
mammals (Molaro et al., 2011; Song et al., 2013; Fang et al., 2019;
Liu et al., 2019). Then, we compared the global methylation levels
between pairs of samples at the common CpG sites within and
among breeds, with a minimum coverage of five sequencing
reads. As expected, DNA methylation varied more across
breeds than within breeds (Figure 2B). The correlations were
higher within breeds, ranging from 0.74 to 0.83. The correlations
of DNAmethylation among the three pig breeds were lower, with
the correlations between Duroc and LargeWhite being the lowest

(r � 0.64). Principal component analysis (PCA) also
demonstrated this phenomenon (Figure 2C). PC1 successfully
divided samples into three clusters (Landrace, Duroc, and Large
White) according to the variations among the three breeds, which
explained 74.28% of the variance.

To study the evolution of DNA methylation among the three
porcine breeds, we further investigated the promoter methylation
levels of different breeds. A promoter region was defined as the
segment 1.5 kb upstream and 0.5 kb downstream of transcription
start sites (TSSs) (de Vooght et al., 2009; Shen et al., 2012; Zhou
et al., 2021). The hierarchy in the sperm DNAmethylation cluster
(Figure 2D) was consistent with the known genetic relationship
between the three porcine breeds (Cai et al., 2020). Figure 2D
shows that, compared with Duroc, the similarity between Large
White and Landrace was higher.

Inter-Breed Variation and Conservation in
Sperm DNA Methylome
Hypomethylated regions (HMRs) are associatedwith gene activation
and coincided with gene regulatory elements, including gene
promoters and enhancers (Jones, 2012; Wagner et al., 2014);
therefore, we identified HMRs (methylation level ≤20%) using

FIGURE 2 | Porcine sperm DNA methylome characteristics. (A) Distribution of methylation levels of CpG sites (only CpG sites covered by at least five reads were
included). (B) Correlation analysis between each sample using common CpG sites. (C) PCA of methylation levels in six samples using common CpG sites. (D)
Hierarchical clustering of three pig breeds based on the methylation level of promoter regions.
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the 2-state hidden Markov model with beta-binomial emission
distributions as previously described (Song et al., 2013). The
algorithm detected 15,233 to 16,656 HMRs with an average size
range of 1,109–1,146 bp. Although HMRs were distributed
throughout the genome, they were significantly enriched in the 5’
UTR, promoters, CpG islands, and CpG shores (p < 0.001;
1,000 times of permutation test) (Figure 3A). The distribution of
HMRs in these genomic regions further indicated that HMRs play
an important role in regulating transcriptional initiation and gene
expression.

To analyze the difference in DNA methylation across pig
breeds, we defined two categories of regions from HMRs: 1)
breeds-conserved HMRs, containing a region that is
hypomethylated in all breeds, and 2) breed-specific HMRs,

which are regions that are hypomethylated in one breed
compared to the other two breeds. As expected, most HMRs
were conserved in the three porcine breeds, with an average of
76.3% in each breed (Figure 3B). Moreover, the genomic
distribution of breeds-conserved HMRs and breed-specific
HMRs was obviously different. A total of 49.62% of breed-
specific HMRs were located in the distal regions (more than
10 kb away from TSS), contrary to 22.08% of breeds-conserved
HMRs (Figure 3C). These results were consistent with high
conservation at promoters, as reported in previous studies (Qu
et al., 2018; Villar et al., 2015). In addition, this result also
indicates that we need to pay attention to the HMRs located
at the distal genome in future studies of breeds divergence. These
breeds-specific regions may be located at distal regulatory

FIGURE 3 | Porcine sperm hypomethylated regions (HMRs) characteristics. (A) The enrichment of HMRs across genomic elements. (B) The number of conserved
HMRs of the three porcine breeds. (C) The distribution of distances from the different types of HMRs to closet TSS. (D) Go term (p < 0.05) analysis of genes associated
with breeds-conserved hypomethylated (<20%) promoters (hypo-genes) in pigs. (E) Themethylation level and the significant DNAmotifs of breed-specific HMRs. (F) The
overlapped pig QTLs and breed-specific HMRs in the three porcine breeds.
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element regions, thus affecting gene expression differences in
breeds. Functional enrichment analysis revealed that the genes
(n � 1800) with breeds-conserved HMRs in the promoters were
engaged in basic cell function and fertilization, including energy
homeostasis, cell proliferation, multicellular organism growth,
and binding of sperm to the zona pellucida (Figure 3D,
Supplementary Table S2). In the binding of sperm to the
zona pellucida GO term, we found several genes associated
with spermatogenesis and fertilization, namely, HSPA1L (heat
shock protein family A member 1 like), SPA17 (sperm
autoantigenic protein 17), ZPBP (zona pellucida binding
protein), and ZPBP2 (zona pellucida binding protein 2).
HSPA1L has also been shown to be related to spermiogenesis
in cattle, human, and mouse (Liu et al., 2019; Wang et al., 2020).
This implies that DNA methylation patterns of key genes
associated with spermatogenesis are highly conserved across
species (Figure 3D, Supplementary Table S2).

We identified 1,580 Duroc-specific, 1,666 Landrace-specific,
and 1,040 Large White-specific HMRs (Figure 3B). The genes
with breed-specific hypomethylation in the gene promoter
revealed a strong enrichment for transcription and
development (Supplementary Table S3), such as post-
embryonic development, kidney development, and regulation
of transcription from RNA polymerase II promoter. Genes
were also enriched in GO terms related to complex traits, such
as high-density lipoprotein particle remodeling and prostate
gland growth. Moreover, we discovered significant DNA
motifs in breed-specific HMRs (Figure 3E, Supplementary
Table S4). Landrace and large white HMRs were enriched for
embryonic development and cholesterol synthesis. In the Duroc-
specific HMRs, we identified significant motifs associated with
skeletal muscle regeneration andmale meiosis, such as FOXJ3 and
MYBL1.

To further investigate the relationship between breed-specific
HMRs and complex traits, we examined the QTL regions of five
categories (meat and carcass, health, exterior, production, and
reproduction) of traits (n � 691) from the Pig QTL database
(https://www.animalgenome.org/cgi-bin/QTLdb/SS/index). We
observed that Duroc-specific HMR had higher overlapping
QTL signals of production traits, meat, carcass traits such as
body weight (birth) QTL, and backfat above muscle dorsi QTL. In
addition, Duroc and Landrace had specific HMRs overlapping
with muscle protein percentage QTL and backfat weight QTL
(Figure 3F). These results were consistent with their varietal
characteristics.

Comparison of HMRs Between Porcine
Sperm and Testis
Testis is the organ which produces sperm, the male reproductive
cell, and androgens, the male hormones (Schumacher, 2012).
Moreover, spermatogenic activity co-varies with testis mass and
sperm quality across (Pintus et al., 2015). To better understand
the epigenetic mechanism that regulates male fertility and semen
quality, we investigated the conservation and divergence of
breeds-conserved HMRs in sperm and HMRs in Landrace
testis. We found that 14.23% of HMRs (n � 1743) in sperm

were common to the testis (Figure 4A). This result may imply
that HMRs have higher tissue specificity. Functional annotation
revealed that for genes with conserved HMRs at the promoters
between sperm and testis, GO terms of mRNA splicing, cell
proliferation, regulation of double-strand break repair via
homologous recombination, and regulation of cell cycle during
spermatogenesis (Supplementary Table S5).

To further investigate the important genes associated with the
spermatogenesis process, we conducted PPI analyses and
identified hub genes from genes with conserved HMRs at the
promoter between sperm and testis. We found that among 1743
conserved HMRs, 30 genes with a higher degree of connectivity
were hub genes (lower panel, Figure 4A). Several genes with
hypomethylated promoter regions were highly expressed in the
testis (Figure 4B). In particular, EXOSC10 (exosome component
10) and HSPA9 (heat shock protein family member 9) have been
suggested to play important roles in male germ cell development
(Jamin et al., 2017; Jeong et al., 2017).

The Conservation of Breeds-Conserved
HMRs Across Species
HMRs around promoters can reflect the evolution of the
mammalian epigenome (Qu et al., 2018); therefore, we
compared HMRs in the sperms of three species, i.e., pig,
human and mouse, to explore the evolution of germline DNA
methylation and epigenetic mechanisms underlying remarkable
changes. Consequently, our results suggested that the proportion
of conserved HMRs in three species only constituted
31.66–32.96% (Figure 5A), implying that the epigenome
exhibits evolutionary changes and strong lineage-specific
aspects across millions of years of evolution in the three
mammals. Functional enrichment analysis showed that genes
associated with three species-conserved HMRs in the promoters
were enriched in transcription processing and embryonic
development, such as transcription from RNA polymerase II
promoter, nervous system development, and embryonic digit
morphogenesis (Figure 5B, Supplementary Table S6). This
suggests that genes involved in basic physiological functions
and development processes tend to have conserved DNA
methylation levels during mammalian evolution.

Pairwise comparison between human with pig and mouse
revealed that an average of 61.14% (n � 8,553) of HMRs were
conserved between humans and the other two species
(Figure 5A). Interestingly, the percentage of conserved HMRs
between pig and human (56.24%) was higher than that between
mouse and human (55.61%); therefore, the use of pigs as an
animal model for human diseases research is reasonable.

To investigate the similarities between human and pig sperm
DNA methylation patterns and identify stable epigenetic
markers, we compared the conservation of HMRs across the
three pig breeds and humans. A total of 32.08% (n � 2,733) of the
conserved HMRs across the three pig breeds were conserved in
human (Figure 5C). Then, we obtained hub genes (top 40) from
genes with conserved HMRs between pig and human at the
promoters using Cytoscape (Figure 5C). We identified several
important genes with hypomethylated regions at promoters
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highly expressed in human sperm (Figure 5D). These findings
further suggest that these genes are related to mitosis progression
and regulation of neurotransmitter release.

Coordinated Epigenetic Marks at
Conserved HMRs Between Human and Pig
In addition to DNA methylation, chromatin states also play an
important role in spermiogenesis, fertilization, and development.
Then, we analyzed the chromatin states of the conserved HMRs
between human and pigs using five histone marks (H3K27me3,
H3K4me1, H3K4me3, H3K36me3, and H3K27ac, downloaded
from the SAR database). We found that 75.01% (n � 2050) of
conserved HMRs between human and pigs overlapped with
H3K4me3 marks, which is in accordance with the antagonistic
relationship between DNA methylation and H3K4me3. In
contrast, less conserved HMRs were enriched for H3K4me1
(n � 90) and H3K36me3 (n � 17) (Figure 6A). In addition,
no conserved HMRs were enriched with H3K27ac (n � 0).

In addition, we found that some conserved HMRs (24.48%,
n � 669) were simultaneously marked by H3K4me3 and
H3K27me3 (Figure 6B), which are termed bivalent domains.
Mounting evidence suggests that genes with bivalent domains are
found in embryonic stem cells and germ cells and play an
important role in initiating sexual differentiation, embryonic
development, and completion of meiosis (Sin et al., 2015;
Vastenhouw and Schier, 2012). We further found that genes
containing HMRs and bivalent domains at promoters were
significantly enriched in development and behavior terms,

such as nervous system development and locomotory behavior
(Figure 6C, Supplementary Table S7), as previously described
(Vastenhouw and Schier, 2012). It implies that genes associated
with organ specification are poised in germ cells, and that DNA
methylation levels are highly conserved between species. Among
them,NLGN1 plays an important role in synaptic signal transmission
and in neuropsychiatric disorders (Nakanishi et al., 2017). NLGN1
was further found to have a conserved-HMR between human and
pig, and contain a bivalent domain at the promoter in human sperm
(Figure 6D). This result further suggested thatNLGN1was regulated
by the conserved epigenomic markers and may play an important
role in brain-related traits between human and pig. Overall, These
findings further support pig as an ideal animal model for human
complex traits, particularly for brain-related diseases.

DISCUSSION

This study analyzed DNA methylation patterns in three
commercial pig breeds (Durocs-Duroc, Landrace, and Large
White) at a high resolution and investigated the relationship
between pig and human with DNA methylation and histone
modifications. In addition, the evolutionary properties of HMR in
three commercial pig breeds, whichmay play an important role in
embryonic developmental traits and adaptive traits, were
analyzed. Our results also showed that most genes with
conserved HMRs at promoters between human and pig are in
the poised chromatin state (H3K4me3 and H3K27me3 bivalent),
which are involved in brain-related traits.

FIGURE 4 | DNA methylation conservation and divergences between sperm and testis in pig. (A) Overlap of HMRs and hub genes identification. (B) DNA
methylation level in promoter regions between sperm and testis and gene expression of hub genes in testis.
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Based on the comparison of sperm DNAmethylome variation
across three commercial pigs, our results showed that the
divergence of sperm DNA methylomes fully recapitulates
phylogenetic relationships, as previously reported for DNA
sequences (Cai et al., 2020). Principal component analyses and
hierarchical clustering demonstrated that breeds explain the
largest amount of variation in sperm DNA methylomes, which
PC1 could explained most (74.28%) of the variances. Taken
together, these results suggested the importance of DNA
methylation during breeds divergencies. Interestingly, we also
noted that there were some differences in DNAmethylation levels
within breeds. Through comparing the intra-breed difference and
conservatism of HMRs in three commercial pigs, we found that
only the small proportion of HMRs are variable in intra-breed,
which constituted 10.96–14.43% (Supplementary Figure S1).

The methylation variations within breeds need to be analyzed
through expanding the sample size for subsequent research.

In primate, the majority of species-specific DMRs locate outside
promoters and have similar transcriptional potential as promoter
DMRs (Mendizabal et al., 2016). In this study, we also found that
many of the breed-specific HMRs were located in distal regions of
genes. This was consistent with more rapid evolution of enhancers
and slower changes at promoters in mammals (Villar et al., 2015).
Moreover, we also observed that the important QTLs for carcass and
production traits were obviously overlapped with breed-specific
HMRs. For example, we found that 9 Duroc-specific HMRs were
located with an important muscle protein percentage QTL for
carcass and meat traits on chromosome 15 (BTA15, roughly
located between 127.9 and 135.9Mb) by comparing crossing
porcine from the Pietrain and Duroc breeds (Choi et al., 2011).

FIGURE 5 | DNA methylation conservation and divergences of species. (A) Comparison HMRs in human to pig, and mouse. The green bars correspond to the
conservative HMR percentage of three species in the pig and mouse. The green bars plus red bars correspond to the percentage of conserved HMRs in pig andmouse,
compared to the human. The blue bars correspond to non-conservative HMR percentage in the pig and mouse, compared to the human. (B)Gene Ontology analysis of
genes associated with conserved hypomethylated (<20%) promoters in three species (top 20, p < 0.05). (C) The hub genes with conserved HMRs between
humans and the three pigs at the promoters (top 40). (D) The expression level of the important hub genes in human sperm.
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Six Duroc-specific HMRs were also located at the body weight
(birth) QTL for production traits on chromosome 15 (BTA12,
roughly located between 54.4 and 58.5Mb) (Rothammer et al.,
2014). These results imply that complex traits may be regulated
by genetics and epigenetics, and breed-specific HMRs may be the
candidate epigenetic markers that influence production and
reproductive traits.

Through pig breeds-conserved HMRs in sperms compared with
testis, we observed several conserved HMRs between pig sperm and
testis close to or located in the promoter regions of important genes
involved in spermatogenesis, such as EXOSC10 and HSPA9.
EXOSC10 is a well-known target of autoantibodies in patients
with systemic sclerosis (scleroderma) (Staals and Pruijn, 2010).
Recent studies have also reported that EXOSC10 is essential for
normal growth-to-maturation transition in mouse oocytes and male
germ cell proliferation and development (Jamin et al., 2017; Wu and
Dean, 2020). This study also found that EXOSC10 exhibited
hypomethylated levels at the promoters of sperm and testis and
high expression in the testis. Consistently, a previous study reported
that the loss of EXOSC10 in spermatogonia could lead to abnormal
testicular development and a strongly decreased size (Jamin et al.,
2017).HSPA9 has also shown lowmethylation levels at the promoter
and is expressed at a high level in the testis, which plays an important
role in prophase I of spermatogenesis by binding to testis-specific
MAGEG2 (Melanoma Antigen Family G2) (Jeong et al., 2017).
These results show that these conserved HMRs between the testis

and sperm could be important candidate regions for the study of
spermatogenesis and male infertility.

By analyzing the divergence of sperm DNAmethylomes in three
mammalian species: human, mouse and pig, we found that DNA
methylomes were more highly conserved in pig and human than in
human and mouse. Moreover, conserved HMRs between human
and pig are also associated with GO terms related to development
functions, particularly brain-related traits. This may be explained by
brain-associated genes under strong selective constraints during the
evolution of species (Cardoso-Moreira et al., 2019; Sarropoulos et al.,
2019). For instance, SNAP25 (synaptosome-associated protein 25) is
the core component of the soluble N-ethylmaleimide fusion protein
attachment protein receptor (SNARE) and is associated with brain-
related diseases, such as autism and schizophrenia (Braida et al.,
2015; Ramos-Miguel et al., 2019; Washbourne et al., 2002).
Moreover, we found that the conserved HMRs between human
and pig were highly co-located with bivalent domains and were
significantly enriched for GO terms of nervous system development
and locomotor behavior. This was consistent with previous studies
showing that developmental genes remain poised for later activation
and are simultaneously marked by H3K4me3 and H3K27me3 in the
male germline, such as the homeobox family of genes and the SRY-
related HMG-box family of genes (Sin et al., 2015). In summary,
these observations indicate that brain-associated genes may have
highly conserved DNAmethylation patterns across species evolution
and are poised for activation at specific developmental stages.

FIGURE 6 | Epigenetic marks at conserved HMRs between human and pig. (A) The number of conserved HMRs between human and pig showed overlap with
H3K4me1, H3K4me3, H3K36me3, H3K27ac, and H3K27me3. (B) The number of conserved HMRs simultaneously marked by H3K4me3 and H3K27me3. (C) Gene
Ontology analysis of genes associated with conserved HMRs and bivalent domains at the promoters (p < 0.05). (D) Gene tracks showing DNA methylation, H3K4me1,
H3K4me3, H3K36me3, H3K27ac, and H3K27me3 signal in human sperm at one representative poised gene, NLGN1.
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CONCLUSION

This study is the first to report a genome-wide comparative DNA
methylation map of adult pig sperm in three commercial pig breeds
usingWGBS technology. Our results showed that spermHMRswere
highly conserved in the three commercial pig breeds. Moreover, our
results indicated that breed-specific HMRs are related to phenotypic
changes and economically complex traits for each breed. The
conserved HMRs between pig sperm and testis close to or located
in the promoter regions of important genes are mainly involved in
DNA repair and spermatogenesis. Additionally, we found
considerable similarities in DNA methylomes between pig and
human sperms. The conserved HMRs between human and pig
are related to brain-associated genes. In summary, our study of
sperm methylomes in three commercial pig breeds contributes to
understanding the mechanism of complex traits (particularly male
fertility and brain-related traits) undergoing selection, further
supporting pigs as human medical models from an epigenetic
standpoint.
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To adapt to a low-oxygen environment, Tibetan pigs have developed a series of unique

characteristics and can transport oxygen more effectively; however, the regulation of the

associated processes in high-altitude animals remains elusive. We performedmRNA-seq

and miRNA-seq, and we constructed coexpression regulatory networks of the lung

tissues of Tibetan and Landrace pigs.HBB, AGT,COL1A2, and EPHX1were identified as

major regulators of hypoxia-induced genes that regulate blood pressure and circulation,

and they were enriched in pathways related to signal transduction and angiogenesis,

such as HIF-1, PI3K-Akt, mTOR, and AMPK. HBB may promote the combination of

hemoglobin and oxygen as well as angiogenesis for high-altitude adaptation in Tibetan

pigs. The expression of MMP2 showed a similar tendency of alveolar septum thickness

among the four groups. These results indicated thatMMP2 activity may lead to widening

of the alveolar wall and septum, alveolar structure damage, and collapse of alveolar space

with remarkable fibrosis. These findings provide a perspective on hypoxia-adaptive genes

in the lungs in addition to insights into potential candidate genes in Tibetan pigs for further

research in the field of high-altitude adaptation.

Keywords: hypoxia, Tibetan pigs, PI3K-Akt pathway, MiRNA-mRNA network, lung tissue

INTRODUCTION

Tibetans are a unique and geographically isolated pig breed that inhabits the Qinghai-Tibet Plateau,
which has an extreme environment with high altitudes (Wang et al., 2018; Ma et al., 2019). This
unique ecological condition is characterized by low air pressure, reduced oxygen content, and high
ultraviolet radiation, imposing extreme physiological challenges on domestic animals, and failure
to adapt will lead to altitude illness or even death (Cao et al., 2017; Lancuo et al., 2019; Qi et al.,
2019). Native high-altitude species have been selected through evolutionary processes to evolve
adaptive mechanisms to cope with this harsh environment (Liu et al., 2019). Special lung properties
of the Tibetan pig, yak, and Tibetan sheep living in the plateau, such as larger lungs, thicker
alveolar septa, and more developed capillaries, have been previously reported by Qi and Yang
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(Yang et al., 2014; Qi et al., 2019). Tibetan pigs exhibit
heritable adaptations to high-altitude environments as a result
of natural selection. Exposure to hypoxia changes the gene
profiles in various cell types and is associated with adaptation
to high altitudes (Zhang T. et al., 2019). mRNAs and
miRNAs are involved in many biological processes in animals,
and not surprisingly, transcriptional analyses have revealed
the differential expression of hypoxia regulators that enable
adaptation to a hypoxic environment (Ni and Leng, 2016). The
hypoxia-inducible factor-1 (HIF-1), vascular endothelial growth
factor (VEGF), and mitogen-activated protein kinase (MAPK)
signaling pathways are typical hypoxia-associated pathways (Lee
et al., 2016; Zhang et al., 2018; Nicolas et al., 2019), and some
mRNAs (PHD2, VHL, and FIH-1) and miRNAs (miR-363, miR-
421, and miR-204) have been implicated in the regulation of the
HIF-1 signaling pathway (Semenza, 2007; Ge et al., 2016; Wang
et al., 2016; Xie et al., 2016).

Studies of the molecular mechanisms of livestock adaptation
to high altitude have focused on miRNA-mRNA interaction
networks. Here, we performed an integrative analysis of the
miRNA-mRNA expression profiles in the lungs of high- and low-
altitude pigs (Tibetan pigs and Landrace pigs, respectively) to
identifymolecular pathways and networks involved in the genetic
adaptation of Tibetan pigs to hypoxic conditions.

MATERIALS AND METHODS

Ethics Statement
All animal experiments were conducted according to the
guidelines for the care and use of experimental animals
established by the Ministry of Science and Technology of
the People’s Republic of China (Approval number: 2006–
398). The procedures for animal care were approved by the
Gansu Agricultural University Animal Care and Use Committee
of Gansu Agricultural University, and all experiments were
conducted in accordance with approved relevant guidelines
and regulations.

Sample Collection
In total, 18 Tibetan male piglets from the highlands (TH group;
Gannan Tibetan Autonomous Prefecture, Gansu, representing
an altitude of 3,000m) and 18 Landrace male piglets from the
lowlands (LL group; Jingchuan, Gansu, representing an altitude
of 1,000m) with similar weights and non-genetic relationships
were selected, and nine piglets from each group migrated to low
altitude (TL group; Tibetan pigs at low altitude) or high altitude
(LH group; Landrace pigs at high altitude) from their original
rearing facility at the age of 1 month. We randomly selected
six pigs from each group to collect the left lower lobes of the
lung from indigenous and imported adult male pigs at the age
of 6 months. These animals (n = 6 in each group) were feed
restricted for 12 h and slaughtered in their feeding place. Six
samples from each group were immediately stored in stationary

Abbreviations: TH, Tibetan male piglets from the highlands; LL, Landrace male

piglets from the lowlands; TL, Tibetan male piglets migrated to the lowlands; LH,

Landrace male piglets migrated to the highlands.

liquid for hematoxylin and eosin (H&E) staining, and three of the
six samples were randomly selected and collected within 1 h after
the pigs were harvested and stored immediately in liquid nitrogen
for subsequent RNA extraction.

Hematoxylin and Eosin Staining
Sections from the left lower lobes of the lung were stained with
H&E (Ban et al., 2018; Zhang et al., 2019b), observed under a
microscope (Sunny Optical Technology Co. Ltd, Ningbo, China),
and then photographed using Image View (Sunny Optical
Technology Co. Ltd).

RNA Extraction
Total RNA from the lungs was extracted using a TRIzol
reagent kit (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol, and eukaryotic mRNA was enriched
by oligo (dT) beads (Epicenter, Madison, WI, USA). RNA
quality was assessed on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and verified by 1% gel
electrophoresis. All samples presented an RNA integrity number
(RIN) > 7.5.

Library Construction and Sequencing for
mRNA
After total RNAwas extracted, eukaryoticmRNAwas enriched by
oligo (dT) beads (Epicenter) and reverse-transcribed into cDNA

using random primers. mRNA was ligated with proper 5
′
and 3

′

adapters. The ligation products were reverse-transcribed by PCR
amplification to generate a cDNA library, which was sequenced
using an Illumina HiSeqTM 2500 by Gene Denovo Biotechnology
Co. (Guangzhou, China).

Library Construction and miRNA
Sequencing
After total RNA was extracted for miRNA sequencing, 18–
30 nt RNA molecules were enriched by polyacrylamide gel
electrophoresis (PAGE). A 3′ adapter was added to enrich the
36–44 nt RNAs, and the 5

′
adapter was then connected to the

RNA. PCR products of 140–160 bp were amplified by reverse
transcription. A cDNA library was generated and sequenced
using Illumina HiSeqTM 2500 sequencing (Illumina Inc., San
Diego, CA, USA) by Gene Denovo Biotechnology Co., Ltd.

Expression Analysis of mRNAs
High-quality clean raw data were screened by removing low-
quality data with fastp (Chen et al., 2018). The short-read
alignment tool, Bowtie 2 (Langmead and Salzberg, 2012) was
used to map reads to the ribosome RNA (rRNA) database.
An index of the reference genome was built, and paired-end
clean reads were mapped to Sus scrofa RefSeq (Sus scrofa 11.1)
using HISAT 2 (Kim et al., 2015). The mapped reads of each
sample were assembled using StringTie v1.3.1 (Pertea et al.,
2015, 2016) in a reference-based approach. For each transcription
region, a fragment per kilobase of transcript per million mapped
reads (FPKM) value was calculated to quantify its expression
abundance and variations using RSEM software. RNA differential
expression analysis was performed with DESeq 2 (Love et al.,
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2014) software between the two groups. The raw mRNA-seq
data (accession number PRJNA687172) were submitted to the
Sequence Read Archive (SRA) database of NCBI.

Expression Analysis of miRNAs
Clean reads were obtained by filtering raw reads, and all of them
were aligned with small RNAs in the GenBank database (Benson
et al., 2013). All the clean reads were aligned with small RNAs
in the Rfam database (Griffiths-Jones et al., 2003) to identify
and remove rRNAs, scRNAs, snoRNAs, snRNAs, and tRNAs.
All the clean reads were also aligned with the reference genome
and were searched against the miRbase database (Griffiths-Jones
et al., 2006) to identify known (Sus scrofa) miRNAs. All the
unannotated reads were aligned with the reference genome by
HISAT2. 2.4. Novel miRNA candidates were identified according
to their genome positions and hairpin structures predicted
by mirdeep2 software. The miRNA expression levels were
calculated and normalized to transcripts per million (TPM). The
raw miRNA-seq data (accession number PRJNA687649) were
submitted to the NCBI Sequence Read Archive (SRA) database.

Functional Annotation of DEmRNAs
DEmRNAs were analyzed using Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Gene Ontology (GO) analyses using

the online tool Database for Annotation, Visualization and
Integrated Discovery (DAVID) (Huang et al., 2009) to explore
their roles, functions, and enrichment in different biological
pathways. Gene Ontology (GO) terms and pathways with q <

0.05 were considered significantly enriched by DEmRNAs. The
hypoxic DEmRNAs were filtered based on the intersection of
our results and published hypoxia-related genes in the HIF-1
signaling pathway. The hypoxia-related genes and target genes
of miRNAs were also mapped to GO terms in the GO database
and pathways in the KEGG (Kyoto Encyclopedia of Genes and
Genomes) database to further elucidate their functions.

Target Prediction and Integrative Analysis
of the Hypoxia-Related miRNA–mRNA
Regulatory Network
We identifiedmRNAs with a fold change≥2 and a false discovery
rate (FDR) <0.05 as DEmRNAs. To explore more DEmiRNAs,
we identified miRNAs with fold change ≥ 2 and p < 0.05
as DEmiRNAs. The potential target genes of DEmiRNAs were
predicted using RNAhybrid 89 (version 2.1.2) + svm_light
(version 6.01), miRanda (version 3.3a), and TargetScan (version
7.0), and the genes at the intersection of the results from the three
software packages were selected as predictedmiRNA target genes.

FIGURE 1 | Morphological characteristics of the lungs in Tibetan pigs by H and E staining. (40×). (A) Morphological characteristics of small bronchiole.

(B) Morphological characteristics of bronchiole. (C) Morphological characteristics of terminal bronchiole. (D) Morphological characteristics of alveolar cells.

(E) Morphological characteristics of alveolar septa in the Tibetan pigs raised in highland (TH) group. (F) Morphological characteristics of alveolar septa in the Landrace

pigs raised in highland (LH) group. (G) Morphological characteristics of alveolar septa in the Tibetan pigs raised in lowland (TL) group. (H) Morphological

characteristics of alveolar septa in the Landrace pigs raised in lowland (LL) group. (I) The histogram shows the expression levels of MMP2 in the lungs of the four

types of pigs and the relationship with alveolar septa. a. Piece of cartilage. b. Smooth muscle. c. Plica. d. Arteriole. f. Alveolar epithelial type II cells. g. Alveolar

epithelial type I cells. h. Alveolar duct. i. Pulmonary alveoli. j. Alveolar septa.
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Because mRNAs and miRNAs have potential negative regulatory
relationships, we assessed the expression correlation between
a miRNA and its predicted target by the Pearson correlation
coefficient (PCC). Subsequently, the negatively coexpressed
miRNA–mRNA pairs with PCC < −0.7 and p < 0.05 were
screened to construct miRNA–mRNA networks.

The coexpression network diagram of DEmRNAs and
DEmiRNAs was generated using the PCC, and only the
relationship pair network diagram of the top 300 is shown. The
coexpression network diagram of the 273 hypoxic DEmRNAs
is displayed, and the correlation between miRNA and mRNA
was required to account for the top 5% of the total correlation.
The potential regulatory network was constructed by Cytoscape
(Szklarczyk et al., 2015).

Quantitative Real-Time PCR Validation
Total RNA from pulmonary tissues was extracted with a TRIzol
reagent kit and reverse-transcribed into cDNA using a FastQuant
cDNA first-strand synthesis kit (TianGen, China). SYBR R©

Premix Ex TaqTM II (TaKaRa, China) was used for real-time
fluorescence quantitative analysis. In total, eight DEmRNAs
and eight DEmiRNAs were randomly selected to determine
sequencing accuracy. The primers used here were designed using
Primer 5.0 software and are listed in Supplementary Tables 1, 2
(Supplementary Material 1).

The experimental data were analyzed with the 2−11CT

method (Livak and Schmittgen, 2001). Statistical analyses were
performed using GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA, USA) and SPSS 20.0 (SPSS, Chicago, IL, USA). The
comparisons were conducted by one-way analysis of variance
(ANOVA), and p < 0.05 was considered statistically significant.

RESULTS

Morphological Structure
H&E staining showed that the lung sections exhibited the
following connective tissues with epithelia: pulmonary alveoli,
smooth muscle, blood capillaries, bronchial tubes, and alveolar
septa (Figures 1A–H). The sections from the TH group were
characterized by smooth muscle hyperplasia and larger alveoli,
while those from the LH group were characterized by a thicker
alveolar septum. In addition, the analysis showed that MMP2
expression had a similar tendency to the alveolar septum
thickness among the four groups (Figure 1I).

Identification of DEmRNAs in the Lung
In total, 12 cDNA libraries, which included six Tibetan pigs and
six Landrace pigs at high and low altitudes, were sequenced
from lung tissues (Supplementary Material 2). After quality
filtering, 51,193,662–69,112,222 clean paired reads were obtained
with 99.70–99.79% of clean reads mapped to the porcine
reference genome (Table 1). A total of 471 DEmRNAs (247
up- and 224 downregulated) were identified in the TH group
compared to the TL group (Figure 2, Supplementary Table 3 in
Supplementary Materials 1, 3). Furthermore, 809 novel genes
were identified in the sequencing data. Eight mRNAs were
randomly selected and detected using qRT-PCR to validate the T
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FIGURE 2 | mRNA expression results among the four groups by RNA-seq. (A) The heatmap shows the relative expression patterns of DEmRNAs among the four

groups. Each column represents a sample, and each row represents the expression levels of a single mRNA in various samples. The color scale of the heat map

ranges from blue (low expression) to red (high expression). a. Heatmap of mRNA for Tibetan pigs raised in highland (TH) and Tibetan pigs raised in lowlands (TL). b.

Heatmap of mRNA for TH and Landrace pigs raised in highlands (LH). c. Heatmap of mRNA for LH and Landrace pigs raised in lowlands (LL). d. Heatmap of mRNA

for TL and LL. (B) The histogram shows the number of DEmRNAs identified among the four groups.

accuracy of the sequencing data. Our verification test indicated
that the qRT-PCR results were consistent with the mRNA-seq
data (Figure 4A).

Identification of DEmiRNAs in the Lung
A total of 12 cDNA libraries were sequenced from lung tissues.
In the miRNA-seq data, 10,810,538–14,920,316 clean reads
were obtained by removing low-quality data and data with
sequences shorter than 18 nt and longer than 30 nt, and 94.380–
97.30% clean reads were obtained and mapped (Table 2). A
total of 464 DEmiRNAs (324 up- and 140-downregulated) were
identified in the TH group compared to the TL group (Figure 3,
Supplementary Table 4 in Supplementary Materials 1, 4). Eight
miRNAs were randomly selected and detected using qRT-PCR
to validate the accuracy of the sequencing data. Our verification
test indicated that the qRT-PCR results were consistent with the
miRNA-seq data (Figure 4B).

Functional Analysis of DEmRNAs
GO and KEGG enrichment analyses showed that most
DEmRNAs were involved in cellular processes and pathways
related to cytokine-cytokine receptor interaction, the PI3K-
Akt signaling pathway, and pathways in cancer (Figure 5).
Interestingly, a number of genes were mainly enriched in
“response to stimulus (GO: 0050896)” of biological process
among the four groups. GO: 0001071 is associated with
nucleic acid binding transcription factor activity and was
significantly enriched between the TH and LH groups. The
top 20 pathways with the most significant enrichment were
obtained. KEGG enrichment results revealed that most of these

genes were significantly enriched in cancer pathways among
Landrace pigs (LH and LL) (breast cancer and transcriptional
misregulation in cancers) or high-altitude groups (LH and TH)
(proteoglycans in cancer, pathways in cancer, breast cancer).
A number of genes were significantly enriched in cytokine–
cytokine receptor interaction, hematopoietic cell lineage, and
African trypanosomiasis among Tibetan pigs and Landrace
pigs in the high- or low-altitude groups. Six pathways were
significantly enriched among the high- (TH and LH) or low-
altitude (TL and LL) groups, and 15 pathways were significantly
enriched between the Tibetan pig (TH and TL) and Landrace pig
(LH and LL) groups.

Identification and Prediction Targets of
DEmiRNAs
A total of 59,636 target DEmRNAs of 1,630 DEmiRNAs (365
functionally annotated miRNAs, 989 known miRNAs and 276
novel miRNAs) were analyzed (Supplementary Materials 5). In
addition, multiple pathways and GO terms were associated with
hypoxia traits. The analysis revealed KEGG pathways that were
significantly related to genes targeted by DEmiRNAs, and the
Wnt signaling pathway, metabolic pathway and hepatocellular
carcinoma were the most significantly related (Figure 6).
Interestingly, the results showed that the targets were primarily
enriched in terms related to hypoxia adaptation. ssc-miR-210,
ssc-miR-101, ssc-miR-7136-5p, ssc-miR-10b, ssc-miR-206, ssc-
miR-1343, ssc-miR-142-5p, ssc-miR-421-5p, and ssc-miR-4331
were identified as key miRNAs. Functional assessment showed
that 100, 56, and 104 putative targets were mainly enriched in the
HIF, PI3K-Akt, and MAPK signaling pathways, respectively.
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TABLE 2 | Overview of the reads and quality control of the 12 libraries of the miRNA sequencing from swine lung tissue.

Sample Clean_reads High_quality Smaller_than_18nt Clean reads Match Ratio (%)

LL-1 11,823,173 (100%) 11,800,040 (99.8043%) 117,090 (0.9923%) 147,719,777 122,350,552 82.83

LL-2 11,353,289 (100%) 11,339,875 (99.8818%) 90,118 (0.7947%) 11,422,900 9,303,536 81.45

LL-3 13,427,720 (100%) 13,404,468 (99.8268%) 107,640 (0.8030%) 10,937,366 9,065,662 82.89

LH-1 13,721,166 (100%) 13,702,350 (99.8629%) 303,894 (2.2178%) 13,042,101 10,696,421 82.01

LH-2 13,752,929 (100%) 13,569,709 (98.6678%) 261,550 (1.9275%) 13,042,192 11,012,185 84.44

LH-3 13,530,906 (100%) 13,507,736 (99.8288%) 153,784 (1.1385%) 12,902,983 10,703,895 82.96

TH-1 12,421,634 (100%) 12,401,306 (99.8364%) 165,479 (1.3344%) 13,093,151 10,784,226 82.37

TH-2 12,972,521 (100%) 12,954,856 (99.8638%) 247,892 (1.9135%) 11,909,246 9,793,972 82.24

TH-3 13,503,266 (100%) 13,476,246 (99.7999%) 161,856 (1.2010%) 12,330,439 10,255,345 83.17

TL-1 10,810,538 (100%) 10,788,450 (99.7957%) 132,232 (1.2257%) 12,998,511 10,664,603 82.04

TL-2 14,920,316 (100%) 14,892,778 (99.8154%) 388,770 (2.6105%) 10,283,765 8,634,859 83.97

TL-3 12,392,682 (100%) 12,373,187 (99.8427%) 226083 (1.8272%) 14,056,433 11,724,322 83.41

FIGURE 3 | miRNA expression results among the four groups by RNA-seq. (A) The heatmap shows the relative expression patterns of DEmiRNAs among the four

groups. Each column represents a sample, and each row represents the expression levels of a single miRNA in various samples. The color scale of the heat map

ranges from blue (low expression) to red (high expression). (B) The histogram shows the number of DEmiRNAs identified among the four groups.

Screening of Differentially Expressed
Hypoxia-Related mRNA Target miRNAs
and Their Functional Enrichment Analysis
Functional analysis was conducted to understand the pathways
and molecular interactions of DEmRNAs and DEmiRNAs.
The DEmRNAs were enriched in a number of important
pathways related to hypoxia, and we identified 273 significant
DEmRNAs involved in hypoxia adaptation among the four
groups (Supplementary Material 6). We predicted potential
target miRNAs of mRNAs according to the negative regulatory
effects of miRNAs on mRNAs, which were further considered
veritable miRNA–mRNA pairs. To further reveal the regulatory
relationship of node mRNAs and non-coding miRNAs, the

resulting potential regulatory networks of miRNA-target genes
associated with hypoxia-genes were constructed (Figure 7).
The target DEmRNAs of DEmiRNAs were assessed using

KEGG and GO analyses. The results indicated that 71.09,

17.00, and 11.90% (total of 273) of the genes were enriched

in the biological process (BP), cell component (CC), and

molecular function (MF) categories, respectively, in the TH-vs.-

TL comparison (p < 0.05). A number of genes were targeted

by hub miRNAs, such as novel-m0237-5p, novel-m0173-3p,

and novel-m0142-5p, which had 45, 19, and 14 target mRNAs

among the four groups, respectively. Furthermore, miR-2465-

x targeted HIF-1α, while novel-m0087-3p and novel-m0237-5p
targeted HIF-3α.
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FIGURE 4 | Expression patterns of randomly selected DEmRNAs and DEmiRNAs. (A) Eight mRNA expression levels were confirmed by qRT-PCR in comparison to

corresponding data detected in mRNA-Seq. GAPDH was used as control. (B) Eight miRNA expression levels were confirmed by qRT-PCR in comparison to

corresponding data detected in mRNA-Seq. U6 was used as control. The broken line indicates the change in transcript level according to the FPKM value of

mRNA-seq and miRNA-seq. Three biological replicates with three technical replicates each were used. The values represent the mean ± SE (n = 3).

Construction of the Coexpression Network
Between DEmRNAs and DEmiRNAs in
Response to Hypoxia
To explore the relationship between miRNAs and mRNAs
in a hypoxic environment, a coexpression network of
DEmRNAs and DEmiRNAs was constructed, and the top
300 relationship pair network diagrams are listed (Figure 8A,
Supplementary Material 7.1). The intersection of differentially
expressed hypoxia mRNAs and miRNAs identified from
the four group comparisons represented their differential
expression in pig lungs with increasing altitude. TAR1-A,
GPD1, ST8SIA5, and LENG8 were selected as the most

affected mRNAs, and there were strong correlations with a
number of miRNAs. Furthermore, a coexpression network
of 273 hypoxic DEmRNAs and DEmiRNAs was constructed
(Figure 8B, Supplementary Material 7.2). MEF2C, AKAP6,
NTRK2, MAPT, and GPR146 were selected as the most affected
mRNAs, and there were strong correlations with a number
of miRNAs.

DISCUSSION

A high-altitude environment plays an important role in
the adaptation of native species, and it may modify gene
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FIGURE 5 | Functional annotation analysis of DEmRNAs in porcine lungs among the four groups. (A) Histogram of GO annotation results of DEmRNAs. The abscissa

is the second level GO term, and the ordinate is the number of DEmRNAs in the term. Red indicates the number of DEmRNAs between Landrace pigs raised in

lowlands (LL) and Landrace pigs raised in highlands (LH) groups, green indicates the number of DEmRNAs between LH and Tibetan pigs raised in highlands (TH)

groups, blue indicates the number of DEmRNAs between TH and Tibetan pigs raised in lowlands (TL) groups, and purple indicates the number of DEmRNAs between

TL and LL groups. (B) Top 20 KEGG enrichment pathways of DEmRNAs. The ordinate is the pathway, and the abscissa is the enrichment factor. Darker colors

indicate smaller q-values. a. Pathway enrichment analysis of DEmRNAs between TH and TL. b. Pathway enrichment analysis of DEmRNAs between TH and LH. c.

Pathway enrichment analysis of DEmRNAs between LH and LL. d. Pathway enrichment analysis of DEmRNAs between TL and LL. (C) Venn diagram of mRNA

interactions based on the overlapping mRNAs among the four groups.

transcription and may irreversibly affect specific phenotypes
(Zhang et al., 2015; Ni et al., 2019). We used a complete migrant
design to evaluate genes interacting with the environment
and selected Tibetan pigs and Landrace pigs in both their
native altitude environments and as migrants in a non-native
environment. Our previous research identified that Tibetan pigs
have heavier and wider lungs, thicker alveolar septa, and a denser
vascular network than Landrace pigs. The hemoglobin (HGB)
and mean corpuscular hemoglobin concentration (MCHC) of
high-altitude pigs (Tibetan and Landrace pigs) were significantly
higher than those of low-altitude pigs (Yang et al., 2021). We next
investigated whether there are gene expression changes specific
to Tibetan pigs that are responsible for hypoxic adaptation.
Sequencing of multiple pigs from different breeds revealed
that certain genomic regions, including genes involved in the
hypoxia response, were under selection in Tibetan pigs (Zhang B.
et al., 2016; Zhang et al., 2017, 2019a). We screened for key
genes related to hypoxic adaptation through genotype and
environment interaction effects via RNA-seq analyses. Several
pathways were enriched in DEmRNAs among Tibetan pigs
and Landrace pigs at different altitudes, including the VEGF
signaling pathway, PI3K-AKT signaling pathway, and mTOR

signaling pathway (Ai et al., 2015; Zhang et al., 2017). Moreover,
GO enrichment analysis revealed that these DEmRNAs were
associated with vascular regulation, regulatory region DNA
binding, or extracellular region. The identified hypoxia-related
signaling pathwaysmay form a complex cascade of responses that
occur in hypoxic conditions in Tibetan pigs to reduce the risk of
pulmonary damage.

Hypoxia-regulated miRNAs play vital roles in cell survival
and have been implicated in the regulation of both upstream
and downstream HIF-1 signaling pathways under hypoxic
conditions. For example, miR-199a, miR-17-92, and miR-20b
induce HIFs (Dai et al., 2015; Chen et al., 2016; Danza
et al., 2016). HIF-1 regulates the expression of various genes
to protect cells from hypoxic injury through cell apoptosis,
glucose metabolism, and mitochondrial function (Bhattarai et al.,
2018; Yu et al., 2018, 2020). HIF-1α is a potential therapeutic
proangiogenic molecule that regulates the levels of VEGF to
elevate interstitial pressure (Zhi et al., 2018; Lin et al., 2019).
Several putative target genes (FOXO3, RASGRF1, and CX3CR1)
that are regulated by ssc-miR-214, ssc-miR-320, and ssc-miR-
101 have been found to be involved in the HIF-1 related
signaling pathway. miR-210 is located on human chromosome
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FIGURE 6 | Functional annotation analysis of DEmiRNA-target genes in porcine lungs among the four groups. (A) Histogram of GO annotation results of

DEmiRNA-target genes. The abscissa is the second-level GO term, and the ordinate is the number of DEmiRNA-target genes in the term. Red indicates the number of

DEmiRNA-target genes between Landrace pigs raised in lowlands (LL) and Landrace pigs raised in highland (LH) groups, green indicates the number of

DEmiRNA-target genes between LH and Tibetan pigs raised in highland (TH) groups, blue indicates the number of DEmiRNA-target genes between TH and Tibetan

pigs raised in lowland (TL) groups, and purple indicates the number of DEmiRNA-target genes between TL and LL groups. (B) Top 20 KEGG enrichment pathways of

DEmiRNA-target genes. The ordinate is the pathway, and the abscissa is the enrichment factor. Darker colors indicate smaller q-values. a. Pathway enrichment

analysis of DEmiRNA-target genes between TH and TL. b. Pathway enrichment analysis of DEmiRNA-target genes between TH and LH. c. Pathway enrichment

analysis of DEmiRNA-target genes between LH and LL. d. Pathway enrichment analysis of DEmiRNA-target genes between TL and LL. (C) Venn diagram of miRNA

interactions based on the overlapping miRNAs among the four groups.

11p15.5 and correlates with angiogenesis and VEGF regulation
in breast cancer patients (Forkens et al., 2008; Dai et al., 2015;
Tang et al., 2018; Zhang H. et al., 2019). In the present study,
the expression of miR-210-x and miR-210-z was significantly
lower in TH than in TL but not significantly different in the
other groups, which may play vital roles in the expression of
proteins in homology-dependent repair pathways and nucleotide
excision repair pathways to reverse cellular DNA damage in
the lungs of Tibetan pigs during hypoxia (Crosby et al., 2009;
Hui et al., 2019). HBB is involved in the malaria reference
pathway and downregulates IL-6, which is a key gene in the
HIF-1 pathway. Comparison ofHBB expression between Tibetan
pigs and Landrace pigs showed that among the beta globin
amino acid substitutions at positions 58, 75, 119 and 137, the
replacement of alanine at position 137 with valine and the
locus mutation improved the affinity of HGB and O2 (Zhang B.
et al., 2016). The expression of the HBB gene in Tibetan pigs
(TH and TL) was significantly higher than that in Landrace
pigs (LH and LL), agreeing with a similar trend previously
reported by other authors, and there was similar variation in

the HGB concentration in Tibetan pigs (Taliercio et al., 2013;
Zhang B. et al., 2016; Yang et al., 2021), indicating that hypoxia
transcriptionally upregulates HBB to increase HGB in the blood
to ensure the transport of blood and nutrients. These findings
may (Jang et al., 2014; Zhang G. et al., 2016; Cai et al., 2018)
explain why Tibetan pigs have better adaption than Landrace pigs
in hypoxic environments regardless of altitude.

The PI3K/Akt pathway is an intracellular signaling pathway
that is promoted by several biological molecules, including
calmodulin, insulin-like growth factor (IGF), and multiple EGF-
like domains 6 (MEGF6) (Pompura and Dominguez-Villar,
2018; Ellis and Ma, 2019; Revathidevi and Munirajan, 2019;
Zhang et al., 2020). IGF2 is the target gene of miR-506-
y and ssc-miR-181d-3p. The expression levels of IGF2 and
MEGF6 were significantly upregulated in LH compared to
LL, but no differences were found in the Tibetan pigs (TH
and TL). We hypothesized that these genes may induce the
growth, proliferation, and differentiation of tumor cells in
the lungs of Landrace pigs living in a hypoxic environment
(Mohlin et al., 2013). Activated Akt induces various biological
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FIGURE 7 | Integrated miRNA-target negative correlation regulatory network. The square nodes represent miRNAs, and the circle nodes represent target genes. The

differentially expressed miRNAs/target genes are highlighted as follows: red indicated differential expression between Landrace pigs raised in lowlands (LL) and

Landrace pigs raised in highland (LH), green indicates differential expression between LH and Tibetan pigs raised in highland (TH), blue indicates differential expression

between TH and Tibetan pigs raised in lowland (TL), and purple indicates differential expression between TL and LL.

processes, including activating mTOR, localizing FOXO to
the cytoplasm, and activating cAMP-response element binding
protein (CREB) (Zhang et al., 2011; Gaecía-Morales et al., 2017;

Marquard and Jücker, 2020). The FOXO signaling pathway
was also enriched in a comparison of pigs living at different
altitudes. It has been shown that alcohol suppresses P450
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FIGURE 8 | Gene coexpression network analyses. Red nodes indicate hypoxic DEmRNAs, and green nodes indicate DEmiRNAs. (A) Gene coexpression network

analyses of DEmRNAs and DEmiRNAs. (B) Gene coexpression network analyses of hypoxic DEmRNAs and DEmiRNAs.

oxidoreductase (POR) and glutathione reductase (GSR) gene
expression by upregulating miR-214, which induces oxidative
stress and plays a crucial role in adaptation to hypoxia
(Zhou et al., 2013; Dong et al., 2014; Stefanetti et al., 2018;
Li et al., 2019). FOXO3 is a targeted gene of ssc-miR-
214-3p, and the expression of FOXO3 in the TH group
was significantly higher than that in the TL group, but
not significantly different between the LH and LL groups.
Changes in ssc-miR-214-3p expression may inhibit the cell
cycle and promote apoptosis, thereby inhibiting cell proliferation
through FOXO3 prolyl hydroxylation in hypoxic conditions.
The regulation of the expression levels of IGF2, MEGF6, and
FOXO3 through miRNAs may lead to the better adaption
of Tibetan pigs in hypoxic environments compared to the
Landrace breed.

Collagens, such as COL1A1, COL1A2, and COL3A1, are
widely represented in ECM–receptor interactions and focal
adhesion pathways (Gelse et al., 2003), and their expression was
significantly higher in the LH group than in the LL group but not
significantly different between the TH and TL groups. All of these
genes function as mechanoreceptors and may provide a force-
transmitting physical link between the EMC and cytoskeleton,
indicating that enhanced expression of COL1A1, COL1A2, and
COL3A1 may be another reason for the superior adaption
to hypoxic conditions of TH. Our study revealed that high
expression of fibroblast growth factors (such as FGF1, FGF2,
FGF9) was higher in the native groups (TH and LL) than in the
migrated groups (TL and LH), which was alleviated by activating
AKT3 (Pompura and Dominguez-Villar, 2018; Revathidevi and
Munirajan, 2019). These findings indicated that Tibetan pigs
may increase the expression of FGF1 and the cross-sectional

area of a blood vessel to increase blood flow in response to
hypoxia (Karar and Maity, 2011; Kir et al., 2018; Sajib et al.,
2018).

GPR146 may be upregulated by a number of miRNAs
(such as miR-8903, miR-11972 and miR-466-x) under hypoxic
stimulation and has been suggested to be an important hypoxia-
inducible gene in recent years. C-peptide inhibits low O2-
induced ATP release in erythrocytes as a putative ligand
of GPR146, which was consistent with our results (Richards
et al., 2014). Ncbi_397391 (MMP2), ncbi_102159047 (FOXC1),
ncbi_100738910 (PRRX1), and ncbi_100520318 (TUB) are
potentially regulated by novel-m0237-5p. In the present study,
MMP2 expression was significantly higher in the LH group
than in the LL group, but no significant differences were
found between the TH and TL groups. The expression of
MMP2 showed a similar tendency to the results of alveolar
septum thickness among the four groups, indicating that MMP2
activities may lead to the widening of the alveolar wall and
septum as well as alveolar structure damage and collapse of
the alveolar space with remarkable fibrosis in Landrace pigs
(Tan et al., 2006).

CONCLUSION

The comparisons between Tibetan pigs and Landrace pigs from
high or low altitudes revealed genes and regulatory pathways with
possible adaptive changes in response to high-altitude hypoxia.
We identified several molecular pathways and hypoxia genes
showing adaptive changes in the lung, including increased blood
circulation and regulation of blood pressure and circulation
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as well as regulation of HGB concentration and angiogenesis.
Integrated analysis of mRNAs and miRNAs demonstrated that
a number of hypoxia genes may be regulated by miRNAs and
participate in the hypoxic regulation of the lung. For example,
novel-m0237-5p may potentially upregulate the expression levels
of MMP2, resulting in widened alveolar septum and alveolar
structure damage. These results provide a better understanding
of the molecular mechanisms regulating the hypoxia response in
the lungs of Tibetan pigs and will help to prevent damage to the
lungs caused by hypoxia.
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Background: Mastitis is the most prevalent disease in dairy cattle and one of the most

significant bovine pathologies affecting milk production, animal health, and reproduction.

In addition, mastitis is the most common, expensive, and contagious infection in the

dairy industry.

Methods: A meta-analysis of microarray and RNA-seq data was conducted to identify

candidate genes and functional modules associated with mastitis disease. The results

were then applied to systems biology analysis via weighted gene coexpression network

analysis (WGCNA), Gene Ontology, enrichment analysis for the Kyoto Encyclopedia of

Genes and Genomes (KEGG), and modeling using machine-learning algorithms.

Results: Microarray and RNA-seq datasets were generated for 2,089 and 2,794

meta-genes, respectively. Between microarray and RNA-seq datasets, a total of 360

meta-genes were found that were significantly enriched as “peroxisome,” “NOD-like

receptor signaling pathway,” “IL-17 signaling pathway,” and “TNF signaling pathway”

KEGG pathways. The turquoise module (n = 214 genes) and the brown module

(n = 57 genes) were identified as critical functional modules associated with mastitis

through WGCNA. PRDX5, RAB5C, ACTN4, SLC25A16, MAPK6, CD53, NCKAP1L,

ARHGEF2, COL9A1, and PTPRC genes were detected as hub genes in identified

functional modules. Finally, using attribute weighting and machine-learning methods,

hub genes that are sufficiently informative in Escherichia coli mastitis were used to

optimize predictive models. The constructed model proposed the optimal approach

for the meta-genes and validated several high-ranked genes as biomarkers for E. coli

mastitis using the decision tree (DT) method.

Conclusion: The candidate genes and pathways proposed in this study may shed

new light on the underlying molecular mechanisms of mastitis disease and suggest new

approaches for diagnosing and treating E. coli mastitis in dairy cattle.

Keywords: attribute weighting, E. coli, machine learning, mastitis, meta-analysis, WGCNA
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BACKGROUND

Mastitis is a severe disease characterized as an inflammatory
condition affecting the mammary glands (Gelasakis et al., 2015).
Escherichia coli, Staphylococcus aureus, and Streptococcus uberis
are the three major bacterial pathogens associated with mastitis
disease (Vasudevan et al., 2003), with E. coli causing severe
inflammation in dairy cattle (Vangroenweghe et al., 2005). The
focus of current research has shifted to elucidating the underlying
mechanisms and developing effective treatment strategies for

mastitis disease (Takeshima et al., 2008; Compton et al., 2009). E.
coli typically infects the mammary glands during the dry period,
and inflammation progresses during the early stages of lactation

(Burvenich et al., 2003). Recent research indicates that E. coli’s
pathogenicity is entirely dependent on a protein called FecA
(Blum et al., 2018).

Recent advancements in high-throughput transcriptome

profiling technologies, such as microarray and RNA sequencing
(RNA-seq), have enabled opportunities for precision critical
care medicine to understand better the molecular mechanisms
underlying diverse biological functions (Bansal and Di Bernardo,
2007; Farhadian et al., 2020; Panahi et al., 2020). On the
other hand, identifying disease biomarkers can aid breeders in
optimizing their genetic programs for dairy animals (Kulkarni
and Kaliwal, 2013; Duarte et al., 2015; Lai et al., 2017). Previous
research identifiedTNF- and SAA3 (Swanson et al., 2009), STAT3,
MAPK14, TNF (Gorji et al., 2019), IL8RB, CXCL6, MMP9 (Li
et al., 2019), IRF9, CCL (Buitenhuis et al., 2011), S100A12,MT2A,
SOD2 (Mitterhuemer et al., 2010), CXCL8, CXCL2, S100A9
(Sharifi et al., 2018), PSMA6, HCK, and STAT1 (Bakhtiarizadeh
et al., 2020) as potential biomarkers for mastitis disease.

Meta-analysis is a systematic and quantitative study
methodology used to evaluate prior research and reach a
conclusion (Haidich, 2010). On the other hand, independent
studies have limitations in sample size, statistical power, and the
reliability of the results (Panahi and Hejazi, 2021). Meta-analysis
has demonstrated that combining p values resolves several issues
(Rhodes et al., 2002; Tseng et al., 2012; Panahi et al., 2019a).
When combining p values using Fisher’s technique, the null
hypothesis is that the actual effect is zero in each of the combined
datasets (Evangelou and Ioannidis, 2013), suggesting that the
techniques should be sensitive even when only a subset of the
combined datasets has an impact magnitude more significant
than zero. Fisher’s approach outperformed other methods for
establishing associations. In addition, the p value combination
method shows considerable promise for identifying novel
markers or differentially expressed genes (DEGs) (Evangelou
and Ioannidis, 2013). Moreover, connectivity analysis of known
meta-genes has been presented as a promising approach for
disentangling the complicated method (Panahi et al., 2020).

Weighted gene coexpression network analysis (WGCNA) has
been proposed as a versatile tool for gene coexpression analysis,
which provide valuable information about gene connectivity
based on gene expression levels (Ebrahimie et al., 2014; Farhadian
et al., 2021). A combination of machine-learning algorithms and
microarray meta-analysis was used to identify mastitis genes in
dairy cattle (Sharifi et al., 2018), However, they did not include

RNA-seq data in their analysis and instead focused on the
expression patterns of meta-genes.

The present study is the first that the authors are aware of that
integrates meta-analysis of microarray and RNA-seq datasets,
connectivity analysis, andmodel optimization in mastitis disease.
Thus, in this integrative study, we identified master genes
associated with mastitis disease using a combination of meta-
analysis, WGCNA, and machine-learning algorithms.

MATERIALS AND METHODS

Data Collection
The National Center for Biotechnology Information’s Gene
Expression Omnibus (GEO) repository (https://www.ncbi.nlm.
nih.gov/gds/) was explored for datasets related to dairy
cattle mastitis. This database was searched for RNA-seq and
microarray studies using the keywords “Bos taurus,” “mastitis,”
and “Escherichia coli.” For this research, six microarrays and
two RNA-seq datasets were chosen. Table 1 lists the platform,
accession number, species, and references for each dataset. All
healthy and mastitis animal samples were from the Bos taurus
species, which have a high sensitivity to E. coli. Fifteen healthy
German Holstein Frisian cows in midlactation (3–6 months
postpartum) were included in dataset GSE15025. The animals
were inoculated with E. coli in one-quarter and died after 6 h
(n = 5) or 24 h (n = 5) in two distinct infection scenarios. Five
heifers were used as controls; they were not given any medication
and died after 24 h. At 4 to 6 weeks following parturition, 16
healthy primiparous Danish Holstein-Friesian cows were tested
with E. coli for the GSE24217 dataset. The overall udder health of
24 dairy cows was assessed before the disease challenge. Control
quarters were selected based on bacteriological tests performed
before E. coli inoculation and the quarter foremilk SCC at 24 and
192 h. From the total German Holstein population, 11 heifers at
day 42 postpartum, either with high or low sensitivity to mastitis,
were chosen for the GSE24560 dataset. Heat-inactivated E. coli
plus S. aureus was used to challenge the cells, as a control. The
cells were collected after 1, 6, and 24 h, and mRNA expression
was compared. Four first-lactation Holstein cows in the fourth
month of lactation were also experimentally inoculated with the
mastitis-causing E. coli pathogen strain 1303 for the GSE25413
dataset. The transcriptomes of the treated and untreated cells
were examined at 1, 3, 6, and 24 h. In the GSE32186 dataset,
four first-lactation Holstein cows were given primary MEC
(pbMEC) cultures for 6 h, and some cultures were stimulated.
E. coli particles were collected from the udders of three healthy,
pregnant (day 130 of gestation) cows in the middle of their
first lactation 12 or 42 h later. Six Holstein Friesian cows were
challenged with E. coli mastitis for the GSE50685 investigations.
Every 6 h after infection, blood and milk samples were taken.
At successive milkings, the treatment was repeated (12, 24,
and 36 h postchallenge). At 24 h (n = 3) and 48 h (n = 3)
following infection, the cows were sacrificed for tissue collection.
GSE75379 and GSE159286 were two datasets related to RNA-
seq. Sixteen healthy primiparous Holstein cows at 4–6 weeks
of lactation were included in the GSE75379 dataset. Biopsy
specimens of healthy and diseased udder tissue were taken at
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TABLE 1 | Selected microarray and RNA-seq datasets for systems biology analysis of mastitis disease.

Accession no. Species Bacteria Platform Samples* (C:T) References

Microarray datasets

GSE15025 Bos taurus Escherichia coli Affymetrix 15:15 Mitterhuemer et al., 2010

GSE24217 B. taurus E. coli Affymetrix 23:26 Buitenhuis et al., 2011

GSE24560 B. taurus E. coli Affymetrix 27:31 Brand et al., 2011

GSE25413 B. taurus E. coli Affymetrix 6:24 Günther et al., 2011

GSE32186 B. taurus E. coli Affymetrix 12:12 Günther et al., 2012

GSE50685 B. taurus E. coli Affymetrix 5:15 Sipka et al., 2014

RNA-seq datasets

GSE75379 B. taurus E. coli Illumina 6:12 Moyes et al., 2016

GSE159286 B. taurus E. coli Illumina 53:52 Cebron et al., 2020

*Number of healthy and infected samples.

FIGURE 1 | Flowchart of different steps of mastitis microarray and RNA-seq meta-analysis based on combing p value.

T = 24 h and T = 192 h after infection. In total, 12 heifers
were intramuscularly vaccinated with heat-killed E. coli for the
GSE159286 investigations. Half of the heifers (IM group, n = 6)
received a booster injection 2 months later. Others (IMM group,
n = 6) received 50 g of protein concentrate produced from E.

coli in two quarters. Cows were then challenged with an E. coli
P4 bacterial suspension infusion at 49 days in milk inside one
healthy quarter (10e3 bacteria). Before the trial, blood was taken
7 days after the first and second injections (immunization phase)
and then at 0, 12, and 40 h following infection (challenge phase).
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FIGURE 2 | Flowchart of applied systems biology approach in this study.

Preprocessing and Analysis of Microarray
Datasets
The GEO database was used to collect all microarray expression
raw data and associated annotations for each study, and
microarray data were preprocessed to obtain reliable findings.
Nonbiological data variances were then removed, and
appropriate scales were used for further analysis (Bolstad
et al., 2003). The quantile normalization method and batch
effects reduction were used to conduct effective gene expression
analysis and eliminate variability between studies. The Limma
software (2.16.0) (Smyth et al., 2005) was used to calculate DEGs
among each control and treatment group after preprocessing the
raw data. DEGs were deemed significant when the false discovery
rate (FDR) using the Benjamini–Hochberg method was p <

0.05 and the logarithm of fold change > ±0.5 (Benjamini and
Hochberg, 1995).

Preprocessing and Analysis of Individual
RNA-seq Datasets
The data generated by RNA-seq can be skewed due to
biases introduced during library preparation, polymerase chain
reaction, and sequencing. The technique of trimmed mean of m-
values was used to eliminate the effect of known nonbiological
features on the RNA-seq data (Robinson and Oshlack, 2010).
Each sample was inspected for quality using the FastQC tool
version 0.11.5 (Trapnell et al., 2012), and low-quality reads were
trimmed using the Trimmomatic (v 0.32) software (Goldman
et al., 2006). Bowtie2 (2.2.4) software was used to index
reference genomes, and clean reads were then mapped to the
B. taurus reference genome (ARS-UCD1.2 version) employing
Tophat2 (2.0.10) software (Kim et al., 2013; Love et al., 2014)
with default settings. The sample mapping rates are listed in
Supplementary Material 1, Table 1. The htseq-count package
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FIGURE 3 | Results of meta-analysis of RNA-seq data using Fisher and

invorm method.

FIGURE 4 | Results of common meta-genes using Venn diagram.

(2.7.3) (Anders et al., 2013) was used to calculate the expression
count matrix. The Bioconductor DESeq2 software (1.10.1) was
used to determine the differential gene expressions in each
research (Love et al., 2014). In terms of normalization and batch
effect correction, the methods outlined in the studies (Farhadian
et al., 2021; Panahi and Hejazi, 2021) were followed. In summary,
genes with a CV <10% were initially removed. The group was
then used as a covariate, using DESeq2 library size, size factor
normalization factors. The variance-stabilizing transformations
(VSTs) function was used to reduce sample disparities. The VST
function does not typically remove variations related to the
batch or other variables. As a result, the “removeBatchEffect”
function was used to remove batch variations. The blind = false
option was selected as re-estimation of the dispersion values
was not required. This process leveled the library size and other
normalization variables. Each study’s samples were normalized
jointly, implying that each dataset was normalized individually
(Love et al., 2014).

Meta-Analysis of Microarray and RNA-seq
Datasets
In microarray studies, the MetaDE package (1.0.5) was used
to identify meta-genes (Wang et al., 2012). The meta-analysis
included the following steps: after quantile normalization,
labeling samples as “Infected” or “Healthy”; the “Gene Symbol”
was matched to multiple probe IDs using the interquartile range

for probe selection (Wang et al., 2012). Merging genes is an
approach used to determine which genes should be studied
further (Wang et al., 2021). Because the number of genes in
the research varied, the multiple gene expression datasets may
not have been adequately matched by genes. In this study,
the direct merging method was used to obtain common genes
across different investigations. The Fisher technique (Marot et al.,
2020) was used to identify meta-gens in RNA-seq data using
the metaRNASeq software (1.0.5). Initially, the DEGs for each
study were defined using the DESeq2 package (1.30.1), and
the corresponding p value was extracted. Then, the fishcomb
function included in the metaRNASeq package was used to
combine the p values. For downstream analysis, the genes shared
between meta-analyses of microarray and RNA-seq data were
extracted (Figure 1).

Weighted Gene Coexpression Network
Analysis
Common genes were used to construct coexpression networks
using the WGCNA Bioconductor R package (version 3.5.1) to
understand the correlation patterns among genes and identify
significant modules associated with mastitis disease (Langfelder
and Horvath, 2008). Initially, networks were constructed using
Pearson correlations across all common genes (Botía et al., 2017).
A soft threshold was used to evaluate the correlation and noise-
filtering power to fulfill the scale-free topology requirement.
The weighted gene coexpression network design promotes
strong correlations at the cost of low correlations by increasing
the absolute magnitude of the correlation to a soft threshold
(Langfelder and Horvath, 2008). The topological overlap matrix
(TOM) and its corresponding dissimilarity matrix (1–TOM)
were used to visualize the network, which resulted in a network
diagram for module detection. Module eigengenes and module
membership were used to identify the hub genes for each
significant coexpressed module (Langfelder and Horvath, 2008).
The following parameters were used to construct the modules:
cut height of 0.975, minimum module size of 30 genes, “hybrid”
method, and deepSplit= 2.

Functional Enrichment Analysis
The STRING (Szklarczyk et al., 2015) database was used to
conduct enrichment analysis on the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Gene Ontology (GO) (Dennis et al.,
2003). The FDR (<0.05) correction was used to determine the
statistical significance of GO and KEGG terms.

Protein–Protein Interaction Networks of
Common Genes
Gene network analysis of protein–protein interaction between
common genes was performed using Cytoscape software to
visualize gene networks and identify hub genes. Hub genes are
defined as those with the highest degree of connectivity and those
with a greater biological significance than other gene members
(Shannon et al., 2003).
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TABLE 2 | Significant common meta-genes in mastitis disease.

Gene symbol Full name Chromosome Compartment

ELMO2 Engulfment and cell motility 2 20 Cytosol

ORM1 Orosomucoid 1 (alpha-1-acid glycoprotein) 9 Extracellular

ABCB7 ATP-binding cassette subfamily B member 7 X Mitochondrion

LRRC41 Leucine-rich repeat containing 41 1 Nucleus

CXCL3 C-X-C motif chemokine ligand 3 4 Extracellular

SOD2 Superoxide dismutase 2 6 Extracellular

ZFYVE1 Zinc finger FYVE-type containing 1 14 Mitochondrion

SORL1 Sortilin-related receptor 1 11 Plasma membrane

PTCD3 Pentatricopeptide repeat domain 3 2 Mitochondrion

RPS6KA5 Ribosomal porotein S6 kinase A5 14 Nucleus

LHFPL2 LHFPL tetraspan subfamily member 2 5 Plasma membrane

TRIQK Triple QxxK/R motif containing 8 Endoplasmic reticulum

MAOA Monoamine oxidase A X Mitochondrion

CORO2A Coronin 2A 9 Cytosol

TPM3 Tropomyosin 3 1 Extracellular

PTPRC Protein tyrosine phosphatase receptor type C 1 Plasma membrane

LOC407171 Fc gamma 2 receptor 18 Extracellular

Supervised Machine-Learning Models
The common meta-genes identified were utilized to select
features using 10 different weighting algorithms, including
information gain, information gain ratio, χ2, deviation, rule,
support vector machine, Gini index, uncertainty, relief, and PCA
to validate the hub genes’ efficacy in distinguishing different
genes involved in mastitis disease (Farhadian et al., 2018a, 2021).
The Rapid Miner software (Rapid Miner 5.0.001, Dortmund,
Germany) was used for attribute weighting (Ebrahimi et al., 2011;
Farhadian et al., 2018a; Panahi et al., 2019a; Nami et al., 2021).
The primary objective of attribute weighting algorithms was to
extract a subset of input features (genes) by excluding those
that contained little or no information (Panahi et al., 2019b).
The decision trees (DTs) were constructed using features with
weighting values greater than 0.5. The DTs were constructed
using the following methods: information gain, information gain
ratio, Gini index, and accuracy criteria. Figure 2 depicts the
flowchart of an analytical strategy for microarray and RNA-seq.

RESULTS

Meta-Analysis
We conducted a meta-analysis of DEGs using data from
microarray and RNA-seq experiments. Six raw microarray
datasets containing 211 samples and two RNA-seq datasets
containing 123 independent dairy cattle experiments were
chosen separately for the meta-analysis. Finally, a total
of 2,089 and 2,794 meta-genes in response to E. coli
mastitis in microarray and RNA-seq data, respectively,
were observed using the Fisher method in the metaDE
and metaRNASeq packages. Supplementary Material 2

and Figure 3 contain the results of the meta-analysis of
RNA-seq data.

Identification of Common Genes by
Meta-Gene Comparison
A total of 360 genes were identified as common meta-genes
in meta-analysis of microarray and RNA-seq data (Figure 4).
Table 2 and Supplementary Material 3 contain additional
information about the significant common meta-genes.

Functional Enrichment Analysis of
Common Genes
The STRING database was used to conduct GO analyses on 360
common meta-genes to ascertain their biological process (BP),
molecular function (MF), and cellular component (CC) roles in
mastitis disease. The results found 170, 33, and 36 GO terms for
BPs, MFs, and CCs, respectively. The terms “cellular process,”
“response to stimulus,” “biological regulation,” “regulation of a
biological process,” and “regulation of a cellular process” were
used to denote the most critical process in the BP category.
“Binding,” “ion binding,” “actin binding,” “cation binding,” and
“metal ion binding” were all significantly overrepresented in
the MF category. In terms of CC, the terms “intracellular,”
“cell,” “cytoplasm,” “intracellular organelle,” and “organelle” were
significantly enriched. Additional information is available in
Table 3 and Supplementary Material 4.

This analysis identified a total of nine significant KEGG
pathways. In addition, the results indicated that the
“peroxisome,” “NOD-like receptor signaling pathway,” “IL-
17 signaling pathway,” and “TNF signaling pathway” were
significantly overrepresented. Table 4 contains additional
information about KEGG pathways.

Cytoscape demonstrates the involvement of DEGs in protein–
protein interaction. Figure 5 illustrates the gene network
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TABLE 3 | Significant GO terms of common genes.

Term ID Description GO terms p value

GO:0009987 Cellular process BP 1.52E-10

GO:0050896 Response to stimulus BP 1.96E-10

GO:0065007 Biological regulation BP 8.53E-10

GO:0050789 regulation of BP BP 3.66E-09

GO:0050794 Regulation of cellular process BP 3.66E-09

GO:0051716 Cellular response to stimulus BP 6.09E-08

GO:0019222 Regulation of metabolic process BP 2.26E-07

GO:0051171 Regulation of nitrogen compound metabolic process BP 2.26E-07

GO:0080090 Regulation of primary metabolic process BP 2.26E-07

GO:0031323 Regulation of cellular metabolic process BP 2.63E-07

GO:0005488 Binding MF 3.90E-10

GO:0043167 Ion binding MF 2.55E-06

GO:0005515 Protein binding MF 1.30E-05

GO:0003779 Actin binding MF 0.00011

GO:0043169 Cation binding MF 0.00024

GO:0046872 Metal ion binding MF 0.00029

GO:0008092 Cytoskeletal protein binding MF 0.00034

GO:1901363 Heterocyclic compound binding MF 0.0014

GO:0097159 Organic cyclic compound binding MF 0.0019

GO:0036094 Small molecule binding MF 0.002

GO:0005622 Intracellular CC 7.27E-13

GO:0005623 Cell CC 8.74E-13

GO:0005737 Cytoplasm CC 8.74E-13

GO:0043229 Intracellular organelle CC 1.39E-09

GO:0043226 Organelle CC 1.74E-09

GO:0043227 Membrane-bound organelle CC 5.37E-09

GO:0043231 Intracellular membrane-bound organelle CC 7.48E-09

GO:0005829 Cytosol CC 2.03E-07

GO:0070013 Intracellular organelle lumen CC 1.28E-05

GO:0005634 Nucleus CC 3.30E-05

Only the significantly enriched (p < 0.05) GO terms are presented.

TABLE 4 | The significant KEGG metabolic pathways associated with the

common genes.

Pathway name p value Total genes in

pathway

Strength

Peroxisome 0.0012 10 0.84

NOD-like receptor signaling pathway 0.0058 12 0.61

IL-17 signaling pathway 0.0058 9 0.76

TNF signaling pathway 0.008 9 0.68

Salmonella infection 0.008 8 0.76

Viral carcinogenesis 0.008 13 0.55

Human papillomavirus infection 0.0089 16 0.46

Necroptosis 0.0194 10 0.56

Autophagy—animal 0.0216 9 0.59

TNF, tumor necrosis factor.

visualization of commonmeta-genes. The top genes were STAT1,
RTPRC, SOD2, and VCP (Supplementary Material 5).

Weighted Gene Coexpression Network
Construction
A WGCNA was performed to identify genes with a high
correlation and classified the common genes into four modules.

The turquoise module (n = 214 genes) and the brown
module (n = 57 genes) were identified as critical functional
modules associated with mastitis through WGCNA analysis
(Figure 6A). The remaining modules, such as the blue module
(n = 84 genes) plus the gray module (n = 5 genes), were
not notable. Figure 6B illustrates the hierarchical clustering of
common genes.

The correlation coefficient and p value for the significant
modules in the mastitis and healthy groups were r = 0.28,
p= 0.002, and r= 0.36, p= 4e – 05, respectively, for the turquoise
and brown modules (Figure 7).

Turquoise had a negative correlation with mastitis disease,
whereas brown had a positive correlation. Table 5 lists
the top five hub genes in brown and turquoise modules.
Supplementary Material 6 contains a list of the more significant
modules identified.
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FIGURE 5 | Protein–protein interaction network for the common genes using Cytoscape.

“Peroxisome,” “viral carcinogenesis,” and “arginine and
proline metabolism” were determined as the most significantly
enriched pathways based on the enriched functional analysis
in these modules that were potentially associated with mastitis
development. These modules enriched for genes involved
in “negative regulation of peptidyl-serine phosphorylation,”
“response to stimulus,” “cell process regulation,” “protein
hydroxylation,” “actin filament-based process,” and “cellular
process.” These modules carried out critical MFs such as
“actin binding,” “binding,” “transcription factor binding,” and
“peroxidase activity.” “Intracellular,” “organelle,” “cytoplasm,”
“cell,” “cortical actin cytoskeleton,” and “microvillus” were
identified as CCs.

Attribute Weighting
The data-cleaning process was used to eliminate redundant
and highly correlated (>95%) attributes. Finally, modeling was
performed on the 360 genes. If an attribute was assigned a
weight >0.5 by a specific attribute weighting algorithm, it

was considered essential. Supplementary Material 7 contains
the results of 10 different attribute weighting algorithm
applications. Table 6 summarizes the number of attribute
weighting algorithms that supported the selected DEGs.

Validation Hub Genes in Coexpressed
Modules
The DT technique was used to validate the identified hub
genes. Thus, the accuracy of various models was calculated
and presented in Supplementary Material 8 using four different
criteria, namely, information gain ratio, information gain,
Gini index, and accuracy. According to the results, the DT
with the gain ratio criterion achieved the highest accuracy
(75%) (Table 7). The DT validated the role of the top-ranked
genes in mastitis classification using the expression values of
common meta-genes.

As illustrated in Figure 8, because the LOC407171 gene is
located at the root of the constructed tree, it can be considered
a biomarker for mastitis. When the LOC407171 gene value
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FIGURE 6 | WGCNA: (A) Cluster dendrogram of the common genes. The branches and color bands demonstrate the specific module. (B) TOM plot; light color

symbolizes low overlap, and progressively darker red color symbolizes higher overlap between common genes. Blocks of darker colors along the diagonal correspond

to modules.

exceeded 8.119, and the SFN gene value exceeded 5.291, the
samples were classified as having mastitis. When the LOC407171
gene value is equal to or<8.119, the sample is considered healthy.
When LOC407171 exceeded 8.119, SFN was equal to or <5.291,
and PTPRC was equal to or <14.390, the sample was classified as
healthy. In addition, if the last feature exceeded 14.390 and the
expression of IDH1 was present, PTPRC would be classified as
having mastitis.

The significance of the LOC407171, PTPRC, ABCG2, and
IDH1 genes in the turquoise module was confirmed using DT
models and attribute weighting, highlighting their critical roles
in mastitis.

DISCUSSION

Mastitis is a significant disease involving multiple genes that may
interact to enrich specific signaling pathways. We performed a
meta-analysis of RNA-seq and microarray transcriptome data
to gain a comprehensive understanding of the master/key genes
duringmastitis disease thatmay play a significant role in response
to E. coli mastitis. As individual studies have limitations in
statistical power and reproducibility, several small impact genes
remain unknown. Meta-analysis has been suggested as a practical
approach for resolving this issue (Farhadian et al., 2018b; Sharifi
et al., 2018). The BP, biological regulation, and reaction to a
stimulus, the study’s primary enriched GO terms, have been
described as BPs in mastitis disease (Asselstine et al., 2019). These
words include various activities, including cell proliferation, cell
growth, biochemical processes, and signaling pathways (Long
et al., 2001; Arnellos, 2018). The terminology used to describeMF
in this research, such as binding, ion binding, protein binding,
actin binding, cation binding, and catalytic activity, has been

previously described in immune response and protein transport
(Swanson et al., 2009; Asselstine et al., 2019).

Enrichment analysis of metabolic KEGG pathways was
used to identify metabolic pathways that were significantly
overrepresented among 360 common genes. Several significant
pathways were enriched, including peroxisomes and three
subcategories of signaling pathways [interleukin 17 (IL-17)
signaling pathway, nucleotide-binding and oligomerization
domain (NOD)–like receptor signaling pathway, TNF
signaling pathway]. Peroxisomes are required to oxidize specific
biomolecules and the inflammatory response to environmental
stress (Trindade Da Rosa, 2016; Su et al., 2019). Mammary
epithelial cells have been shown to have immune activity,
activating signaling pathways during mastitis (Song et al., 2014).
TNF plays a role in various pathological processes, including
immune cell regulation and immune response modulation
(Shah et al., 2012; Gao et al., 2015). The NOD-like receptor
regulates the immune and inflammatory responses in mammals’
innate immune systems (Saxena and Yeretssian, 2014). IL-17
expression in milk peaked 24 to 48 h after pathogen challenge.
These findings indicated that IL-17 was a significant cytokine in
the development of dairy goat mastitis and played a critical role
in mastitis development (Jing et al., 2012). Previously published
research indicated that mastitis involves the NOD-like receptor,
IL-17, and TNF signaling pathways (Asselstine et al., 2019). As a
result of their function, we can deduce that these pathways are
involved in immune system responses to mastitis disease.

The PPI networks constructed using Cytoscape revealed that
the hub genes are PTPRC, SOD2, and STAT1. As a result,
these hub genes may affect mastitis and thus warrant further
validation. The PTPRC gene is required to signal T- and B-
cell antigen receptors (Miterski et al., 2002; Porcu et al., 2012).
PTPRC is a highly connected gene in PPI networks and is
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FIGURE 7 | The module trait relationship (p value) for identified modules (y

axis) in relation with traits (x axis). The relationship was colored according to

the correlation between the module and traits (turquoise, strong negative

correlation; brown, strong positive correlation).

TABLE 5 | Top hub genes in significant modules in mastitis disease.

Mastitis disease

Brown Turquoise

PRDX5 CD53

RAB5C NCKAP1L

ACTN4 ARHGEF2

SLC25A16 COL9A1

MAPK6 PTPRC

involved in the development of mastitis (Bakhtiarizadeh et al.,
2020). SOD2 and IDH1 genes have been up-regulated in ewes’
mammary glands using functional enrichment analysis (Gao
et al., 2018, 2019). SOD2 gene expression increased in mammary
tissue of cows and ewes with mastitis caused by S. aureus

TABLE 6 | Results of different attribute weighting algorithms confirmed the most

important genes.

Attribute No. of weighting models

LOC407171 5

MT2A 4

PTPRC 4

LPCAT2 4

SAMSN1 4

IL1B 4

SELPLG 4

CD53 4

PLEK 4

SFN 3

KCNJ15 3

SPCS3 3

SOD2 3

IDH1 3

SYNGR1 3

TANC2 3

CXCL3 3

TABLE 7 | Accuracy comparison of constructed DT models by different criteria.

Criteria Accuracy (%)

Gain ratio 75

Information gain 63.89

Gini index 58.33

Accuracy 63.89

and E. coli (Mitterhuemer et al., 2010; Jensen et al., 2013).
Also, in addition, STAT1 regulates genes involved in milk
protein synthesis, fat metabolism, and immune cell activation
(Cobanoglu et al., 2006). The analysis of common meta-gene
coexpression networks identified four modules, two of which
were significant. These modules were the most significant in the
current study based on the enriched functional terms related
to mastitis development. The brown module’s most essential
genes included PRDX5, RAB5C, ACTN4, and MAPK6. The
PRDX5 gene is expressed ubiquitously in tissues and protects
cells from oxidative stress by detoxifying peroxides (Knoops
et al., 2011). PRDX5 has been shown to play a critical role
in inflammation in mice by protecting cells from oxidative
stress (Argyropoulou et al., 2016). In addition, the PRDX5 gene
expression is increased in mastitis sheep milk (Pisanu et al.,
2015). RAB5C and MAPK6 genes were identified as candidate
genes for mastitis in dairy cattle following intramammary
infection with E. coli or S. uberis using a combination of
GWAS and DEG data analyses (Chen et al., 2015). The ACTN4
gene was identified as the DEG in mastitis vs. healthy samples
of sheep milk by transcriptomic analysis (Bonnefont et al.,
2011). Furthermore, ACTN4 was identified as a hub gene
in mastitis-related modules (Bakhtiarizadeh et al., 2020). On the
other hand, the turquoise module’s master genes were the CD53,
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FIGURE 8 | DT model using gain ratio criterion in healthy and mastitis samples.

ARHGEF2, andCOL9A1 genes.CD53 regulates cell development,
and its function has been implicated in mastitis disease (Rinaldi
et al., 2010). The results of a high-throughput analysis on infected
bovine mammary glands with E. coli indicated the ARHGEF2
gene’s importance (Bagnicka et al., 2021). The COL9A1 gene
has been implicated in research involving identifying genomic
regions and expression analysis of mastitis (Lu et al., 2020).

Several genes, including LOC407171, MT2A, LPCAT2,
CXCL3, SFN, IDH1, and ABCG2, were confirmed as essential
genes based on the outcome of the attribute weighting algorithm.
The LOC407171 gene is associated with the innate immune
response in beef cattle and has been identified as an up-regulated
gene in a dairy cow with E. coli mastitis (Li et al., 2019).
MT2A plays a role in stimulus response in the pathogenesis
of bovine E. coli in early lactation cows (Cheng et al., 2021).
LPCAT2 regulates the glycerophospholipid metabolism in
periparturient dairy cattle (Bakhtiarizadeh et al., 2020). CXCL3
is recognized as a proinflammatory cytokine in dairy cows
with experimentally induced S. aureus clinical mastitis (Peralta
et al., 2020). SFN was reported to regulate cell cycle progression
in bovine mastitis via genome-wide association (Miles et al.,
2021). IDH1 was identified as a candidate gene in the milk
transcriptome of dairy cattle implicated in innate immunity by
pathway and network analysis (Banos et al., 2017). ABCG2 gene,
which is regulated by the mammary gland, responsible for the

active secretion of several compounds into milk (Otero et al.,
2015).

The DT model identified the LOC407171 gene as a critical
player in mastitis disease in this study. LOC407171 has been
validated using an attribute weighting algorithm and a machine-
learning algorithm. In addition, SFN and IDH1 were identified
using attribute weighting and machine-learning techniques,
with IDH1, validated using WGCNA. Furthermore, ABCG2 is
recognized using weighted attributes, machine learning, and
WGCNA. In addition, machine learning, attribute weighting, PPI
network, and WGCNA were used to confirm PTPRC.

We examined possible changes in gene expression and
connectivity during mastitis, and it was concluded that genes
involved in the development, proliferation, and differentiation of
cells in the mammary gland, as well as genes involved in immune
system improvement, were primarily altered in their expression.

CONCLUSION

Because of the complexity of mastitis disease in dairy animals,
far more relevant research is required to identify biomarkers
associated with mastitis. The current study’s findings from meta-
analysis, WGCNA, and machine-learning approach allow us
to represent the primary contribution to our understanding
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of the most valuable genes for E. coli mastitis, which may
provide a more robust biosignature and thus serve as reliable
biomarker candidates in future studies. Our study suggests that
all identified genes affect mastitis disease via their immune
system–related functions.
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Background: Bovine respiratory disease (BRD) is the most common disease in the beef
and dairy cattle industry. BRD is a multifactorial disease resulting from the interaction
between environmental stressors and infectious agents. However, the molecular
mechanisms underlying BRD are not fully understood yet. Therefore, this study aimed
to use a systems biology approach to systematically evaluate this disorder to better
understand the molecular mechanisms responsible for BRD.

Methods: Previously published RNA-seq data from whole blood of 18 healthy and 25
BRD samples were downloaded from the Gene Expression Omnibus (GEO) and then
analyzed. Next, two distinct methods of weighted gene coexpression network analysis
(WGCNA), i.e., module–trait relationships (MTRs) and module preservation (MP) analysis
were used to identify significant highly correlated modules with clinical traits of BRD and
non-preserved modules between healthy and BRD samples, respectively. After identifying
respective modules by the two mentioned methods of WGCNA, functional enrichment
analysis was performed to extract the modules that are biologically related to BRD. Gene
coexpression networks based on the hub genes from the candidate modules were then
integrated with protein–protein interaction (PPI) networks to identify hub–hub genes and
potential transcription factors (TFs).
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Results: Four significant highly correlated modules with clinical traits of BRD as well as
29 non-preserved modules were identified by MTRs and MP methods, respectively.
Among them, two significant highly correlated modules (identified by MTRs) and six
nonpreserved modules (identified by MP) were biologically associated with immune
response, pulmonary inflammation, and pathogenesis of BRD. After aggregation of
gene coexpression networks based on the hub genes with PPI networks, a total of
307 hub–hub genes were identified in the eight candidate modules. Interestingly, most of
these hub–hub genes were reported to play an important role in the immune response and
BRD pathogenesis. Among the eight candidate modules, the turquoise (identified by
MTRs) and purple (identified by MP) modules were highly biologically enriched in BRD.
Moreover, STAT1, STAT2, STAT3, IRF7, and IRF9 TFs were suggested to play an
important role in the immune system during BRD by regulating the coexpressed genes
of thesemodules. Additionally, a gene set containing several hub–hub genes was identified
in the eight candidate modules, such as TLR2, TLR4, IL10, SOCS3, GZMB, ANXA1,
ANXA5, PTEN, SGK1, IFI6, ISG15, MX1, MX2, OAS2, IFIH1, DDX58, DHX58, RSAD2,
IFI44, IFI44L, EIF2AK2, ISG20, IFIT5, IFITM3, OAS1Y, HERC5, and PRF1, which are
potentially critical during infection with agents of bovine respiratory disease complex
(BRDC).

Conclusion: This study not only helps us to better understand the molecular mechanisms
responsible for BRD but also suggested eight candidate modules along with several
promising hub–hub genes as diagnosis biomarkers and therapeutic targets for BRD.

Keywords: bovine respiratory disease, RNA-seq, weighted gene co-expression network, protein-protein interaction,
hub-hub genes

INTRODUCTION

Bovine respiratory disease (BRD) is the most common and costly
infectious disease in the beef and dairy cattle industry. It causes
70–80% morbidity and 40–50% mortality in feedlot cattle in the
United States (Edwards, 2010; Tizioto et al., 2015). BRD is a
multifactorial disease, and its onset is usually associated with
stress factors (nutritional or environmental risk factors) and the
presence of infectious agents (Gagea et al., 2006; Grissett et al.,
2015). Stress factors such as weaning, shipping distance, and
commingling that negatively affect the immune system, can
predispose cattle to a primary infection (Snowder et al., 2006;
Timsit et al., 2016b). Infection is commonly caused by bovine
respiratory disease complex (BRDC) including the viral and
bacterial pathogens, which can affect the upper and lower
respiratory system (Ellis, 2001; Caswell, 2014; Kirchhoff et al.,
2014). Clinical diagnosis of BRD is made by visual observations
and is usually based on clinical signs such as high rectal
temperature, depression/lethargy, nasal or ocular discharge,
increased respiration rate, reduced feed intake, and reduced
average daily gain (Amrine et al., 2013; Behura et al., 2017).
However, this method has low detection sensitivity and
specificity, and the diagnosis is often made without identifying
the cause of the disease (White and Renter, 2009; Timsit et al.,
2016a). On the other hand, among the animals that are vaccinated
against BRD, approximately 75% of them are protected (Hodgins
et al., 2002), and the animals that are diagnosed based on clinical

signs are treated with antimicrobials (Wilkinson, 2009).
Moreover, excessive use of antimicrobial therapies for BRD
facilitates the antibiotic resistance of microbes (Schaefer et al.,
2007; Portis et al., 2012). In addition to vaccination and
antimicrobials, other intervention methods such as nutritional
manipulation and processing procedures have a limited effect on
reducing morbidity and mortality rates, and despite extensive
studies, BRD is still an issue (Taylor et al., 2010). Although the
predisposing factors, viral and bacterial agents that cause BRD are
relatively well known, the pathogenic mechanisms of BRD, the
molecular immune response of the host to infection, and their
association with the disease outcomes are not fully understood yet
(Taylor et al., 2010; Johnston et al., 2019). Also, due to insufficient
knowledge of the disease mechanisms, it is not possible to develop
an effective method to identify animals with BRD (Sun et al.,
2020). Therefore, understanding the infection dynamics and
identification of new candidate biomarkers involved in BRD
can help to better understanding the molecular mechanisms
of BRD.

Functional genomic methods such as RNA-sequencing-based
transcriptomics can provide a global gene expression profile, and
their use in BRD studies can accelerate the understanding of
disease mechanisms and the development of diagnosis (Rai et al.,
2015). Several transcriptome studies have been performed on
BRD in various tissues, such as the lung, bronchial lymph nodes
(Behura et al., 2017; Johnston et al., 2019), and whole blood
(Jiminez et al., 2021; Scott et al., 2021). For example, Sun et al.
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(2020) reported differentially expressed genes (DEGs) in the
blood tissue as biomarkers to recognize BRD cattle at entry,
such as MX1, IFIT3, ISG15, OAS2, and IFI6 involved in the
interferon signaling pathway. Moreover, Tizioto et al. (2015)
identified 142 DEGs that were located in quantitative trait
locus regions associated with BRD risk. The most common
application of differential expression analysis is to identify
DEGs between different conditions. On the other hand, it is
known that the differential expression analysis focuses only on
the individual effect of genes. However, genes and gene products
do not work individually but interact in complex gene networks
(Liu et al., 2020). Therefore, individual evaluation of gene
expression may not explain the cause of complex diseases such
as BRD.

Systems biology is one of the suitable methods to better
understand the mechanism of diseases (Darzi et al., 2021) and
other complex traits (Salleh et al., 2018). In systems biology, there
are various computational methods based on the network
approach, and one of the fundamental aspects of the network
approach in systems biology is the construction of gene
coexpression networks using high-throughput gene expression
data (Kadarmideen andWatson-Haigh, 2012). In this regard, one
of the most widely used methods for building gene coexpression
networks is weighted gene coexpression network analysis
(WGCNA) (Langfelder and Horvath, 2008). The WGCNA
method identifies clusters of coexpressed genes (also called a
module) based on correlation patterns between expression
profiles of genes across samples (Langfelder and Horvath,
2008). Furthermore, the WGCNA identifies highly connected
genes (hub genes) by calculating intramodular gene connectivity,
which are centrally in their modules and can be involved in
important roles during the disease (Bakhtiarizadeh et al., 2018).
The WGCNA approach has been used successfully in different
disease studies in humans (Wang Y. et al., 2020), cattle (Yan et al.,
2020), swine (Wilkinson et al., 2016), mice (Rangaraju et al.,
2018), chickens (Liu and Cai, 2017), and sheep (Kadarmideen
et al., 2011). One of the most widely used methods of WGCNA is
module–trait relationship analysis. In this method, after
identifying the modules across samples, module–trait
relationships are calculated according to the correlation
between module eigengenes and traits of interest, and finally,
significant modules are identified (Kommadath et al., 2014;
Sabino et al., 2018). Moreover, WGCNA provides another
unique network-based method called module preservation
analysis. This method focuses on determining network
topology changes across different conditions. For example, it
can be checked whether the network density and topological
pattern of the modules identified in normal samples (as a
reference) are preserved in the disease samples (as a test)
(Langfelder et al., 2011). In this regard, the differences in the
topology of these two networks indicate a significant perturbation
of the coexpression patterns by the disease. Thus, the
nonpreserved modules between these conditions, as well as
their hub genes may exert crucial roles in the pathological
processes of the disease (Mukund and Subramaniam, 2015;
Riquelme Medina and Lubovac-Pilav, 2016; Bakhtiarizadeh
et al., 2020).

In the present study, we used previously published RNA-seq
data (Jiminez et al., 2021) and the WGCNA method for
constructing weighted gene coexpression networks to better
understand the molecular regulatory mechanisms responsible
for the immune response to BRD. It should be noted that in
the current study we used two distinct WGCNA methods to
identify key modules, their hub genes, hub–hub genes, and
regulatory factors involved in BRD: 1) module–trait
relationships analysis across all samples to identify significant
highly correlated modules with clinical traits of BRD, and 2)
module preservation analysis between healthy samples (as
reference set) and BRD samples (as test set) to identify
nonpreserved modules between these conditions. The main
hypothesis was that significant highly correlated modules with
clinical traits of BRD (identified by the first method) and
nonpreserved modules between healthy and BRD samples
(identified by the second method) may contain potential
functionally related genes and identifies biological regulatory
systems involved in pathological processes of BRD, and it is
also expected that these twomethods confirm each other’s results.

MATERIALS AND METHODS

Datasets
RNA sequencing data from feedlot cattle with and without BRD
were obtained from the Gene Expression Omnibus (GEO)
database at the National Center for Biotechnology Information
(NCBI) under the accession number of GSE162156. Moreover,
clinical traits of BRD were obtained from the supplementary
material section of the original paper (Jiminez et al., 2021) and
then filtered for useful measurements. The data included samples
from the whole blood of 25 and 18 mixed-breed beef heifers with
and without BRD, respectively. An Illumina HiSeq 4000 platform
was used to generate 43 paired-end (2 × 100 bp) libraries that
included 18 healthy and 25 BRD samples. More information
about the data can be found in the original paper (Jiminez et al.,
2021).

RNA-Seq Data Analysis and Preprocessing
Quality control of the raw sequencing data was performed using
FastQC1 (version 0.11.9). Raw reads were then trimmed by
removing low-quality bases and adaptor sequences using the
Trimmomatic software (version 0.39) (Bolger et al., 2014) with
the following options: ILLUMINACLIP: Adapter. fa:2:30:10,
LEADING:20, TRAILING:20, and MINLEN:60. To confirm
quality improvements, the clean reads were checked again
using FastQC. Then the Hisat2 (version 2.2.1) (Kim et al.,
2015) software was used for aligning the clean reads to the
latest bovine reference genome (ARS-UCD1.2) with default
parameters. To calculate counts of uniquely mapped reads to
annotated genes based on the bovine GTF file (release 104), the
python script HTSeq-count (version 0.13.5) (Anders et al., 2014)
was applied using intersection-strict mode. All count files were
then merged and finally, a raw gene expression matrix was
created containing read counts information of all genes for all
samples.
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Weighted Gene Coexpression Network
Analysis
Raw gene expression matrix obtained from the previous steps was
normalized to log-counts per million (log-cpm) using the “voom”
function of the limma package (version 3.46.0) (Smyth, 2005).
This normalization method opens access for the gene expression
data generated by the RNA-seq analysis, to various
computational methods, such as WGCNA (Law et al., 2014).
Because the low-expressed or low-variance genes usually
represent sampling noise and correlations based on these
genes are not significant, genes with <1 CPM (counts per
million) in at least five samples were removed. In addition,
genes with a standard deviation >0.25 were selected for further
analysis. Weighted gene coexpression network analysis was
performed based on the functions of the WGCNA R package
(version 1.70) (Langfelder and Horvath, 2008).

Module–Trait Relationships Analysis
To identify significant highly correlated modules with clinical
traits of BRD, all 43 samples (18 healthy and 25 BRD) were used
for module–trait relationships (MTRs) analysis. Because the gene
coexpression analysis is very sensitive to outliers, the distance-
based adjacency metrics of samples was calculated and samples
with a standardized connectivity < −2.5 were removed,
considered as an outlier. In addition, samples and genes with
>50% missing entries and genes with zero variance were
identified and excluded from the WGCNA analysis. In this
study, a signed weighted coexpression network was
constructed in which correlation values between 0 and 1 are
considered and values <0.50 are considered as negative
correlation, and values >0.50 are considered as positive
correlation (van Dam et al., 2017). Signed networks considers
only positively correlated genes, and especially, network
construction based on this method leads to more significantly
enriched modules (Mason et al., 2009). Furthermore, bi-weight
mid-correlation coefficient was used for the coexpression
network construction since it is more robust to outliers in
comparison to the Pearson correlation (Zheng et al., 2014).
Briefly, a correlation matrix of expression values was
constructed using pairwise bi-weight mid-correlation
coefficients between all pairs of genes across the selected
samples. Then, the correlation matrix at β � 10 as a soft
threshold (power) was transformed into weighted adjacency
matrix. Subsequently, the weighted adjacency matrix was
transformed into topological overlap matrix (TOM), which
considers each pairs of genes concerning all other genes by
comparing their connections with all other genes in the
network (interconnectedness). In other words, the genes in a
module share strong interconnectedness (Zhang and Horvath,
2005; Li and Horvath, 2006; Yip and Horvath, 2007). Finally,
average linkage hierarchical clustering analysis was performed by
the topological overlap-based dissimilarity matrix (1-TOM) as
input, and modules were identified by dynamic hybrid tree
cutting algorithm. Then the modules with the highly
correlated eigengenes were merged. The above steps were
performed using automatic, one-step network construction

and module detection function “blockwiseModules” of the
WGCNA R package with the following parameters: power �
10, corType � “bicor,” maxBlockSize � 12,000, networkType �
“signed,” TOMType � “signed,” minModuleSize � 30,
reassignThreshold � 0, and mergeCutHeight � 0.25. Next, in
order to identify the BRD-related modules, the correlation
between the clinical traits of BRD and module eigengenes (the
first principal component of the expression matrix for a given
module) was taken using Pearson correlation coefficient. The
cutoff of significant moderately or highly correlated modules with
clinical traits of BRD was defined as p-value < 0.05 and 0.30 < |R|
< 0.50, and p-value < 0.05 and |R| > 0.50, respectively. Moreover,
gene significance (GS), which is a criterion for biological
association of a gene with an interest trait was calculated for
each gene through the correlation between gene expression
profile and clinical traits of BRD.

Module Preservation Analysis
In this method, based on the assumption that BRD may cause a
topological change in the coexpression patterns of the healthy
samples, and that nonpreserved modules between the healthy and
disease samples may be biologically related to BRD, the healthy
samples (n � 18) were selected as a reference set for construction
the coexpression network and modules detection. So, after outlier
detection, removing them, and set β � 13 as a soft threshold,
automatic module detection function “blockwiseModules” of the
WGCNA was used for a signed network construction, as well as
identification of modules in healthy samples with following
parameters: networkType � “signed,” TOMType � “signed,”
corType � “bicor,” mergeCutHeight � 0.25, power � 13,
maxBlockSize � 12,000, minModuleSize � 30, and
reassignThreshold � 0. After identifying the modules, module
preservation analysis was performed using the “module
Preservation” function of WGCNA R package to investigate
whether the network density and connectivity patterns of the
modules were preserved between the healthy and BRD samples.
For this purpose, two composite preservation statistics were
investigated using a permutation test (based on 200 random
permutations). The first preservation composite statistic was
Zsummary that was calculated from a combination of several
preservation statistics, which investigated whether the mean
connection strength among all genes in a module (known as
network density) identified in the healthy samples remain highly
connected in the disease samples and it also evaluates whether the
sum of the connection strengths for a gene with other network
genes (known as connectivity) in the healthy samples are similar
in the disease samples (Langfelder et al., 2011). A higher value of
Zsummary indicates strong preservation between conditions
(healthy vs. BRD). However, Zsummary increases with
increasing module size, Therefore, it is strongly dependent on
the module size (Langfelder et al., 2011). The second preservation
composite statistic used is medianRank, which is a module size-
independent statistic; this rank-based measure relies on observed
preservation statistics. Unlike Zsummary, modules with low
medianRank values are highly preserved between conditions.
In this study, modules with Zsummary > 10 and medianRank
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< 8, 5 < Zsummary ≤ 10 andmedianRank < 8, and Zsummary ≤ 5
or medianRank ≥ 8 were considered as highly-preserved,
semipreserved, and nonpreserved, respectively.

Functional Enrichment Analysis and
Transcription Factors Prediction
To determine which modules are biologically related to BRD, all
genes in each module were analyzed for Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
using the Enrichr web tool (Chen et al., 2013). The cutoffs of
significant terms were defined as adjusted p-value <0.05
(correction by the Benjamini–Hochberg method). Moreover,
to identify potential regulatory factors in the modules, the
genes of each module were aligned to bovine transcription
factors (TFs) set from the AnimalTFDB3.0 database (Hu et al.,
2018).

Hub Genes Identification and
Protein–Protein Interaction Network
Construction
Highly connected genes (hub genes) in a coexpression module are
suitable candidates for explaining behavior and biological
function of that module. In other words, highly connected
intramodular hub genes have the highest degree of connection
in a module and are central to modules in a network, and
compared with other genes, they have more biological
relevance to the module functions (van Dam et al., 2017). In
this regard, module membership (MM) also known as eigengene-
based connectivity kME for each gene was calculated by the
WGCNA R package through the correlation between the gene
expression profile and the module eigengenes. Next, this criterion
was used to identify hub genes in the significant highly correlated
modules with clinical traits of BRD that were identified by the
MTRs method and nonpreserved modules that were identified by
the MP method. In fact, the MM assesses how well the genes of a
module correlate with the characteristics of that module. Genes
with kME ≥ 0.7 were considered as highly connected hub genes in
the respective modules. Furthermore, to investigate the
connections of proteins encoded by the hub genes, Search
Tool for the Retrieval of Interacting Genes (STRING) database
(version 11.0) (Szklarczyk et al., 2018) was used and the
protein–protein interaction (PPI) network of the hub genes
was attained for further analysis.

Hub–Hub Gene Detection and Network
Visualization
For detection of the highly connected and central genes in the PPI
network based on the hub genes (hub–hub genes), cytoHubba
application (version 0.1) was used (Chin et al., 2014). This
application is a cytoscape plugin and explores important genes
and subnetworks in a given biological network such as the PPI
network by several topological analysis methods including local-
based and global-based methods. Local-based methods only
considers the direct neighborhood of a gene, including degree

(Deg), maximum neighborhood component (MNC), density of
maximum neighborhood component (DMNC), clustering
coefficient (CC), and maximal clique centrality (MCC)
methods. Global-based methods focus on the shortest paths,
such as closeness (Clo), eccentricity (EcC), radiality (Rad),
bottleneck (BN), stress (Str), and betweenness (BC) methods
(Chin et al., 2014). These 12 topological analysis methods were
used separately to rank 60 important genes in each PPI network
that were derived from the hub genes. Next, for rank aggregation
of important genes lists, RankAggreg R package (version 0.6.6)
was used based on cross-entropy (CE) algorithm and genetic
algorithm (GA) (Pihur et al., 2009). Finally, the common genes
between these two methods were considered as hub–hub genes.
Significant highly correlated modules (identified by MTRs) and
nonpreserved modules (identified by MP) that were biologically
associated with BRD were visualized using Cytoscape (version
3.7.1) (Cline et al., 2007).

RESULTS

RNA-Seq Data Analysis
A summary for the RNA-seq data analysis pipeline and the steps
for constructing the weighted gene coexpression network is
presented in Figure 1. RNA-seq data included 43 samples (18
healthy and 25 BRD), and there was a mean of 31.781 million
paired-end (2 × 100 bp) reads per sample. A total of 1.366 billion
reads were analyzed and after trimming, a total of 1.352 billion
clean reads were obtained (approximately 31.469 million clean
reads per sample). On average, 95% of all clean reads were
mapped to the bovine reference genome (ranging from 92 to
97%). Moreover, a mean of 82% of all clean reads were uniquely
mapped to the bovine reference genome. The details about RNA-
seq data, trimming, and mapping summary of all samples is
provided in Supplementary Table S1. Finally, after applying
various parameters to filter the low-expressed and low-variance
genes, a total of 10,099 genes were further used in the WGCNA
analysis. A list of filtered genes along with the normalized values
of their expression is provided in Supplementary Table S2.

Module–Trait Relationship Analysis
To prevent the negative effects of outlier samples on gene
coexpression network analysis, after identifying the outliers,
two samples (GSM4943645 and GSM4943656) with a
standardized connectivity score < −2.5 were removed
(Figure 2A). The weighted adjacency matrix was constructed at
β � 10 whose scale-free topology fitting index (R2) was ≥0.80
(Figure 2B). After network construction, 12 coexpressionmodules
(excluding grey module with 690 uncorrelated genes) were
identified through hierarchical clustering and dynamic hybrid
tree cutting with an average size of 784 genes. The turquoise
and tan modules were the largest and smallest module with 2,592
and 72 genes each, respectively (Supplementary Table S3). In
Figure 3A, a clustering dendrogram is presented in which the
branches represent the modules that are labeled with a specific
color by the WGCNA R package. Clinical traits related to BRD
that were used in MTRs included clinical signs measurements of
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BRD such as rectal temperature (°C), haptoglobin level (g/L),
respiratory rate (per min), and average daily gain. The sample
dendrogram and trait heatmap of clinical traits related to BRD
across all samples are presented in Figure 3B. The results of MTRs

indicate that the rectal temperature, haptoglobin level, average
daily gain, and respiratory rate have eight, eight, six, and two
significant modules, respectively. Among the significant modules
are as follows: MEpurple (R � −0.63, p � 1e−05), MEblue (R �

FIGURE 1 | Schematic pipeline for RNA-seq data analysis and weighted gene coexpression network construction in this study.
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−0.71, p � 2e−07), MEbrown (R � −0.55, p � 2e−04), and
MEturquoise (R � 0.7, p � 3e−07) modules were significantly
highly correlated and MEyellow (R � −0.41, p � 0.008), MEtan
(R � −0.32, p � 0.04), MEgreenyellow (R � 0.37, p � 0.02), and
MEpink (R � −0.38, p � 0.01) modules were significantly
moderately correlated with rectal temperature, respectively
(Figure 3C). Also, MEpurple (R � −0.64, p � 8e−06), MEblue
(R � −0.75, p � 1e−08), MEbrown (R � −0.55, p � 2e−04), and
MEturquoise (R � 0.72, p � 1e−07) modules were significantly
highly-correlated and MEyellow (R � −0.42, p � 0.006), MEtan
(R � −0.31, p � 0.04), MEblack (R � 0.33, p � 0.04), and MEpink
(R � −0.34, p � 0.03) modules were significantly moderately
correlated with haptoglobin level, respectively (Figure 3C).

Moreover, MEpurple (R � 0.64, p � 8e−06), MEblue (R � 0.53,
p � 4e−04), MEbrown (R � 0.53, p � 4e−04), and MEturquoise
(R � −0.59, p � 6e−05) modules were significantly highly
correlated, and MEred (R � −0.34, p � 0.03) and MEgreen
(R � 0.34, p � 0.03) modules were significantly moderately
correlated with average daily gain, respectively (Figure 3C).
The MEturquoise (R � 0.32, p � 0.04) and MEbrown (R �
−0.32, p � 0.04) modules were significantly moderately
correlated with respiratory rate, respectively (Figure 3C), but
no significant highly correlated modules were found for this
trait. Then, the significant highly correlated modules were
selected for downstream analysis. Briefly, the turquoise, blue,
brown, and purple modules with module sizes of 2,592, 1,691,

FIGURE 2 | Sample clustering to detect outliers and network topology analysis. (A) All samples except GSM4943645 and GSM4943656 were clustered and then
selected for module–trait relationships analysis. (B) Scale-free topology fitting index (left) and mean connectivity (right) for different soft-threshold powers (β). For
module–trait relationships analysis, coexpression network was constructed at β � 10 whose scale-free topology fitting index (R2) was ≥0.80. (C) All samples except
GSM4943661 and GSM4943667 were clustered and then selected for module preservation analysis. (D) Scale-free topology fitting index (left) and mean
connectivity (right) for different soft-threshold powers (β). For module preservation analysis, co-expression network was constructed at β � 13 whose scale-free topology
fitting index (R2) was >0.80.
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1,214, and 141 genes, respectively, were identified as significantly
highly correlated modules with rectal temperature, haptoglobin
level, and average daily gain (Figure 3C).

Functional Enrichment Analysis of Highly
Correlated Modules
In order to understand the biological performance of the significant
highly correlated modules with clinical traits of BRD, functional

enrichment analysis was performed and a total of 356 biological
process and 129 KEGG pathways were significantly enriched in the
respective modules. The turquoise module had the highest number of
enriched terms and pathways, including 305 biological processes and
116 KEGG pathways. The most significant GO term and KEGG
pathway in the turquoise module were “neutrophil-mediated
immunity” (GO:0002446, adjusted p-value � 7.45E−55) and
“Lysosome” (adjusted p-value � 5.16E−13), respectively. On the
other hand, 19 biological processes and 13 KEGG pathways were

FIGURE 3 | Module–trait relationships analysis. (A) Gene hierarchical clustering dendrogram of 12 detected modules based on a dissimilarity (1-TOM) measure
across all samples, the y-axis represents the coexpression distance and the x-axis represents the genes. The branches indicate the modules, and each module is
marked with a separate color, the gray module encompass genes that are not assigned to any of the modules. (B) Sample dendrogram and trait heatmap of clinical traits
related to BRD across all samples. The gradient fromwhite to red indicates the low to high level of the respective traits in the samples. (C)Module–trait relationships
between detected modules and clinical traits of BRD. Module–trait relationships are obtained by calculating the correlation between the traits and the module
eigengenes. The red and blue colors indicate strong positive correlation and strong negative correlation, respectively. Rows represent module eigengene (ME) and
columns indicate clinical traits of BRD. Rect. Temp, rectal temperature (°C); Haptog. Level, haptoglobin level (g/L); Resp. Rate, respiratory rate (per min), ADG, average
daily gain. Asterisks corresponds to significant highly correlated values.
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significantly enriched in the purple module. The most significant GO
term and KEGG pathway in the purple module were “cellular defense
response” (GO:0006968, adjusted p-value � 2.27E−09) and “natural
killer cell-mediated cytotoxicity” (adjusted p-value � 2.09E−06),
respectively. Only 32 biological processes were enriched in the blue
module, and no biological process or KEGGpathwaywas significantly
enriched in the brown module. The top 20 significant biological
process terms for turquoise, blue, and purplemodules are presented in
Figure 4A. Moreover, the complete information of the functional
enrichment analysis for the significant highly correlatedmodules with
clinical traits of BRD is provided in Supplementary Table S4. Based
on the functional enrichment analysis, among the significant highly

correlated modules with clinical traits of BRD, turquoise and purple
modules were associated with BRD mechanisms and host immune
response. To identify potential TFs that may control transcription of
coexpressed genes in the modules, a total number of 100 and 11 TFs
were found in the turquoise and purple modules, respectively
(Supplementary Table S5).

Hub and Hub–Hub Gene Detection in Highly
Correlated Modules
In this study, coexpressed genes in both turquoise and purple
modules (as significant highly correlated as well as biologically

FIGURE 4 | Functional enrichment analysis results. (A) The top 20 significant biological processes for significant highly correlated and biologically related modules
to bovine respiratory disease (BRD). Color and size and each point represent −log2(FDR) and number of genes for each term, respectively. (B) The top 15 significant
biological processes for significant enriched nonpreserved modules. Color and size and each point represent −log2(FDR) and number of genes for each term,
respectively.
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related modules with BRD) were further evaluated. The MM versus
GS plots of these modules are presented in Figure 5, which shows a
strong correlation between GS and MM. In other words, the most
significant genes with clinical traits of BRD are often the central
genes in the respective modules. More information about GS for
clinical traits of BRD can be found in Supplementary Table S6.

Highly connected intramodular hub genes often have high levels of
MM and may play an important role in BRD. So, in this regard, a
total of 1,476 and 114 hub genes were identified in turquoise and
purple modules, respectively (Supplementary Table S7). Then, the
connection of proteins encoded by these hub genes in each module
was examined and the PPI network related to the hub genes in

FIGURE 5 | Scatterplots of module membership (MM) versus gene significance (GS) plots. (A–D) module membership versus gene significance for rectal
temperature, haptoglobin level, average daily gain, and respiratory rate in the turquoise module, respectively. (E–H) module membership versus gene significance for
rectal temperature, haptoglobin level, average daily gain, and respiratory rate in the purple module, respectively.
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turquoise and purple modules was obtained. Interestingly, PPI
networks based on the hub genes in the turquoise and purple
modules were of high density based on the STRING database
information. The PPI network based on the hub genes in the
turquoise module is presented in Figure 6. Hub–hub genes,
which were highly connected in the respective coexpression
modules and also are central genes in the hub genes-based PPI
networks, can be considered as prognostic and therapeutic targets in
BRD development. Here, a total of 42 and 23 hub–hub genes were
found in turquoise and purple modules, respectively (Table 1).

Module Preservation Analysis
For module preservation analysis, healthy samples were used as a
reference set to construct the weighted gene coexpression network.
Two samples, GSM4943661 and GSM4943667 were identified as
outliers based on the distance adjacencymetrics of samples and then

removed (Figure 2C). For network construction, the soft threshold
power was set to 13 which showed high scale-free topology (R2 >
0.80; Figure 2D). Using WGCNA, a total of 36 modules were
identified in the healthy samples. The modules had different sizes
ranging from 40 in the yellowgreen module to 1,163 in the turquoise
module. In addition, the grey module contained 247 genes that were
not assigned to any of the othermodules (Supplementary Table S8).
The identified modules in the healthy samples with different colors
as branches of the hierarchical clustering dendrogram and the
relationship between them are presented in Figures 7A,B,
respectively. Next, for the module preservation analysis, we used
the BRD samples as a test set to investigate whether the network
density and connectivity pattern of the modules identified in the
healthy samples were preserved in the BRD samples. The results of
the preservation analysis showed that based on the thresholds set in
theMaterials andmethods section, six modules, including lightgreen

FIGURE 6 | Protein–protein interaction (PPI) network based on the hub genes of the turquoise module (identified by module–trait relationships method). Larger
nodes and orange octagons represent hub–hub genes and transcription factors, respectively.
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(Zsummary � 26, medianRank � 1), magenta (Zsummary � 24,
medianRank � 5), pink (Zsummary � 20, medianRank � 7), grey60
(Zsummary � 19, medianRank� 2), midnightblue (Zsummary� 17,
medianRank � 7), and darkred (Zsummary � 11, medianRank � 4),
were identified as highly preserved modules, and one module,
yellowgreen (Zsummary � 5.8, medianRank � 7) was identified
as a semipreserved module (Figure 7C). Interestingly, in agreement
with our hypothesis, of the 36 modules identified, 29 modules were
non-preserved between healthy and BRD samples, indicating that

their connectivity pattern and topological structure have been
affected and changed by the BRD (Figure 7C). Skyblue
(Zsummary � 1.5, medianRank � 36), darkmagenta (Zsummary
� 2.1, medianRank � 34), and darkolivegreen (Zsummary � 3.6,
medianRank � 24) modules were identified as the most non-
preserved modules between healthy and BRD samples,
respectively (Supplementary Table S9).

Functional Enrichment Analysis of Highly
Preserved, Semipreserved, and
Nonpreserved Modules
Tounderstand the biological significance and the functional difference
between highly preserved, semipreserved, and nonpreservedmodules,
all the 36 modules were subjected to GO terms and KEGG pathway
analysis, and a total of 521 biological processes and 158 KEGG
pathways were significantly enriched. Enrichment analysis of four
highly preserved modules that included magenta, pink, grey60, and
midnightblue revealed a total of 108 and 27 biological processes and
KEGG pathways, respectively. Among them, the magenta module
with 37 biological processes and 17 KEGG pathways was identified as
the most significant enrichedmodule. The other two highly preserved
modules, including lightgreen and darkred, showed no biological
process or KEGG pathway enrichment. Moreover, one biological
process was enriched in the yellowgreen module as the only
semipreserved module. The complete information of the functional
enrichment analysis for the highly preserved and semipreserved
modules is provided in Supplementary Table S10. On the other
hand, among the nonpreserved module, 13 modules including blue,
brown, cyan, darkmagenta, darkorange, green, greenyellow, lightcyan,
paleturquoise, purple, red, salmon, and yellowwere enriched in at least
one biological process or KEGG pathway (significantly enriched
nonpreserved modules). Furthermore, functional enrichment
analysis of the significantly enriched nonpreserved modules
identified a total of 412 biological processes and 131 KEGG
pathways. The top 15 significant biological process terms for
significantly enriched nonpreserved modules are presented in
Figure 4B. In addition, the complete information of the functional
enrichment analysis for the nonpreserved modules is provided in
Supplementary Table S11. Based on the enrichment results, among
the significantly enriched nonpreserved modules, six nonpreserved
modules including blue, greenyellow, purple, red, salmon, and yellow
were associated with pathogenic mechanisms of BRD and immune
response. Also, based on the bovine transcription factors set from the
AnimalTFDB3.0 database, a total number of 37, 18, 25, 55, 26, and
39 TFs were identified in blue, greenyellow, purple, red, salmon, and
yellow modules, respectively (Supplementary Table S12).

Hub and Hub–Hub Gene Identification in
Nonpreserved Modules
Six nonpreserved modules were identified as potential candidate
modules and biologically related to BRD based on the module
preservation and functional enrichment analysis, respectively.
Then, MM measures were used to identify intramodular hub
genes as important and central genes in these modules. A total
number of 326, 251, 216, 145, 131, and 99 hub genes were

TABLE 1 | List of the hub–hub genes in the turquoise and purple modules as
significant highly correlated and biologically related modules with bovine
respiratory disease (BRD) along with their module memberships (MM) and gene
significance (GS) for rectal temperature (identified by module–trait relationships
analysis).

Module

Turquoise Purple

Genes MM GS Genes MM GS

GAPDH 0.85 0.56 PRF1 0.97 −0.54
IL10 0.93 0.68 KLRK1 0.92 −0.71
STAT3 0.89 0.65 IL2RB 0.95 −0.62
MAPK1 0.81 0.66 LCK 0.85 −0.55
CASP3 0.81 0.51 ITK 0.82 −0.60
LAMP1 0.86 0.56 EOMES 0.82 −0.64
FN1 0.72 0.45 KLRD1 0.88 −0.52
MAPK14 0.91 0.64 CD40LG 0.81 −0.52
TLR4 0.93 0.67 NCR1 0.91 −0.58
TLR2 0.89 0.50 CCL5 0.92 −0.49
CD68 0.90 0.65 LOC618565 0.74 −0.36
RAC1 0.76 0.37 TBX21 0.93 −0.64
CD44 0.77 0.49 CD8A 0.88 −0.62
JAK2 0.87 0.55 RUNX3 0.83 −0.68
IL1B 0.86 0.50 XCL2 0.74 −0.30
CTSD 0.85 0.65 CCR8 0.95 −0.64
MMP9 0.93 0.62 CX3CR1 0.90 −0.57
GRB2 0.82 0.42 SH2D1A 0.86 −0.65
ANXA5 0.81 0.46 GPR55 0.82 −0.76
TYROBP 0.96 0.66 CTSW 0.92 −0.57
PTPN6 0.79 0.51 KIR2DS1 0.72 −0.34
RAB5C 0.90 0.57 NKG7 0.93 −0.54
SOD2 0.93 0.77 CD96 0.95 −0.61
BECN1 0.81 0.41 — — —

WAS 0.94 0.68 — — —

LAMTOR2 0.87 0.75 — — —

CYBA 0.86 0.56 — — —

SOCS3 0.94 0.66 — — —

ALDOA 0.93 0.67 — — —

SPI1 0.96 0.61 — — —

RETN 0.78 0.47 — — —

MYD88 0.93 0.68 — — —

VWF 0.77 0.63 — — —

PKM 0.97 0.66 — — —

ORM1 0.80 0.62 — — —

STOM 0.91 0.52 — — —

BCL2L1 0.81 0.70 — — —

HSP90AA1 0.89 0.72 — — —

MMP25 0.96 0.67 — — —

LAMP2 0.91 0.57 — — —

PSEN1 0.82 0.47 — — —

IL18 0.81 0.58 — — —

Note that the rectal temperature is one of the most important and widely used clinical
signs of BRD.
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detected in blue, yellow, red, purple, greenyellow, and salmon
modules, respectively. The complete list of the hub genes in the
nonpreserved modules can be found in Supplementary Table S13.
Hub genes-based PPI networks extracted from the STRING database
identified 303 nodes (proteins) and 2,942 edges (interactions) for the
blue module, 204 nodes and 1,085 edges for the yellow module, 183
nodes and 982 edges for the red module, 131 nodes, and 1,905 edges

for the purple module, 121 nodes and 716 edges for the greenyellow
module, and 91 nodes and 345 edges for the salmon module
indicating high connection density of proteins encoded by the
genes of these modules. Figure 8 represents the PPI network of
the purple module as the nonpreserved and potential biologically
BRD-related module. Additionally, based on the PPI networks
obtained by hub genes, a total number of 48, 51, 48, 49, 27, and

FIGURE 7 |Module preservation analysis. (A) Gene hierarchical clustering dendrogram of 36 detected modules based on a dissimilarity (1-TOM) measure across
healthy samples as reference set, the y-axis represents the coexpression distance and the x-axis represents the genes. The branches indicate the modules, and each
module is marked with a separate color, the gray module encompass genes that are not assigned to any of the modules. (B) Eigengene adjacency heatmap indicate
relationship among all the modules. (C) The medianRank preservation statistics of the modules. The y-axis and the x-axis represent medianRank values and
module size, respectively. Each point indicates a module labeled by a respective color. The green dashed line represents the medianRank threshold (medianRank ≥8).
(D) The Zsummary preservation statistics of the modules. The y-axis and the x-axis represent Zsummary values and module size, respectively. Each point indicates a
module labeled by a respective color. The red dashed line represents the Zsummary threshold (Zsummary ≤5). Modules with Zsummary ≤5 or medianRank ≥8 were
considered as nonpreserved between healthy and BRD conditions.
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19 hub–hub genes were found in the blue, yellow, red, purple,
greenyellow, and salmon modules, which can be potential
biomarkers and candidate disease genes in the etiology and the
diagnostics of BRD (Table 2). PPI networks of significant highly
correlated modules (identified by MTRs) and nonpreserved modules
(identified by MP) that were biologically associated with BRD are
available in Supplementary Figure S1.

DISCUSSION

BRD is a multifactorial disease that results from the interaction of
environmental stressors and infectious agents of BRDC (Gagea
et al., 2006). BRDC includes the viral pathogens such as bovine
respiratory syncytial virus (BRSV), bovine parainfluenza type 3
virus (BPIV-3), bovine viral diarrhea virus (BVDV), bovine
coronavirus (BCV), and bovine herpes virus type 1 (BHV-1)
that affect upper respiratory system and also contain the bacterial
pathogens Trueperella pyogenes, Mycoplasma bovis, Pasteurella
multocida, Histophilus somni, Bibersteinia trehalosi, and
Mannheimia haemolytica, which can affect the lower

respiratory system (Caswell, 2014; Kirchhoff et al., 2014).
Despite numerous studies, BRD is still the most common
disease and the leading cause of morbidity and mortality in
the cattle industry (Taylor et al., 2010). Understanding the
molecular mechanisms involved in the bovine immune
response to BRD is necessary given the persistence of the
disease in recent years. Combining high-throughput
technologies with various computational methods based on the
network approach, can provide an exceptional opportunity to
better understand the pathological processes of diseases and the
molecular mechanisms of the host immune responses
(Kadarmideen and Watson-Haigh, 2012). In this study, we
combined gene expression matrix obtained by RNA-seq data
analysis with two co-expression network-based methods of
WGCNA, module–trait relationships, and module preservation
analysis, to identify potential gene modules and candidate genes
involved in molecular processes induced by BRD.

Module–Trait Relationships Analysis
Module–trait relationship analysis identified four significant
highly correlated modules including turquoise, purple, blue,

FIGURE 8 | PPI network based on the hub genes of the purple module (identified by module preservation method). Larger nodes and orange octagons represent
hub–hub genes and transcription factors, respectively.
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and brown with clinical traits of BRD. Functional enrichment
analysis indicated that three of the four (75%) identified modules
including blue, purple, and turquoise modules had significant
enriched terms and pathways. This shows the power and high
accuracy of signed networks in separating the modules from each
other and identifying more significantly enriched terms or
pathways in the modules. The significant enriched terms in
the blue module were mostly related to basic cellular activities

including “tRNA transport,” “transcription DNA-templated,”
“DNA metabolism,” “macromolecule biosynthetic,” and “cell
cycle.” On the other hand, the turquoise and purple modules
had many biological processes and KEGG pathways closely
related to the BRD mechanisms. So, our focus on the
turquoise and purple modules (identified by MTRs method) as
significant highly correlated and key biologically related modules
to BRD.

TABLE 2 | List of the hub–hub genes of the nonpreserved and biologically BRD-related modules that were identified by module preservation analysis.

Modules

Blue Greenyellow Purple Red Salmon Yellow

LAMP1 STAG2 ISG15 RAB11FIP2 IL2RB C5AR1
LAMP2 PIK3CA STAT1 TNF KLRK1 IL1B
TLR4 SMURF2 IFIH1 MAU2 PRF1 UBA52
PSAP PTEN RTP4 UNKL ITGAL PTAFR
ANXA5 ADAM10 USP18 TAF1 CCL5 IL15
C3 TSPAN13 DDX58 NR2C2 CCR5 GRB2
PSEN1 SNX27 IRF7 LCK GZMA CD68
RAP1B KLHL11 MX1 CD2 NCR1 PLEK
CTSB PIP5K1B PARP9 ARIH2 RUNX3 SOCS3
STOM SOS2 DHX58 ZFYVE20 S1PR5 NFKBIA
ACTR2 SNX13 IFI35 TSC1 CX3CR1 MYD88
BECN1 MGAT4A RSAD2 ITK NKG7 ANXA1
CAT YES1 IFI44 SMC5 IL12RB2 FCAR
NPC2 GSK3B IFI44L LCP2 GZMB CYTH4
CD86 SGK3 UBA7 PHF8 CCR8 CRKL
ATG7 UBE2R2 UBE2L6 JAK3 PDCD1 HECW2
VPS35 TMEM30A EIF2AK2 RIC1 TRPM2 RAF1
PRCP HECTD1 IRF9 SETDB1 TMEM63A IL18RAP
RAB1A TSPAN33 ISG20 FMR1 GZMH GADD45B
RAB5A RNF217 MX2 PLCG1 — FAS
GAA ROCK1 XAF1 CHD3 — CNR2
MGST1 TAB2 PARP14 FBXO4 — CCR1
CCR2 PDP1 PARP12 FBXL20 — HCAR3
CD59 WAPAL IFIT5 PIK3CD — SNX18
CTSC WAC STAT2 FBXO21 — SGK1
ACTR1A PI4K2B TRIM21 TIA1 — IFNAR2
TLR7 SERPINE2 OAS1X TNRC6A — VNN2
LYZ — HERC6 TLR3 — DDIT3
GM2A — CMPK2 POGZ — WDFY3
CST3 — ZBP1 PDPR — IFNGR2
TNFRSF1B — DTX3L CRAMP1L — PPP2R5A
CAPZA1 — ZNFX1 RERE — SELL
RAB6A — IFITM3 RAB11FIP4 — KDM4B
ARF1 — RNASEL CD6 — NCF1
FTL — SAMD9 ZC3H11A — LOC407171
APLP2 — GBP4 TNFRSF10D — ARRDC4
PECAM1 — TRIM25 UBP1 — TARM1
ATF6 — MB21D1 SLC37A3 — VASP
CSF2RB — OAS1Y IKBKE — SLC2A3
RAB18 — HERC5 STAT5A — BST1
SPTLC1 — ADAR NAA16 — MCL1
KTN1 — GBP7 ZBTB43 — NFAM1
SHISA5 — OAS2 CAMSAP1 — TNIP1
MOSPD2 — IFI6 TWF1 — GADD45A
CD163 — FOXS1 ABI2 — NUDT3
ATP6V1A — PML VAMP5 — MEFV
IFNAR1 — CD53 CDC7 — MXD1
CAPN2 — CHMP5 UPB1 — LONRF3
— — GPR97 — — KDM6B
— — — — — ICAM3
— — — — — TCN1
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Coregulated genes in the turquoise module were closely
related to the mechanisms of the innate immune system as the
first defense line against BRD and this shows the great importance
of this module during BRD development. We also found a
number of enriched terms related to the adaptive immune
system in this module. After infection with various viral or
bacterial pathogens, extensive complex interactions begin
between the host and the pathogen (Kumar et al., 2011).
Pathogens produce various molecules known as pathogen-
associated molecular pattern (PAMPs) to continue their life
cycle and pathogenic activity (Janeway and Medzhitov, 2002;
Tang et al., 2012). These PAMPs are recognized by pattern
recognition receptors (PRRs) in the host, which are proteins
expressed by key innate immune system cells such as neutrophils,
macrophages, monocytes, dendritic cells, and epithelial cells
(Medzhitov, 2007; Yuki and Koutsogiannaki, 2021). Upon
recognition of PAMPs by PRRs, a cascade of signaling
pathways is induced, leading to an inflammatory response and
subsequent rapid response of the innate immune system to
eliminate the pathogens (Lee and Kim, 2007; Kawai and Akira,
2010). In this regard, the turquoise module had important KEGG
signaling pathways as well as their downstream biological
processes associated with PRRs and inflammatory response
including “Toll-like receptor signaling pathway,” “MyD88-
dependent Toll-like receptor signaling pathway,” “TRIF-
dependent Toll-like receptor signaling pathway,” “C-type lectin
receptor signaling pathway,” “NOD-like receptor signaling
pathway,” “NF-kappa B signaling pathway,” and “MAPK
signaling pathway.”

Toll-like receptors (TLRs) are the most important signaling
maker PRRs and act as the primary sensors of pathogens (Iwasaki
and Medzhitov, 2004; Akira et al., 2006). The Toll-like receptor
signaling pathway is activated through the recognition of PAMPs
by membrane and cytoplasmic TLRs (Kumar et al., 2009; Blasius
and Beutler, 2010; Heidarzadeh et al., 2020). The TLR signaling
pathway is divided into two distinct pathways, including the
MyD88-dependent and the TRIF-dependent signaling pathway,
depending on the type of TLR sensitized and subsequently
equipped adapters (Takeuchi and Akira, 2010). All TLRs
family (TLR1 to 10), except TLR3, activate the MyD88-
dependent Toll-like receptor signaling pathway, which
activates the NF-kappa B signaling pathway and MAPK
signaling pathway to produce proinflammatory cytokines and
chemokines (Takeda and Akira, 2005; Lin et al., 2010; Kawasaki
and Kawai, 2014). On the other hand, TLR3 as well as TLR4
activate the TRIF-dependent Toll-like receptor signaling
pathway, which leads to induce production of
proinflammatory cytokines and type I interferons by activating
NF-κB and IRF3/IRF7 transcription factors (Takeda and Akira,
2005; Lin et al., 2010; Kawasaki and Kawai, 2014). Various studies
in cattle diseases such as bovine tuberculosis (Nalpas et al., 2015),
Johne’s disease (Ferwerda et al., 2007; Wang et al., 2019),
endometritis (Turner et al., 2014), and mastitis (Luoreng et al.,
2018; Islam et al., 2020) have reported the TLR-signaling pathway
being induced during these diseases. A previous study also
reported that the Toll-like receptor signaling pathway was
activated during different challenges with a group of BRDC,

including BoHV-1, BRSV, BVDV, Mannheimia haemolytica,
and Pasteurella multocida (Tizioto et al., 2015).

C-type lectin receptor signaling pathway is another pattern
recognition receptor related pathway that is activated by CLRs
membrane receptors by identifying different carbohydrates such
as mannose, glucan, and fucose in viruses, bacteria, and fungi and
activates MAP kinases, the transcription factor NF-AT, and NF-
κB that eventually induces the production of proinflammatory
cytokines (Geijtenbeek and Gringhuis, 2009; Takeuchi and Akira,
2010). Recent studies have examined the importance of C-type
lectin receptors in human infectious diseases (Lugo-Villarino
et al., 2018; Zhao et al., 2019). NOD-like receptors are
cytosolic receptors that can detect a wide range of bacteria,
viruses, and other pathogens that enter the cytoplasm (Franchi
et al., 2009). These receptors, like Toll-like receptors activate the
NF-kappa B and MAPK signaling pathways, regulate the
production of inflammatory cytokines such as IL-1β, and can
also induce apoptosis (Chen et al., 2009; Banse et al., 2013).

The NF-kappa B signaling pathway is a key pathway that acts
as a major mediator in inflammatory responses. Activation of the
NF-κB transcription factor induces the transcription of many
genes that encode proinflammatory cytokines and chemokines
such as IL-1β, IL-6, TNF-α, IL-12p40, and cyclooxygenase-2
(Oeckinghaus and Ghosh, 2009; Liu et al., 2017). In addition,
a study investigated the effect of SH protein expressed by the
BRSV genome on the lack of NF-κB phosphorylation in the host,
which reduces the production of proinflammatory cytokines and
thus modulates the immune system (Pollock et al., 2017). The
MAPK signaling pathway is another key mediator pathway
during inflammation that regulates cytokine production by
phosphorylating and activating certain kinases (Salojin and
Oravecz, 2007). Several transcriptomics and proteomics studies
have reported MAPK signaling pathway activity during BRD
(Tizioto et al., 2015; Behura et al., 2017; Liyang et al., 2021).

Furthermore, other important immune-related terms
identified in the turquoise module include “JAK-STAT
signaling pathway,” “TNF signaling pathway,” “PI3K-Akt
signaling pathway,” “regulation of interferon-gamma
production,” and “positive regulation of interleukin-8
secretion.” The JAK-STAT signaling pathway is one of the
most important intracellular signaling pathways that regulates
communication between cytokine transmembrane receptors and
the nucleus and is involved in many biological processes in the
body, such as immune regulation, cell differentiation/
proliferation, apoptosis, and keep homeostasis in inflammatory
conditions (O’Shea et al., 2012; O’Shea et al., 2015; Xin et al.,
2020). This pathway, mediates cytokine responses through
binding of cytokines such as IL-6/12/17/23, as well as type I
(alpha and beta), and II (gamma) interferons to their respective
receptors at the cell surface and activation of STATs transcription
factors to regulate their target genes in the nucleus (Charles Jay
and Eric, 2009). Interferons by activating this pathway, can cause
antiviral conditions (Horvath, 2004b; a). BoHV-1, as an
infectious agent of BRDC, has the ability to suppress the host
immune system by expressing the UL41 gene and subsequently
increase its viral replication. The UL41 blocks the JAK-STAT
signaling pathway by suppressing STAT1 expression. Thus, this
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virus has the ability to deal with the antiviral condition resulting
from the JAK-STAT signaling pathway (Ma et al., 2019). On the
other hand, Ma et al. (2020) reported that Bta-miR-2890, by
directly targeting BoHV-1 UL41, increases STAT1 and JAK1
expression and, thus, opens the JAK-STAT signaling pathway
as well as prevent viral replication. This suggests the importance
of JAK-STAT signaling pathway during viral infections.

The PI3K–Akt signaling pathway is a key pathway in all
mammalian cells that is involved in several processes, such as
cell growth, migration, proliferation, and metabolism as well as
the role of this pathway in regulatory T-cell development and
memory CD8 T-cell differentiation, has been reported (Kim and
Suresh, 2013; Pompura and Dominguez-Villar, 2018). It has also
been suggested that some genes in the PI3K–Akt signaling
pathway may play an important role in eliciting downstream
cascades in lung lesions during BRD (Behura et al., 2017). Tumor
necrosis factor (TNF) is a proinflammatory cytokine that is
mainly secreted by macrophages and alerts other cells during
the inflammatory response. TNF is also known to be a major
regulator of the production of proinflammatory cytokines and
has been considered as a therapeutic target for the treatment of
some inflammatory diseases such as rheumatoid arthritis and
inflammatory disease (Liu, 2005; Parameswaran and Patial,
2010). The TNF signaling pathway plays an important role in
the control of inflammation, immunity, and cell survival (Rana
et al., 2019). It has been shown that one of the strategies for
bacterial survival and immunosuppression by Mycoplasma bovis
is to inhibit TNF-α and interferon-gamma production (Mulongo
et al., 2014).

Interleukin-8 is a chemokine, that is expressed in various cells
especially in macrophages. IL8 is responsible for the induction of
chemotaxis and causes guided migration of neutrophils to the site
of infection (Remick, 2005). An increase in IL8 expression has
been observed in challenges with BRSV and Mannheimia
haemolytica as well as a significant association between
increased expressions of IL8 with lung lesions. Therefore, it
has been suggested that IL8 antagonist drugs be used to
prevent inflammatory lung lesions (Caswell et al., 1998;
Malazdrewich et al., 2001; Singh et al., 2011; Redondo et al.,
2014).

In response to signaling proinflammatory cytokines and
chemokine such as IL8, neutrophils are the first cells to
migrate from the blood to the infection site (Kolaczkowska
and Kubes, 2013). These cells play an important role in killing
extracellular pathogens through phagocytosis (Nordenfelt and
Tapper, 2011; DeLeo and Allen, 2020). Neutrophil-related
biological processes and KEGG pathways in the turquoise
module included “neutrophil mediated immunity,” “neutrophil
degranulation,” “neutrophil activation involved in immune
response,” and “neutrophil extracellular trap formation.”
However, neutrophils play an important role in the
pathogenesis of BRD by destruction and damaging lung tissue
during infection (McGill and Sacco, 2020). Moreover, neutrophils
release their nuclear DNA and related proteins in the extracellular
environment through NETosis, a unique form of cell death that
leads to the formation of neutrophil extracellular traps (McGill
and Sacco, 2020). NETs trap and kill bacteria, fungi, viruses, and

parasites. In addition to their antimicrobial role, NETs can also
play a role in the pathogenesis of inflammatory diseases
(Papayannopoulos, 2018). Furthermore, evidence suggests that
NETs play a role in the host defense in response to Mannheimia
haemolytica and Histophilus somni infection (Aulik et al., 2010;
Hellenbrand et al., 2013). The findings also indicate that
Mycoplasma bovis, through its endonucleases, is able to digest
NETs and escape the immune system (Gondaira et al., 2017).
However, Cortjens et al. (2016) showed that NETs has the ability
to trap respiratory syncytial virus (RSV), but their excessive
accumulation leads to airway obstruction, which can
contribute to RSV pathogenesis (Cortjens et al., 2016).

We also identified several microbicidal mechanisms, including
“Phagocytosis,” “Fc gamma R-mediated phagocytosis,”
“Phagosome,” “Lysosome,” and “phagosome maturation” in
the turquoise module. In the immune system of multicellular
organisms, phagocytosis is a cellular process for the elimination
of pathogens and dead cell debris, and is an essential for
maintaining tissue homeostasis (Flannagan et al., 2012). Fc
gamma R (FcγR) receptors are glycoproteins found on the
surface of immune cells such as neutrophils, macrophages, and
natural killer cells that stimulate phagocytosis through antigen-
binding IgG antibodies (Rosales, 2017). Phagocytosis involves
several stages. After ingestion of pathogens or foreign particles by
immune cells, the ingested particles become specialized vacuoles
and distinct organelles called phagosomes. During the stage called
phagosome maturation, the lysosome fuses with the phagosome
membrane, and its contents are poured into the phagosome, and
an organelle called phagolysosome is formed. This newly formed
organelle contains enzymes that can break down the digested
particles (Canton, 2014; Levin et al., 2016; Uribe-Querol and
Rosales, 2020). Because of the importance of phagocytosis
pathway in inducing an innate and adaptive immune response,
pathogens use specific strategies to control and suppress
phagocytes (Srikumaran et al., 2007). Mannheimia haemolytica
and Pasteurella multocida use their toxins and extracellular
components to kill phagocytes, thus preventing phagocytosis
and subsequently releasing the reactive oxygen metabolite
contents of the phagocytes, which exacerbates pulmonary
inflammation (CUSACK et al., 2003). Research also shows that
Mycoplasma bovis has the ability to survive long-term in necrotic
lung lesions and phagocytic cells by overcoming phagocytosis
(Kleinschmidt et al., 2013). Moreover, virulent isolates of
Histophilus somni have the ability to survive in phagocytic
cells by interfering with phagosome–lysosome maturation (Pan
et al., 2018). In addition to the bacterial agents of the BRDC,
viruses such as BVDV, PIV3, and BRSV have the ability to inhibit
phagocytosis by macrophages (Bell et al., 2021).

The turquoise module also identified some of the major
pathways associated with programmed cell death, including
“Apoptosis” and “Necroptosis.” Apoptosis is the first type of
programmed cell death that clears cells infected with pathogens
(especially viruses) to prevent them from replication and spread
(Amarante-Mendes et al., 2018). For example, a previous study
showed that apoptosis of BRSV-infected epithelial bronchial cells
is an effective way to clear the virus (Viuff et al., 2002) as well as it
has been suggested that apoptosis may play a role in modulating
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airway inflammation during BRSV infection (Cristina et al.,
2001). On the other hand, the BHV-1 uses the products of the
LR gene to prevent apoptosis of infected cells and can therefore
proliferate sufficiently in infected cells (Geiser and Jones, 2005;
Srikumaran et al., 2007). Moreover, BHV-1 inhibits the efficient
immune response by infecting CD41+ T-cells and inducing
apoptosis in them (Jones and Chowdhury, 2010). Bacterial
pathogens also have the ability to survive and manipulate
intracellular mechanisms of host cells to escape the immune
system. A recent study showed that Mycoplasma bovis has the
ability to inhibit the apoptosis of infected bovine alveolar
macrophages by increasing the expression of several anti-
apoptotic genes (Maina et al., 2019). Necroptosis is a
programmed form of inflammatory cell death (necrosis) that
actively causes cell death of infected cells or the propagation of
danger signals to stimulate the immune system. However,
uncontrolled necroptosis may lead to the pathogenesis of
inflammatory diseases. For instance, the findings show that
RSV, through the activation of necroptosis, lead to
neutrophilic cell death (Muraro et al., 2018). Bedient et al.
(2020) showed that the RSV causes cell death of alveolar
macrophages through various cell death mechanisms such as
necroptosis, pyroptosis, and apoptosis, which can contribute to
the pathogenesis of the RSV and exacerbate inflammation in the
lungs (Bedient et al., 2020).

Interestingly, we identified the terms “regulation of nitric
oxide biosynthetic process,” “positive regulation of nitric oxide
metabolic process,” and “positive regulation of nitric oxide
biosynthetic process” in the turquoise module. Nitric oxide
(NO) is a natural molecule with antimicrobial properties that
is produced by most mammalian cells (Crepieux et al., 2016).
Several studies have shown the antibacterial and antiviral
properties of NO during BRD, and it has also been
demonstrated that NO therapy, as a non-antibiotic-based
treatment can be a safe and effective method to control BRD
(Regev-Shoshani et al., 2013; Regev-Shoshani et al., 2014).
Another study demonstrated that NO reduced levels of
proinflammatory cytokines, such as IL-1β and TNF, thereby
limiting inflammation during BRD. On the other hand, NO
increases the ability of the host to detect pathogens by
increasing the expression of TLR4 gene (Sheridan et al., 2016).

We also identified some pathways in the turquoise module
associated with the adaptive immune system such as “B-cell
receptor signaling pathway”, “positive regulation of activated
T-cell proliferation,” “Th1/Th2 cell differentiation,” and “Th17
cell differentiation.” B cells are vital cells for the humoral
response, and research shows that the B-cell receptor signaling
pathway is one of the most important pathways in the immune
system of animals to respond to infection with viral agents of
BRDC (Tizioto et al., 2015). T cells are essential cells for cell-
mediated immunity and include several subtypes that play a
variety of roles, including killing virus-infected cells, secreting
interferon-gamma, and other cytokines (Platt et al., 2006). The
importance and application of helper and cytotoxic T cells in viral
clearance in the first and second challenges with BVDV have been
investigated. The results show that these T cells in the second
challenge with BVDV have the ability to quickly clear the virus

(Silflow et al., 2005). Furthermore, T cells have been reported to
be critical for the response to BRSV infection (Gaddum et al.,
2003).

Intramodular hub genes (especially hub–hub genes) are highly
correlated with the biological function of the module. In this
regard, hub–hub genes identified in the turquoise module, such as
FN1, MAPK14, PSEN1 (Neupane et al., 2018), IL-1β, IL-18
(Taylor et al., 2014), MYD88 (Dubbert et al., 2013), SOD2
(Hofstetter and Sacco, 2020), CTSD (Gray et al., 2019), JAK2
(Amat et al., 2019; Chao et al., 2019), CD68 (Lee et al., 2009), and
TLR2 (Mariotti et al., 2009; Tizioto et al., 2015) have been
reported as important genes in previous BRD studies. SOCS3
hub–hub gene was another key gene identified in the turquoise
module. This gene blocks both the production and signal
transduction of type I and II interferons by disrupting the
JAK/STAT signaling pathway (Akhtar and Benveniste, 2011).
Several studies have shown that viral agents of BRDC disrupt
interferon-dependent antiviral responses in the host by inducing
the expression of SOCS1 and SOCS3 and subsequently provide a
suitable condition for their survival and proliferation (Akhtar and
Benveniste, 2011; Ye et al., 2015; Zheng et al., 2015; Alkheraif
et al., 2017; Salem et al., 2019). These findings indicate the
importance of the SOCS3 gene as a therapeutic target for
infections caused by BRDC viral agents.

Moreover, other important hub–hub genes in the turquoise
module included IL10 and TLR4. Interleukin-10 (IL10) is an anti-
inflammatory cytokine that inhibits inflammatory responses
initiated by proinflammatory cytokines and subsequently
regulates inflammation (Pestka et al., 2004). Therefore, some
studies show that increasing the expression of IL10 regulates the
inflammatory response during BRD (Molina et al., 2014; Gondaira
et al., 2015; Rodríguez et al., 2015). On the other hand, Risalde et al.
(2011) showed that BHV-1 secondary infection in BVDV-infected
cows suppressed IL10 expression, which leads to exacerbate the
inflammatory response and more severe clinical lesions (Risalde
et al., 2011). Furthermore, failure in upregulation of IL10
expression level due to weaning and transport is associated with
a doubling of BRDmortality (Hodgson et al., 2005). TLR4 is one of
themost important cell surface PRRs that induces an inflammatory
response in response to lipopolysaccharide (LPS) derived from
Gram-negative bacteria by activation of different signaling
pathways (Ciesielska et al., 2021). However, overexpression and
abnormal activation of TLR4 leads to chronic and acute
inflammatory disorders such as endotoxemia and sepsis in
human and equine (Werners and Bryant, 2012; Kuzmich et al.,
2017). Also, due to the key role that TLR4 plays in activating the
signaling pathways that lead to the secretion of proinflammatory
cytokine, this gene has been suggested as a very attractive
therapeutic target for inflammatory diseases, such as sepsis in
human and equine (Werners and Bryant, 2012; Kuzmich et al.,
2017). Moreover, a significant correlation has been reported
between increased TLR4 expression level and increased
mortality during BRD (Hodgson et al., 2012). Therefore, these
results indicate a key role for IL10 and TLR4 during BRD that can
be further explored as important targets.

Among the detected TFs, STAT3 is one of the most important
hub–hub TFs identified in the turquoise module. Signal
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transducer and activator of transcription 3 (STAT3) is a
transcription factor belonging to the STAT protein family that
regulates various biological activities such as apoptosis,
angiogenesis, differentiation, cell proliferation, inflammation,
and the immune response (Furtek et al., 2016). In different
studies, STAT3 has been suggested as a key gene involved in
various bovine diseases (Jaslow et al., 2018; Villaseñor et al., 2019;
Bakhtiarizadeh et al., 2020). Moreover, several transcriptomic
studies have identified STAT3 among the top DEGs in response to
infection with agents of BRDC, indicating its important role
during BRD (Wu et al., 2017; Chao et al., 2019).

Several functional terms identified in the purple module
included “Natural killer cell-mediated cytotoxicity,” “T-cell
receptor signaling pathway,” “cellular defense response,”
“Chemokine signaling pathway,” and “T-cell activation.”
Interestingly, in addition to the antiviral activity of T cells that
have been discussed above, the T-cell receptor signaling pathway
has also been observed in challenges with Mannheimia
haemolytica, which indicates the importance and participation
of T cells in responding to different types of pathogens (Tizioto
et al., 2015). In agreement with the previous studies, PRF1
(Johnston et al., 2021a), LCK (Smirnova et al., 2009), NCR1
(Osman and Griebel, 2017), CCL5 (N’jai et al., 2013), CD8A
(Knapek et al., 2020; Lebedev et al., 2021), CCR8 (Lopez et al.,
2020), CX3CR1 (Salem et al., 2019), and TBX21 hub–hub TF
(Johnston et al., 2019) were identified as highly connected genes
in the purple module and have been reported as immune-related
genes during BRD. For instance, the PRF1 hub–hub gene is an
important gene that encodes the perforin-1, which is present in
cytotoxic T-lymphocytes (CTLs) and natural killer cells (NK
cells) and is involved in cytolysis and the regulation of the
immune system. This gene has been suggested by Johnston
et al. (2021a) as one of the biomarkers for diagnosis of
subclinical BRD from blood samples.

Module Preservation Analysis
Module preservation analysis and functional enrichment showed
that six modules (blue, greenyellow, purple, red, salmon, and
yellow) first changed their connectivity pattern and network
density due to BRD and second, were biologically related to
the BRD development. As expected, highly preserved and
semipreserved modules were more active in basic and general
cellular activities such as “Ribosome,” “rRNA processing,” “DNA
packaging,” “peptide biosynthetic process,” and “translation.”
Therefore, based on highly preserved and semipreserved
modules, it is not possible to explain the molecular
mechanisms involved in BRD. On the other hand, the six
mentioned nonpreserved modules were closely related to the
immune system and the pathogenesis of BRD.

Functional terms in the blue module were mostly related to the
innate immune system, including “lysosome,” “phagosome,” “Fc
gamma R-mediated phagocytosis,” “leukocyte transendothelial
migration,” “Toll-like receptor signaling pathway,” “Chemokine
signaling pathway,” “neutrophil activation involved in immune
response,” “activation of MAPK activity,” and “positive
regulation of NF-kappaB import into nucleus.” The leukocyte
transendothelial migration is one of the important steps of the

innate immune system in triggering the inflammatory immune
response and the migration of the first immune response cells
such as neutrophils to the sites of infection (Getter et al., 2019;
Bakhtiarizadeh et al., 2020) which that chemokines control
cellular responses at inflammatory sites through this pathway
(Krishnan et al., 2004). In agreement with similar BRD studies
(Tizioto et al., 2015; Behura et al., 2017; Johnston et al., 2021c;
Lebedev et al., 2021), the leukocyte transendothelial migration
was identified as one of the important pathways of the immune
system in the blue module. Additionally, some of the hub–hub
genes identified in the blue module have also been reported in the
previous BRD studies, including TLR4 (Scott et al., 2021),ANXA5
(Mitchell et al., 2008), C3, PSEN1 (Neupane et al., 2018), CTSB,
CD59, FTL (Nilson et al., 2020), CAT (Joshi et al., 2018), TLR7,
CD86 (Palomares et al., 2014), ATG7 (Lipkin et al., 2016), and
IFNAR1 (Amat et al., 2019). For example, stresses from weaning,
transport, and commingling reduced the expression level of the
ANXA5 (hub–hub gene) and, thus, lead to an increase in
apoptotic cells in the lungs or epithelial lining fluid, which can
increase the susceptibility of cattle to a primary infection
(Mitchell et al., 2008).

Coexpressed genes in the greenyellow module were enriched
in KEGG pathways and biological process such as “T-cell receptor
signaling pathway,” “focal adhesion,” “leukocyte transendothelial
migration,” and “regulation of cell motility.” These pathways have
also been observed in previous transcriptomic studies in response
to infection with the agents of BRDC (Tizioto et al., 2015; Behura
et al., 2017). Among the hub–hub genes identified in the
greenyellow module, the PTEN gene plays an important role
in the pathogenesis of BRD. Research has shown thatMicroRNA-
26b induces the NF-kB signaling pathway by directly targeting
PTEN, which exacerbates inflammation in the lungs during
infection with Gram-negative bacteria (Zhang et al., 2015).
Moreover, other hub–hub genes in the greenyellow module
including ADAM10 (Neupane et al., 2018), MGAT4A
(Johnston et al., 2021b), and GSK3B (Chao et al., 2019) were
identified as important genes involved in BRD.

Functional enrichment analysis revealed that the purple
module was enriched in the “NOD-like receptor signaling
pathway,” “C-type lectin receptor signaling pathway,” “RIG-I-
like receptor signaling pathway,” and “necroptosis” KEGG
pathways as well as “inflammatory response,” “type I
interferon signaling pathway,” “positive regulation of type I
interferon production,” “interferon-gamma-mediated signaling
pathway,” and “cellular response to interferon-gamma” biological
processes. RIG-I-like receptors are important cytoplasmic PRRs
that detect intracellular viruses through their genomic RNA
(Takeuchi and Akira, 2010). Recognition of PAMPs by RIG-I-
like receptors initiates the RIG-I-like receptor signaling pathway,
which activatesNF-κB and IRF3/IRF7 transcription factors which
subsequently lead to the production of proinflammatory
cytokines and type I interferons (Kumar et al., 2011). Type I
(IFN-α and IFN-β) and II (IFN-γ) interferons are cytokines that
are the first line of defense against viral infections that play a key
role in the development of antiviral states during the immune
response (Platanias, 2005). Type I interferons are polypeptides
that are secreted from virus-infected cells and activate
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antimicrobial states in infected cells and healthy neighboring cells
to prevent the proliferation and growth of infectious agents,
especially viruses. They also promote antigen presentation,
increase the activity of natural killer cells, and activate the
adaptive immune system (Ivashkiv and Donlin, 2014).
Furthermore, type II interferon, whose major producers
include natural killer cells, T cells, macrophages, dendritic
cells, and B cells play a key role in regulating many protective
functions such as inducing antiviral states, enhancing
antimicrobial functions, increasing leukocyte trafficking, effect
on cell proliferation, and apoptosis (Kak et al., 2018).

Several recent studies have shown that the type I interferon
signaling pathway has been identified as a key pathway in cows
with BRD atfeedlot entry, which indicates that animals show
antiviral responses at the entry stage (Sun et al., 2020; Johnston
et al., 2021a; Scott et al., 2021). Interestingly, some of the
important hub–hub genes, which are involved in anti-viral
interferon response were identified in the purple module, such
as IFI6, ISG15, MX1, OAS2, IFIH1, DDX58, DHX58, RSAD2,
IFI44, IFI44L, EIF2AK2, ISG20, MX2, IFIT5, IFITM3, OAS1Y,
and HERC5, have been suggested by these studies as potential
biomarkers for diagnostic and prediction of subclinical BRD at
early stage of infection (Sun et al., 2020; Johnston et al., 2021a;
Scott et al., 2021). Additionally, some of the key hub–hub TFs
that regulate the expression of coexpressed genes in this module,
and play critical roles in interferon antiviral responses during
BRD, were included IRF9, STAT1, STAT2 (Sun et al., 2020), and
IRF7 (Johnston et al., 2019). Type I interferons activate the IFN-
stimulated gene factor 3 (ISGF3) complex during JAK/STAT
signaling pathway. This complex consists of three transcription
factors STAT1, STAT2, and IFN-regulatory factor 9 (IRF9),
which induce the expression of antiviral genes (Ivashkiv and
Donlin, 2014). In addition to type I interferons (IFN-α and IFN-
β), type II interferons (IFN-γ) also cause the formation of
STAT1-STAT1 homodimers, which, following
phosphorylation and after being transferred to the nucleus,
induce the expression of antiviral genes (Platanias, 2005; Kak
et al., 2018). Besides, several studies have demonstrated that
cytoplasmic localized infected cell protein 0 (bICP0) encoded by
the BHV-1 (a viral agent of BRDC), through interaction with
IRF7, disrupts the activity of the IFN-β promoter (Saira et al.,
2007; da Silva et al., 2011; Jones, 2019). Moreover, one study
demonstrated that BPIV-3 had a negative effect on the JAK/
STAT signaling pathway by reducing phosphorylation of STAT1,
thereby inhibiting the production of antiviral molecules (Eberle
et al., 2016). These explain why the STAT1, STAT2, IRF9, and
IRF7 transcription factors are highlighted in this module as very
important regulators. Other members of the purple module,
including USP18, OAS1X, CMPK2, GBP4 (Nilson et al., 2020),
IFI35 (Sun et al., 2020), PARP14 (Oguejiofor et al., 2015), RTP4
(Johnston et al., 2019), and TRIM21 (Quick et al., 2020), have
also been observed in different BRD studies that may play an
important role in the immune system in response to BRDC
agents.

In agreement with the previous studies, functional terms
including “VEGF signaling pathway,” “T-cell receptor
signaling pathway” (Tizioto et al., 2015), and “C-type

lectin receptor signaling pathway” as well as hub–hub
genes including LCK (Smirnova et al., 2009), TLR3 (Marin
et al., 2016), TIA1 (Johnston et al., 2021b), TNF (El-Deeb
et al., 2020), and STAT5A hub–hub TF (Lin et al., 2015)
demonstrate the importance of the red module during BRD.
Furthermore, the salmon module was mainly enriched in
“cellular defense response,” “regulation of immune
response,” “leukocyte cell–cell adhesion,” and “natural
killer cell-mediated cytotoxicity.” Recent studies have
demonstrated that some of the hub–hub genes in the
salmon module, such as CCR5 (Salem et al., 2019), CCR8
(Amat et al., 2019; Lopez et al., 2020), CX3CR1 (Scott et al.,
2021), ITGAL, IL12RB2 (Neupane et al., 2018), NCR1 (Osman
and Griebel, 2017), CCL5 (N’jai et al., 2013), and PRF1
(Johnston et al., 2021a) tend to participate in BRD.
Additionally, GZMB gene, which plays a major role in
stimulating cytotoxic T-cell responses and limiting virus
replication in the host (Jiminez et al., 2021), was found
among hub–hub genes in the salmon module. Granzyme
B-protein, which is encoded by this gene, is an important
serine protease that is expressed in cytotoxic T-lymphocytes
(CTL) and natural killer (NK) cells and kills viral infected
cells through apoptosis (Xu et al., 2018). GZMB was the most
highly upregulated gene in the bronchial lymph node in
response to BRSV infection, indicating a close relationship
between this gene and the response to viral infection
(Johnston et al., 2019). This gene has also been found to
be among the DEGs with the highest expression in animals
that are resistant to BRD (Scott et al., 2020). The GZMB gene
is likely to play an important role in the host defense against
BRSV infection and maybe other BRDC viral agents, and
changes in this gene are critical for BRD resistance and
susceptibility (Johnston et al., 2019), as shown, the
presence of polymorphisms in the GZMB gene in mice
caused the cytotoxic T cells to lose their ability to kill viral
infected cells (Andoniou et al., 2014).

The yellow module showed that its genes were enriched in
some important biological processes and KEGG pathways
associated with BRD such as “neutrophil activation involved in
immune response,” “regulation of inflammatory response,”
“positive regulation of T-cell proliferation,” “MAPK signaling
pathway,” “NF-kappa B signaling pathway,” “apoptosis,” “TNF
signaling pathway,” “JAK-STAT signaling pathway,” and
“Cytokine-cytokine receptor interaction.” Furthermore,
examination of the relationship between the hub–hub genes of
this module and BRD showed that many of these genes, such as
IL1B (Behura et al., 2017), IL15 (Leach et al., 2012; Amat et al.,
2019), CD68 (Buchenau et al., 2010; Hermeyer et al., 2011),
SOCS3 (Ye et al., 2015; Zheng et al., 2015), NFKBIA, RAF1,
SGK1 (Chao et al., 2019), ANXA1 (Mitchell et al., 2008), MYD88
(Dubbert et al., 2013), FAS (Xu et al., 2012), CCR1 (Lindholm-
Perry et al., 2018), IFNAR2 (Schlender et al., 2000), NFAM1,
NUDT3 (Johnston et al., 2021b), and SLC2A3 (N’jai et al., 2013)
as well as DDIT3 hub–hub TF (Wang S. et al., 2020) have
important effects on the interaction between the host and the
pathogen. For example, stressful stimuli directly increase the
expression level of the SGK1 (hub–hub gene), and
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consequently an upregulation in the expression of this gene leads
to stimulate BoHV-1 and HSV-1 replication (Kook and Jones,
2016; Zhu et al., 2017). Therefore, the use of SGK inhibitors may
be a suitable strategy to reduce BoHV-1 and HSV-1 replication
(Kook and Jones, 2016).

These findings demonstrate the relevance of the
mentioned modules as well as their genes, especially
hub–hub genes and TFs as important candidates in the
development of BRD, helping us to better understand the
molecular mechanisms responsible for the immune response
to BRD. Further researches are needed to more closely
examine the biological behavior and functions of these
modules and their genes during BRD.

CONCLUSION

Given that BRD is the main cause of morbidity and mortality
in beef and dairy cattle and has a potential impact on economic
losses in the livestock industry, a systems biology approach was
used to further investigate the molecular mechanisms of BRD
as well as to identify diagnosis biomarkers and therapeutic
targets for BRD. In this study by using WGCNA distinct
methods (MTRs and MP) and functional enrichment
analysis, we identified eight candidate modules that are
involved in the immune response and BRD pathogenesis. It
is noteworthy that both WGCNA methods showed a similar
ability to identify candidate modules during BRD, confirming
each other results. Integrated coexpressed hub genes of eight
candidate modules with PPI networks, allowed us to identify
hub–hub genes that act as central genes in both coexpression
and PPI networks and may be important candidates during
BRD development. In total, we identified 307 hub–hub genes
in eight candidate modules, most of which were potentially
involved in BRD. These genes along with other members of the

eight candidate modules could be important targets in the
pathogenesis of BRD for future researches. Therefore, more
research is needed to validate the hub–hub genes reported in
this study, especially those whose role in the immune system in
response to BRD is still unclear.
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Proteomic Studies on the Mechanism
of Myostatin Regulating Cattle
Skeletal Muscle Development
Hui Sheng1, Yiwen Guo1, Linlin Zhang1, Junxing Zhang1, Manning Miao1, Haoyun Tan1,
Debao Hu1, Xin Li1, Xiangbin Ding1, Guangpeng Li2* and Hong Guo1*

1Tianjin Key Laboratory of Agricultural Animal Breeding and Healthy Husbandry, College of Animal Science and Veterinary
Medicine, Tianjin Agricultural University, Tianjin, China, 2The Key Laboratory of Mammalian Reproductive Biology and
Biotechnology of the Ministry of Education, Inner Mongolia University, Hohhot, China

Myostatin (MSTN) is an important negative regulator of muscle growth and development.
In this study, we performed comparatively the proteomics analyses of gluteus tissues from
MSTN+/− Mongolian cattle (MG.MSTN+/−) and wild type Mongolian cattle (MG.WT) using a
shotgun-based tandem mass tag (TMT) 6-plex labeling method to investigate the
regulation mechanism of MSTN on the growth and development of bovine skeletal
muscle. A total of 1,950 proteins were identified in MG.MSTN+/− and MG.WT.
Compared with MG.WT cattle, a total of 320 differentially expressed proteins were
identified in MG.MSTN cattle, including 245 up-regulated differentially expressed
proteins and 75 down-regulated differentially expressed proteins. Bioinformatics
analysis showed that knockdown of the MSTN gene increased the expression of
extracellular matrix and ribosome-related proteins, induced activation of focal
adhesion, PI3K-AKT, and Ribosomal pathways. The results of proteomic analysis were
verified by muscle tissue Western blot test and in vitroMSTN gene knockdown test, and it
was found that knockdown MSTN gene expression could promote the proliferation and
myogenic differentiation of bovine skeletal muscle satellite cells (BSMSCs). At the same
time, Co-Immunoprecipitation (CO-IP) assay showed that MSTN gene interacted with
extracellular matrix related protein type I collagen α 1 (COL1A1), and knocking down the
expression of COL1A1 could inhibit the activity of adhesion, PI3K-AKT and ribosome
pathway, thus inhibit BSMSCs proliferation. These results suggest that the MSTN gene
regulates focal adhesion, PI3K-AKT, and Ribosomal pathway through the COL1A1 gene.
In general, this study provides new insights into the regulatory mechanism of MSTN
involved in muscle growth and development.

Keywords: myostatin, proteomics, extracellular matrix, ribosome, focal adhesion

INTRODUCTION

Myostatin (MSTN), also known as growth differentiation factor-8 (GDF-8), is a highly conservative
member of the transforming growth factor β (TGF-β) superfamily (McPherron et al., 1997). In
previous studies, MSTN has been confirmed to be a secreted growth factor expressed predominantly
in skeletal muscle (McPherron, 1997; Kollias and McDermott, 2008) and plays a key role in the
negative regulation of muscle development (Tsuchida, 2008). In vitro and in vivo studies have shown
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that the Mstn signal is mediated by binding to activin receptor
type-IIB (ActRIIB). Mstn has also been shown to bind to ActRIIB,
although the functional correlation of this interaction has not
been fully determined (Lee and McPherron, 2001). MSTN
deficiency resulting from genetic ablation of both copies
(MSTN−/-) or single copy (MSTN+/−) of the germline allele or
loss-of-function mutations usually leads to a “double muscle”
phenotype, mainly characterized by a significant increase in
muscle mass (McPherron, 1997; McPherron et al., 1997).
Similar phenotypes were also demonstrated in natural
mutations of MSTN genes in cattle (Grobet et al., 1997;
McPherron, 1997), sheep (Clop et al., 2006), dogs (Mosher
et al., 2007), and humans (Schuelke et al., 2004). On the
contrary, overexpression of MSTN or systemic administration
can lead to muscle atrophy (Zimmers et al., 2002; Durieux et al.,
2007). All these effects are mainly achieved by regulating the
proliferation and differentiation of myoblasts (Thomas et al.,
2000; Rios et al., 2001; Langley et al., 2002; Rios et al., 2002).
MSTN has been shown to interfere with proliferation and protein
synthesis and protein decomposition of adult muscle fibers
(Sartori et al., 2009; Trendelenburg et al., 2009). Many studies
have shown that MSTN can regulate IGF-I signal pathway
(Morissette et al., 2009), WNT4/β-catenin signal pathway
(Steelman et al., 2006), Erk1/2, c-Jun N-terminal kinase (JNK)
signal pathway, p38 mitogen-activated protein (MAP)K
(Allendorph et al., 2006; Huang et al., 2007; Joulia-Ekaza and
Cabello, 2007; Elkasrawy and Hamrick, 2010), and PI3K/Akt
signal pathway (Lipina et al., 2010) through transforming growth
factor-β pathway (Kollias and McDermott, 2008; Elkasrawy and
Hamrick, 2010). Besides, muscle somatostatin mediates CKD-
induced muscle catabolism by coordinating the activation of
autophagy and the ubiquitin-proteasome system and may limit
cell proliferation by activating miRNAs (Wang et al., 2015; Huang
et al., 2019). In addition to its effects on muscle development,
MSTN also plays an important role in fat and glucose
metabolism. The results of previous studies in our laboratory
showed that knockout MSTN gene expression enhanced
glycolysis and fat β-oxidation in bovine muscle tissue (Yang
et al., 2018; Xin et al., 2020). High levels of MSTN have been
shown to cause muscle atrophy and are associated with a variety
of diseases, such as cancer (Aversa et al., 2012), chronic
obstructive pulmonary disease (Hayot et al., 2011), chronic
heart failure (Lenk et al., 2009), acquired immune deficiency
syndrome (Gonzalez-Cadavid et al., 1998), obesity, insulin
resistance, and type 2 diabetes (McPherron and Lee, 2002;
Zhang et al., 2011; Zhang et al., 2012). Therefore, MSTN
dysfunction has been considered a promising strategy for
animal breeding or for fighting muscle atrophy in different
diseases, including neuromuscular diseases (Mariot et al.,
2017). Although MSTN signal cascade plays a central role in
regulating muscle weight, the mechanism of this signal cascade is
still unclear (Elkina et al., 2011).

Proteins play an important role in many types of molecular
networks and perform most of the biochemical functions of
organisms. Label-free liquid chromatography-mass spectrometry
(LC-MS/MS) can be used to quantify and identify thousands of
proteins in multiple samples in one operation, which provides an

unprecedented opportunity to study the proteomic changes of
biological components or organisms (Wang et al., 2019). Protein
de/phosphorylation is a ubiquitous post-translational modification,
which plays a regulatory role in protein structure, function, cell signal
transduction, and enzyme activity regulation. Phosphorylation
usually occurs on serine, threonine, and tyrosine residues and is
catalyzed by upstream protein kinases by adding covalently bound
phosphate groups (Chen et al., 2019). Some studies have shown that
reversible protein phosphorylation plays an important role in the
transformation of muscle to meat by regulating the development of
meat quality by regulating proteins involved in glycolysis andmuscle
contraction (Huang et al., 2011; Huang et al., 2012; Li et al., 2012;
Huang et al., 2014; Li et al., 2015a; Li et al., 2015b; Chen et al., 2016).
Protein phosphorylation of various muscle samples has been
reported, for example, myosin and myosin regulatory light chain
2 have been identified (Obermann et al., 1997; Muroya et al., 2007).
Because there are many proteins in the pathway affected by MSTN,
the single-target study can not fully analyze its function and
mechanism, so proteomics and detection of the phosphorylation
level of key proteins in signal pathway can be used to
comprehensively and effectively analyze its mechanism or
regulatory proteins.

In this study, in order to explore the mechanism of MSTN
gene regulating signal pathway during muscle development, we
used 6-plex TMT labeling method to determine the global protein
abundance in the gluteal muscle tissue of MG.MSTN+/− cattle
with artificially knocked down expression of MSTN gene and
MG.WT cattle with normal expression of MSTN gene. These
proteomic analyses enable us to compare quantitative changes in
overall protein abundance. After statistical and bioinformatics
analysis, based on the results of protein abundance changes
related to MSTN gene deletion, we carried out Western blot
tests of muscle tissue samples and in vitro experiments and
confirmed that the data sets from global proteomics are reliable.

RESULTS

Statistical Analysis of Mass Spectrometry
Results
MSTN+/− associated changes in abundance of any identified
proteins were determined based on the TMT 6-plex reporter
ion ratios. The results of mass spectrometry analysis showed
that a total of 1,950 quantitative proteins were identified in the
gluteal muscle tissues of MG.MSTN+/− cattle and MG.WT cattle,
and each protein contained at least two unique peptides
(Supplement Table 3A). After scatter plotting analysis
(Supplementary Figure S1) used for determining the internal
error of the biological replicates and student t-test analysis of the
data set (Supplement Table 3B), the fold change in values more
than 1.3 were determined based on the value of the log2 TMT ratio
(log2 1.3 � 0.38) at which 95% of all proteins had no deviation
(Martin et al., 2016). Thus, the fold-change (≥1.3) and p-value
(≤0.05) from the t-test were applied to rank and filter the
quantitative data. The proteins with fold change ≥1.30 or ≤0.77
in relative abundance and a p-value ≤ 0.05 were identified as
differentially expressed proteins (Supplement Table 3B).
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Identification of Differentially Expressed
Proteins Between MG.MSTN+/− and MG.WT
Cattle
Compared with wild MG.WT, 320 differentially expressed proteins
were identified in MG.MSTN+/− group, including 245 proteins with
increased abundance and 75 proteins with decreased abundance
(Supplementary Table S3), which were used in subsequent
bioinformatics analysis and verification experiments. GO analysis
showed that the functions of 245 up-regulated proteins were divided
into ribosome-related proteins (17%), muscle-related proteins (9%),
extracellular matrix-related proteins (7%), and transcription-related
proteins (5%) (Figure 1A). While the 75 down-regulated proteins
were classified as metabolism-related proteins (16%) and redox-
related proteins (13%) (Figure 1B). Interestingly, we found that
the expression abundance of a large number of extracellular matrix
related proteins (such as collagen alpha-1(I) chain, laminin subunit
beta 1) and ribosomal related proteins (such as 40S ribosomal protein
S6, 60S ribosomal protein L26) increased in MG.MSTN+/− (Table 1).
This result is expected to activate focal adhesion, PI3K-AKT, and
ribosomal pathways, enhance actin-binding and protein synthesis,
and promote muscle contraction and growth.

Functional Analysis of Differentially
Expressed Proteins Between MG.MSTN+/−

and MG.WT Cattle
The results of the GO analysis are shown in Figure 2Awith p ≤ 0.01
as a significant threshold. In the GO annotation and KEGG analysis
of 320 differentially expressed proteins, the translation, focal
adhesion, and structural constituent of ribosome were
significantly enriched as the primary categories of biological
process (BP), cellular component (CC), and molecular functional
(MF), respectively. At the same time, ribosome, ECM receptor
interaction, focal adhesion, and other pathways have also been
greatly enriched in the current KEGG database. Using the
STRING database to further analyze the possible protein-protein
interaction networks of these changed proteins, it was found that
there were three major protein-protein interaction networks among
the 320 differentially expressed proteins (Figure 2B). The largest
network highlighted with an pink background in Figure 2B includes
more than 60 proteins known to be associated with translation (such

as eukaryotic translation initiation factor 5A-1 and 40S ribosomal
protein S21). The second network with a violet background contains
about 30 proteins includingmyosin light polypeptide 6 and ismainly
involved in muscle contraction. The third network with a green
background includes about 20 extracellular matrix related proteins
(such as collagen alpha-1(I) chain).

Tissue Samples Western Blot to Verify the
Accuracy of Data Analysis
By comparing the proteomic data of the gluteal muscle of
MG.MSTN+/− and MG.WT, it was found that knocking down
the expression of MSTN increased the expression of a large
number of extracellular matrix related proteins and ribosomal
related proteins. And these proteins are important components of
focal adhesion, PI3K-AKT, and ribosomal pathway. Therefore,
we speculate that knocking down the expression of the MSTN
gene may activate focal adhesion, PI3K-AKT, and ribosomal
pathway. To verify the TMT-based quantitative proteomics
results, we used classical Western blot analyses to validate the
accuracy of data analysis. Considering the availability of some
antibodies, we performed Western blot analysis of MSTN, one
differentially expressed protein (MYL6), and alpha-tubulin (for
internal control). As shown in Figure 3, the expression trend of
Western blot results is consistent with that of data analysis
(supplement Table 3), indicating that quantitative proteomics
data have reasonable accuracy. At the same time, the expressions
of key proteins pFAK, pAKT, and pRPS6 in focal adhesion, PI3K-
AKT, and ribosomal pathway were verified by Western blot. The
results showed that the expression of pFAK, pAKT, and pRPS6 in
the gluteal muscle of MG.MSTN+/− was significantly higher than
that of WT Mongolian cattle (Figure 3), which was consistent
with our conjecture.

Knockdown of Myostatin Expression
Promotes Proliferation and Myogenic
Differentiation of Bovine Skeletal Muscle
Satellite Cells
To explore the mechanism of the effect of the MSTN gene on
the development of bovine skeletal muscle, this experiment
studied the effect of MSTN knockdown on the proliferation

FIGURE 1 | The biological functions of 320 differentially expressed proteins identified in MG.MSTN+/− vs MG.WT data. (A, B) show the proportions of biological
functions among 245 up-regulated proteins and 75 down-regulated proteins.
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and myogenic differentiation of BSMSCs. SiRNA (si-MSTN)
for MSTN knockdown was designed and synthesized which
resulted in a significant decrease in the expression of MSTN in
cells GM and DM3 respectively (Figure 4A). Meanwhile,
proliferation-related markers Pax7 and MyoD were
detected to evaluate whether cell proliferation was affected.
The results showed that the expression of MSTN was silenced,
the mRNA expression levels of Pax7 did not change
significantly, the mRNA expression levels of MyoD was
significantly up-regulated (Figure 4B); the protein
expression levels of Pax7 did not change significantly,

and the protein expression levels of MyoD was significantly
up-regulated (Figure 4C). The results of the 5-ethynyl-2′-
deoxyuridine (EdU) cell proliferation assay showed that when
MSTN was knocked down, the number of EDU positive cells
(Figure 4D) and EDU labeling index (Figure 4E) were all up-
regulated. Meanwhile, the differentiation process of satellite
cells was observed under the light microscope. Compared with
the wild group (WT) and control group (si-NC), when MSTN
was knocked down, thick myotubes were formed in DM3
(Figure 5A). The expression levels of differentiation-related
markers MyoG and MyHC were detected. The results showed

TABLE 1 | A partial list of the differentially expressed proteins involving extracellular matrix related proteins and ribosomal related in MG.MSTN+/− vs MG.WT

Protein accession Protein description Protein name Fold-change (MG.MSTN+/− vs
MG.WT)

Regulated

Extracellular matrix related proteins
77404252 collagen alpha-1(I) chain precursor COL1A1 2.32 Up
27806257 collagen alpha-2(I) chain precursor COL1A2 2.95 Up
528938209 PREDICTED: collagen alpha-2(VI) chain isoform X1 COL6A2 1.81 Up
528945453 PREDICTED: collagen alpha-3(VI) chain isoform X2 COL6A3 2.26 Up
982945253 PREDICTED: collagen alpha-1 (XIV) chain isoform X1 COL14A1 1.66 Up
116003881 collagen alpha-1(III) chain precursor COL3A1 1.52 Up
300796391 collagen alpha-1 (XV) chain precursor COL15A1 1.43 Up
982987742 PREDICTED: laminin subunit alpha-2, partial LAMA2 2.03 Up
329664360 laminin subunit alpha-4 precursor LAMA4 1.93 Up
330688474 laminin subunit beta-1 precursor LAMB1 2.06 Up
332205887 laminin subunit gamma-1 precursor LAMC1 1.62 Up
982993396 PREDICTED: LOW QUALITY PROTEIN: laminin subunit alpha-5 isoform X2 LAMA5 0.58 Down
78045497 vitronectin precursor VTN 0.70 Down

Ribosomal related proteins
66792868 40S ribosomal protein S15 RPS15 1.85 Up
528974050 PREDICTED: 40S ribosomal protein S21 isoform X1 RPS21 1.68 Up
77797830 40S ribosomal protein S10 RPS10 1.66 Up
70778778 40S ribosomal protein S13 RPS13 1.57 Up
529010831 PREDICTED: 40S ribosomal protein S24 isoform X1 RPS24 1.56 Up
75812924 40S ribosomal protein S18 RPS18 1.53 Up
82697365 40S ribosomal protein S19 RPS19 1.53 Up
149642623 40S ribosomal protein S7 RPS7 1.47 Up
62752040 40S ribosomal protein S6 RPS6 1.38 Up
149642675 40S ribosomal protein S17 RPS17 1.36 Up
62461611 40S ribosomal protein S12 RPS12 1.36 Up
155372029 40S ribosomal protein S9 RPS9 1.34 Up
70778964 40S ribosomal protein S25 RPS25 1.32 Up
70778960 40S ribosomal protein S28 RPS28 1.31 Up
741965251 PREDICTED: 28S ribosomal protein S27, mitochondrial isoform X1 MRPS27 1.71 Up
982996641 PREDICTED: 60S ribosomal protein L22 isoform X1 RPL22 1.64 Up
62751887 60S ribosomal protein L26 RPL26 1.58 Up
77404275 60S ribosomal protein L27 RPL27 1.53 Up
70778766 60S ribosomal protein L31 RPL31 1.48 Up
77735941 60S ribosomal protein L35 RPL35 1.48 Up
27806129 60S ribosomal protein L24 RPL24 1.45 Up
114051890 60S ribosomal protein L23a RPL23A 1.45 Up
528936538 PREDICTED: 60S ribosomal protein L35a isoform X1 RPL35A 1.44 Up
27807523 60S acidic ribosomal protein P2 RPLP2 1.42 Up
529001374 PREDICTED: 60S ribosomal protein L29 isoform X1 RPL29 1.40 Up
78042478 60S ribosomal protein L37a RPL37A 1.38 Up
528993469 PREDICTED: 60S ribosomal protein L28 isoform X1 RPL28 1.37 Up
528988589 PREDICTED: 60S ribosomal protein L6 isoform X1 RPL6 1.35 Up
62751646 60S ribosomal protein L13 RPL13 1.33 Up
62460552 60S ribosomal protein L7 RPL7 1.32 Up
94966839 60S ribosomal protein L7a RPL7A 1.32 Up

Note: Corrected p-value ≤ 0.05, Fold change ≥1.30 or ≤0.77.
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that the expression of MSTN was silenced, the mRNA
expression level of MyoG did not change significantly, but
the mRNA expression level of MyHC was significantly up-
regulated (Figure 5B); the protein expression levels of MyoG
and MyHC were all significantly up-regulated (Figures
5C,D). To sum up, our experiments showed that knocking
down the expression of the MSTN gene promotes the
proliferation and myogenic differentiation of BSMSCs.

Knockdown of Myostatin Expression
Activates Focal Adhesion, PI3K-AKT, and
Ribosomal Pathway
To further verify the accuracy of the data analysis results, to explore
the effects of the MSTN gene on focal adhesion, PI3K-AKT, and
ribosomal pathway. The RNA and protein were extracted from GM
andDM3 cells transfected with si-MSTN andwere used to detect the
differentially expressed proteins involved in focal adhesion, PI3K-
AKT, and ribosomal pathways in the gluteal muscles of
MG.MSTN+/− and MG.WT, as well as the expression levels of
key genes FAK, AKT, RPS6, pFAK, pAKT, and pRPS6 in these
pathways. The results showed that the mRNA expression level and
protein expression level of these differentially expressed proteins, as
well as FAK, AKT, and RPS6 were mostly up-regulated in GM and
DM3 cells silenced by MSTN. Meanwhile, it was found that the
protein expression levels of p-FAK, p-AKT, and p-RPS6 were also
significantly increased (Figure 6, Figure 7). The test results are
consistent with speculation, which proves that knocking down the
MSTN gene expression can activate focal adhesion, PI3K-AKT, and
ribosomal pathways.

Verification of Interaction Between
Myostatin and COL1A1
To explore the mechanism of MSTN acting on downstream target
proteins to regulate Focal adhesion, PI3K-AKT, and Ribosomal
pathways. By comparing proteomics analysis, we found that
compared with MG.WT, the expression of a large number of
extracellular matrix-related proteins in the gluteal muscle tissues
of MG.MSTN+/− was up-regulated, among which the expression of
COL1A1 The levels were raised by 2.3 times (see Supplementary
Table S3B). At the same time, in GM andDM3 BSMSCs transfected
with si-MSTN, the mRNA expression level of the COL1A1 gene did
not change significantly (Figure 8A), but the protein expression level
was significantly increased (Figures 8B,C). To investigate the
interaction between MSTN and COL1A1, wild-type GM BSMSCs
were collected. CO-IP was performed against MSTN using an anti-
MSTN antibody. COL1A1 protein was detected in the eluent of the
immunocomplex by western blot using an anti-COL1A1 antibody
(Figure 8D), indicating that MSTN interacted with COL1A1.

Knockdown of COL1A1 Expression
Promotes Proliferation of Bovine Skeletal
Muscle Satellite Cells
After confirming the interaction between MSTN and COL1A1, we
tested the effect of knocking down COL1A1 expression on the
proliferation of BSMSCs. Designed and synthesized siRNA (si-
COL1A1) for COL1A1 knockdown, which resulted in a very
significant decrease in the mRNA expression level and protein
expression level of COL1A1 in GM BSMSCs (Figure 9A). The
expression levels of Pax7 and MyoD, which are related to
proliferation, were detected. The results showed that after
silencing COL1A1 expression, the mRNA expression level of Pax7
was significantly decreased, themRNA expression level ofMyoDwas
significantly increased (Figure 9B), and the protein expression levels

FIGURE 2 | Functional classification of differentially expressed proteins
in MG.MSTN+/− vs MG.WT. (A) GO and KEGG analyses. BP: Biological
process, CC: Cellular component, MF: Molecular function, KEGG: Kyoto
encyclopedia of genes and genomes. The values given in each of the
enriched terms or pathways are corrected at p ≤ 0.01. (B) Protein-protein
interaction analysis.
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FIGURE 3 | Comparison and verification of quantitative results of phosphorylation levels of differentially expressed proteins and key proteins in the pathway from
Western blotting analysis. (A) Western blotting results of MSTN,MYL6, pFAK (Tyr-473), pAKT1 (Ser-473) and pRPS6 (Ser-235/236) proteins. (B) Results of muscle
tissue protein Western blot quantification. These imprints are cropped and the original image is shown in Supplementary Figure S2.

FIGURE 4 | Knockdown of MSTN expression promotes the maintenance of bovine skeletal muscle satellite cells (BSMSCs) proliferation. (A) Knockdown MSTN
significantly decreased MSTN expression level in proliferative phase (GM) and the third day of differentiation (DM3). (B) resulting in no change in the expression level of
mRNA of Pax7, but significantly increased the expression level of mRNA of MyoD. (C–D) no significant change of protein expression of Pax7, and significant increase of
protein expression of MyoD. (E–F) EdU assay was performed at 24 h after transfection. The number of 5-ethynyl-2′-deoxyuridine (EdU)-positive cells (E, ×200; scale
bars 250 μm) and EdU labeling index increased with MSTN knockdown. These blots were cropped and original images were shown in Supplementary Figure S3.
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of Pax7 andMyoD were significantly decreased (Figures 9C,D). The
results of the 5-ethynyl-2′-deoxyuridine (EdU) cell proliferation assay
showed that when COL1A1 was knocked down, the number of EDU
positive cells (Figure 9E) and EDU labeling index (Figure 9F) were
all down-regulated. In summary, our experiments show that
COL1A1 is essential for maintaining the proliferation of BSMSCs.

Knockdown of COL1A1 Expression Inhibits
Focal Adhesion, PI3K-AKT, and Ribosomal
Pathways
The effects of knocking down COL1A1 on Focal adhesion, PI3K-
AKT, and Ribosomal pathway were detected. The results showed
that in BSMSCs transfected with si-COL1A1, the mRNA
expression levels of majority differentially expressed proteins
involved in focal adhesion, PI3K-AKT, and ribosomal
pathways did not change significantly (Figure 10A), but the
protein expression levels decreased significantly, especially the
protein expression levels of key genes p-FAK, p-AKT1 and
p-RPS6 in the pathway (Figures 10B,C). It shows that
knockdown of COL1A1 expression inhibits Focal adhesion,
PI3K-AKT, and Ribosomal pathways.

DISCUSSION

Our group has a long-standing research interest in understanding
the molecular mechanisms of MSTN knockout in transgenic

cattle. The main purpose of these studies is to improve
livestock breeds to obtain the best economic benefits. We
demonstrated that MSTN knockout promoted skeletal muscle
growth in Luxi-MSTN−/− cattle, which showed a higher
percentage of lean meat (Yang et al., 2018). It was found that
MSTN knockout promoted fatty acid β oxidation and glycolysis
in MSTN−/- Inner Mongolia black beef cattle (Xin et al., 2020). In
order to further explore the global regulatory mechanism of
MSTN related to skeletal muscle growth and development, in
the present study, the global proteomics of gluteus muscle of MG.
MSTN+/− and MG. WT were analyzed. We believe that the
differentially expressed proteins identified in MG.MSTN+/− vs
MG.WT group data are caused by MSTN gene knockdown.
Through bioinformatics analysis, it was found that the
expression abundance of extracellular matrix-related proteins
and ribosome-related proteins in the gluteal muscle of
MG.MSTN+/− was higher than that of MG.WT
(Supplementary Table S3B). Extracellular matrix-related
proteins and ribosome-related proteins are important
components of focal adhesion, PI3K-AKT, and ribosomal
pathways. Therefore, we speculate that MSTN may regulate
focal adhesion, PI3K-AKT, and ribosomal pathway.

Extracellular matrix (ECM) is a non-cellular three-
dimensional macromolecular network composed of collagens,
elastin, fibronectin (FN), laminins, glycoproteins, proteoglycans
(PGs), glycosaminoglycans (GAGs), and several other
glycoproteins (Theocharis et al., 2016; Birch, 2018; Karamanos
et al., 2018; Muncie and Weaver, 2018). The ECM not only

FIGURE 5 | MSTN functions in the differentiation of bovine myoblasts. (A) Knockdown of MSTN expression promoted the differentiation process of bovine
myoblasts (×200; scale bars 100 μm). (B) Knockdown experiments resulted in no change in the mRNA expression level of MyoG, but increased the expression level of
mRNA of MyHC. (C–D) The protein expression levels of MyoG and MHC were significantly increased. These blots were cropped and original images were shown in
Supplementary Figure S4.
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provides physical scaffolds embedded by cells but also regulates
many cellular processes, including survival, migration, growth,
differentiation, homeostasis, and morphogenesis (Gumbiner,
1996; Frantz et al., 2010; Clause and Barker, 2013). The ECM
is an important source of growth factors, providing the
attachment and controlled release of many growth factors and
signal molecules, thereby aiding cell-to-cell signaling (Birch,
2018). Transcriptome studies showed that in the rat model of
overload, the expression abundance of the MSTN gene decreased,
a large number of extracellular matrix-related proteins increased,
and skeletal muscle increased (Mendias et al., 2017; Stantzou

et al., 2021). Biological scaffolds composed of ECM have been
shown to facilitate the functional reconstruction of several tissue
types including the esophagus (Badylak et al., 2005; Desai et al.,
2006), heart and vascular structures (Badylak et al., 2006; Quarti
et al., 2011), lower urinary tract (Reddy et al., 2000; Boruch et al.,
2010), and musculoskeletal tissues (Smith et al., 2004; Franklin
et al., 2008; Turner et al., 2010; Valentin et al., 2010; Zhao and
Bass, 2018), among others. Mutations in COL1A1 cause
osteogenic insufficiency (OI), resulting in decreased muscle
mass and function (Veilleux et al., 2014; Veilleux et al., 2015).
The extracellular matrix is an important part of focal adhesions

FIGURE 6 | The effect of MSTN on the focal adhesion pathway. (A–C) Knockdown of MSTN expression resulted in a significant increase in the mRNA expression
level and protein expression level of the majority of differentially expressed proteins involved in the focal adhesion pathway in GM, as well as the expression level of the key
gene FAK and p-FAK in the pathway. (D–F) The mRNA expression level and protein expression level of these proteins were also generally increased in DM3. These blots
were cropped and original images were shown in Supplementary Figure S5 and Figure 6.
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and the PI3K-AKT pathway. Focal adhesions are structural links
between the extracellular matrix and actin cytoskeleton, which
play critical roles in normal physiological events such as cellular
adhesion, movement, cytoskeletal structure, and intracellular
signaling pathways (Yam et al., 2009). Tyrosine 397
phosphorylation of FAK, a key gene in the adhesion pathway,
is essential for normal myoblast differentiation (de Oliveira et al.,
2009) and skeletal muscle hypertrophy (Gordon et al., 2001) after
hindlimb suspension in rodents, and leads to the binding of FAK
to the SH2 domain of the 85 kDa subunit of PI3K, whichmay lead
to the increase of PI3K activity (Appeddu, 1996). The PI3K/AKT
signaling pathway is an essential node in mammalian cells that
controls cell growth, migration, proliferation, and metabolism

(Pompura and Dominguez-Villar, 2018). Previous studies have
shown that knockout of the expression of MSTN activates the
PI3K-AKT pathway, which can promote muscle development in
pigs (Li et al., 2020), which is consistent with the results of
this study.

Muscle hypertrophy occurs when the rate of protein synthesis
exceeds the rate of degradation. The main factor determining the
rate of protein synthesis is ribosome abundance or translational
capacity (Wen et al., 2016). In the last couple of decades, studies
have revealed that the ribosome has an essential role in the
regulation of cell proliferation and growth (Volarevic, 2000;
Kirn-Safran et al., 2007) and homeostasis in mammalian
organisms. For example, deletions and mutations in genes

FIGURE 7 | The effect of MSTN on the PI3K-AKT and ribosomal pathway. (A–C) Knockdown of MSTN expression resulted in a significant increase in mRNA
expression level and protein expression level of majority differentially expressed proteins involved in PI3K-AKT and ribosomal pathway in GM, as well as a significant
increase in the expression of key genes AKT1, RPS6, p-AKT1and p-RPS6 in the pathway. (D–F) The mRNA expression level and protein expression level of these
proteins were also generally increased in DM3. These blots were cropped and original images were shown in Supplementary Figure S7 and Figure 8.
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linked to ribosome biogenesis result in pathologies known as
ribosomopathies, which are associated with malformation and
growth retardation (Teng et al., 2013). A known role of ribosomal
protein RPS6 phosphorylation is the regulation of ribosomal
protein synthesis (Jefferies et al., 1994).

The expression levels of MYL6 in muscle tissue were detected
by western blot to verify the accuracy of proteomics data. Our
Western blotting with anti-phospho-FAK (Tyr-576), Akt (Ser-
473), RPS6(Ser-235/236) confirmed the dramatically increased
expression of pFAK, pAkt, pRPS6 in MG.MSTN+/− (Figure 3),
thus activating the focal adhesion, PI3K-AKT, and ribosomal
signaling pathways. Satellite cells are tissue-specific stem cells
responsible for skeletal muscle growth and regeneration
(Kanisicak et al., 2009). We constructed an MSTN siRNA
model by using BSMSCs and found that knockdown of the
expression of MSTN activated focal adhesion, PI3K-AKT, and
ribosomal signal pathways, and promoted cell proliferation and
myogenic differentiation. The interaction between MSTN and
COL1A1 is verified by CO-IP technology. At the same time, the
COL1A1 siRNA model was constructed, and it was found that
knockdown of the expression of COL1A1 inhibited the adhesion
plaque, PI3K-AKT, and ribosomal pathway, and inhibited cell
proliferation.

Our study using TMT-based quantitative proteomics analyses
on skeletal muscle from MG.MSTN+/− and MG.WT, and verified

the results of proteomics at the cellular level for the first time. The
quantitative proteomics data reveal that MSTN induces
abundance changes of extracellular matrix and ribosome-
related proteins. Using muscle tissue and cell model
verification, we found that MSTN regulates focal adhesion,
PI3K-AKT, and ribosomal pathways through its interaction
with COL1A1 (Figure 11). By the combination of the results
reported in this work and previous studies we conclude that
MSTN plays a critical role in muscle development, and knock
down the expression of MSTN can activate focal adhesion, PI3K-
AKT, and ribosomal pathways, and elevated actin polymerization
and protein synthesis.

MATERIALS AND METHODS

Experimental Design and Sample Collection
In this experiment, 3 MSTN+/− Mongolian cattle and 3 WT
Mongolian cattle were selected as the research objects in the
animal experimental base of Inner Mongolia University. The
experimental cattle were 2-year-old female cattle, healthy and
reared in the same environment. The muscle tissue of bovine leg
and gluteal muscle was collected by in vivo sampling technique,
and the individual information was recorded. Quantitative
proteomics analysis based on TMT 6-plex were designed and

FIGURE 8 | The physical interaction between MSTN and COL1A1. (A) Knockdown of MSTN expression in BSMSCs resulted in no significant change in COL1A1
mRNA expression, (B–C) but protein expression significantly increased in GM and DM3. (D) Co-IP against the endogenous MSTN using anti-MSTN antibody was
conducted with the lysate from BSMSCs and the eluent was immunoblotted against anti-COL1A1 antibody. A normal rabbit IgG was used as a negative control for
immunoprecipitation. These blots were cropped and original images were shown in Supplementary Figure S9.
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carried out to study the regulation mechanism of MSTN in
muscle development. A schematic diagram for experimental
design and workflow is shown in Figure 12. All the
experiments were conducted in strict accordance with the
recommendations in the guidelines for Animal Protection and
Utilization of Inner Mongolia University and approved by the
Animal Welfare Committee of Inner Mongolia University.

Protein Extraction and Digestion
Crush gluteal muscle tissue by conventional grinding method,
and add RIPA lysis buffer (1%NP-40, 0.5% sodium deoxycholate,
1% SDS solution, 5 ml 1×PBS, 42 ml milli-Q water) containing
protease inhibitor and phosphatase inhibitor (RIPA: protease
inhibitor: phosphatase inhibitor:100:1:1) to mix well. The
homogenized samples were centrifuged at 4°C for 20 min at
15,000 g after incubated for 30 min at room temperature. The
supernatant was collected to obtain protein samples, and then the
protein concentration was determined by BCA (CWbiotech Ltd.,

Beijing, China). The proteins were lyophilized and stored at
−80°C for further analysis.

The lyophilized proteins were resuspended and denatured for
5 min sonication and 0.5 h of the vortex in 7 M urea, 2 M thiourea
with a final concentration of 100 mM phosphate buffer (pH 7.8)
containing 0.5 tablets PhosSTOP (phosphatase Inhibitor Cocktail
Tablets from Roche) for 5 ml buffer. The protein concentration
for each of the 6 samples was quantified by a gel-based analysis as
described previously (Chen et al., 2013). Each protein solution
was reduced in 10 mM dithiothreitol (DTT) for 1 h at 60°C before
being alkylated in 40 mM freshly made iodoacetamide for 10min
at room temperature. The reduced and alkylated protein
solutions were transferred to 10 K ultrafiltration tubes before
being centrifuged at 12,000 g for 20 min. After discarding the
liquid in the button of the tube, the supernatant was transferred to
a new ultrafiltration tube and subsequently mixed with trypsin
(AB Sciex) (1:50 w/w) for overnight protein digestion at 37°C.
After digestion, the samples were centrifuged at 12,000 g for

FIGURE 9 | COL1A1 maintains the proliferation of BSMSCs. (A) Knockdown COL1A1 significantly decreased COL1A1 expression level in GM and DM3, (B)
resulting in a significant decrease in the expression level of mRNA in Pax7 and a significant increase in the expression level of mRNA in MyoD, (C–D) but the protein
expression levels of Pax7 and MyoD were significantly decreased. (E–F) EdU assay was performed at 24 h after transfection. The number of EdU-positive cells (E, ×200;
scale bars 250 μm) and EdU labeling index (F) were decreased with COL1A1 knockdown. These blots were cropped and original images were shown in
Supplementary Figure S10.
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20 min, the sediment (peptides) was dried by vacuum
centrifugation.

TandemMass Tag 6-Plex Labeling and High
pH Reverse Phase LC Fractionation
The 6-plex tandem mass tag (TMT) labeling was carried out
according to Thermo Scientific’s TMT Mass Tagging Kits
protocol. Each of the TMT 6-plex label reagents was
reconstituted in 45 µL of acetonitrile (ACN), and the digested
peptides from each sample were incubated with a specific tag (tags
128N, 129N, 129C used for 3 MG.MSTN+/− samples and tags
130N, 130C, 131 used for 3 MG.WT samples, respectively) for 1 h
in room temperature (Figure 12). And then the samples were
pooled and dry-out to cation exchange chromatography. The
hpRP chromatography was carried out as described previously
(Yang et al., 2011). Forty-eight fractions were obtained at 1 min
intervals and pooled into 6 fractions based on UV absorbance at
214 nm and with a multiple fraction concatenation strategy
(Wang et al., 2011). The trypsin peptides labeled in each
component are used for global proteomic analysis of nanoLC-
MS/MS analysis.

Nano-Scale Reverse Phase
Chromatography and Tandem MS Analysis
NanoLC-MS/MS analysis was carried out using an Orbitrap
Fusion mass spectrometer (Thermo-Fisher Scientific, San Jose,
CA) with an UltiMate3000RSLCnano system (Thermo-Dionex,
Sunnyvale, CA). 10 μL supernatant were loaded onto a reverse-
phase trap column (Thermo Scientific Acclaim PepMap100,
75 μm*2 cm, nanoViper C18) which was connected to a

C18 reversed-phase analytical column (Thermo Scientific Easy
Column, 10 cm long, 75 μm inner diameter). The samples were
loaded at 4 μL/min for 5 min, then run at 400 ml/min from 5 to
30% for 40 min in mobile phase B (98% acetonitrile, 0.1% formic
acid), followed by 8 min linear gradient to 80%, then keep at 80%
for 8 min in mobile phase B, and finally back to 5% in 2 min. MS
data were acquired using a data-dependent top 20 method
dynamically choosing the most abundant precursor ions from
the survey scan (350–2000 m/z) for Higher Collision Dissociation
(HCD) fragmentation. The automatic gain control (AGC) target
was set to 3e6. The resolution was set to 70,000 for Survey scans
and 17,500 for HCD spectra. Isolation width was 2 m/z. The
normalized collision energy was 27 eV and the underfill ratio
was 1%.

Protein Identification and Data Analysis
The NanoLC-MS/MS data were searched against the Bos Taurus
database from NCBI using Sequest HT software and converted
into MGF files using the Proteome Discoverer 1.4 (PD1.4,
Thermo) as previously described (Xin et al., 2017). The
parameters of default search for quantitative processing and
protein identification were also the same as our previous
reports. For the assignment of proteins, at least two distinct
peptides should be identified for one protein. The final ratios were
subjected to statistical analysis with Perseus software (http://
www.coxdocs.org/doku.php), and significance was assessed
with t-tests.

Bioinformatics Analysis
UniProt website (http://www.uniprot.org/) was used to find
protein function. DAVID Bioinformatics DAVID
Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/) was

FIGURE 10 | COL1A1 functions in the proliferation of BSMSCs. (A) knockdown of COL1A1 expression resulted in focal adhesion, PI3K-AKT and ribosomal
pathway-related differentially expressed proteinmRNA expression level did not change significantly, (B–C) but the protein expression level decreased significantly. These
blots were cropped and original images were shown in Supplementary Figure S11.
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FIGURE 11 | Functional interaction network and a diagrammatic mode illustrate the regulatory mechanism of theMSTN gene on the focal adhesion, PI3K-AKT, and
ribosomal pathways. (A)MSTN, FAK, AKT1, RPS6, and 55 Differentially expressed proteins were submitted to conduct blast searching against the existing databases in
STRING 11 software. (B) “→” The activation of the process, “ -| ” the inhibition of the process, “– –” the presence of intermediate steps either unknown or omitted. Up-
regulated differentially expressed proteins were marked with red font, while down-regulated differentially expressed proteins were marked with blue font.
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used to perform the GO annotation and KEGG pathway analysis
of differentially expressed proteins. All interactions and construct
networks were performed in the STRING 11.0 database (http://
string-db.org/).

Cell Isolation and Culture
Primary BSMSCs were isolated, cultured, and differentiated
according to the previous study (Dai et al., 2016). To put this
point simply, the muscle tissue of the hindlimb was isolated from
5-6-month-old fetal cattle and digested with type Ⅱ collagenase
(Gibco, Waltham, MA) and trypsin (Gibco). The isolated cells
were cultured in a growth medium containing 80% Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) and 20% fetal bovine
serum (FBS, Gibco) until the cell density reached about 70%, the
differentiation medium containing 98% DMEM and 2% horse
serum (HS, Gibco) was used to induce differentiation.

SiRNA Synthesis
SiRNA for specific knockdown of MSTN and COL1A1
expression was designed and synthesized by RiboBio
(Guangzhou, China). The sequences of si-MSTN and si-
COL1A1 are shown in Supplementary Table S1.

Cell Transfection
According to the manufacturer’s protocol, when the cell density
reaches 70–90%, Lipofectamine 3000 (Invitrogen, Carlsbad, CA)

is used to transfect siRNA into the original BSMSCs. The final
concentrations used for siRNA were 100 nM. After 24 h of
transfection, the (GM) of proliferative cells was collected. The
differentiation medium was changed and cultured for 72 h, and
the cells on the third day of differentiation (DM3) were collected.

RNA Isolation and Quantitative
Real-Time PCR
The total RNA was isolated from BSMSCs using Trizol reagent
(Invitrogen). The integrity and concentration of RNA samples
were measured by 2.0% agarose gel electrophoresis and
NanoDrop 2000c. Then, the PrimeScript II 1st Strand cDNA
Synthesis Kit (Takara, Dalian, China) was employed to prepare
the first-strand cDNA. Quantitative real-time PCR (qRT-PCR)
was performed using All-in-One™ qRT-PCR Mix (Genocopoeia,
Guangzhou, China) in a LightCycler® 96 Instrument (Roche,
Germany) to detect the expression level of mRNAs. The gene
relative expression level was calculated by the 2−ΔΔCt method with
TUBB mRNA as an endogenous control of the basal level. All
primers used were listed in Supplementary Table S2.

5-Ethynyl-29-deoxyuridine Assay
After 24 h of transfection, BSMSCs were incubated at 37°C for 2 h in
96-well plates with 50 μMEdU (RiboBio, Guangzhou, China). Then,
the cells were fixed with 4% paraformaldehyde for 30min and

FIGURE 12 | Experimental design and schematic diagram of the proteomics workflow. A total of 3 MSTN+/− Mongolian cattle (MG.MSTN+/−) and 3 wild type
Mongolian cattle (MG.WT) were analyzed by TMT 6-plex based shotgun-based quantitative proteomics, using the high pH reverse phase label-free liquid
chromatography-mass spectrometry (hpRP-nanoLC-MS/MS) workflow, and the discovery results by multiple methods including real-time fluorescence quantitative
PCR (qRT-PCR), co-Immunoprecipitation (CO-IP), and western blotting approaches.
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neutralized with 2mg/ml glycine solution. The Apollo® staining
solution which contains EdU was added and incubated at room
temperature for 30min in the dark to label the DNA in the synthesis
stage, and the nucleus was then counterstained with DAPI solution.
Three images were randomly obtained by an inverted fluorescence
microscope (Leica, Germany) at a magnification of ×200, and the
number of EdU positive cells was calculated.

Co-Immunoprecipitation
Co-immunoprecipitation was conducted using a Pierce™ Crosslink
Magnetic IP/Co-IP Kit (Thermo-Fisher Scientific, San Jose, CA). The
cells were lysed with a buffer containing 25mM Tris, 150mMNaCl,
1 mM EDTA, 1% NP40, 5% glycerol, and a protease inhibitor
cocktail. The lysates were immunoprecipitated with either anti-
MSTN antibody or anti-IgG antibody, and the eluents were
loaded on a 10% SDS–PAGE gel. The blots were incubated
overnight at 4°C with either anti-MSTN antibody or anti-COL1A1
antibody. After washing in TBS containing 0.05% Tween 20, then
incubated with secondary antibody for 1 h before detection using
ECL chemiluminescent substrate (Solarbio).

Western Blot Analysis
GM phase and DM3 phase cells were collected and lysed with RIPA
buffer with protease inhibitor and phosphatase inhibitor, and the total
proteins were identified. The total protein concentration of the extract
was determined by BCAmethod. Then, equal amounts of cells lysate
were resolved by 10% SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Millipore, Burlington, MA).
The membranes were blocked with 5% BSA for 1 h, incubated with
primary antibody at 4°C overnight, then incubated with secondary
antibody for 1 h prior to detection using ECL chemiluminescent
substrate (Solarbio). Several proteins were validated by western blot
analysis using antibodies against the following proteins: Pax7 (1:100,
DSHB, United States), MyoG (1:100, DSHB, United States), MyoD
(1:100, DSHB, United States), MyHC (1:100, DSHB, United States),
MSTN (1:100, Santa Cruz, United States), p-AKT1 (Ser-473) (1:200,
Santa Cruz, Dallas, United States), COL1A1 (1:5,000, Abcam,
United States), FAK (1:1,000, Abcam, United States), Rock1 (1:
5,000, Abcam, United States), AKT1 (1:5,000, Abcam,
United States), RhoA (1:1,000, NewEast, China), Rac1 (1:1,000,
NewEast, China), LAMB1 (1:1,500, Sangon Biotech, China),
MYL6 (1:500, Sangon Biotech, China), ACTN4 (1:1,000, Sangon
Biotech, China), RPS6 (1:500, Sangon Biotech, China), p-FAK (Tyr-
473) (1:500, Sangon Biotech, China), p-RPS6 (Ser-235/236) (1:500,
Sangon Biotech, China), and reference gene Alpha-Tubulin (1:5,000,
Abcam, United States). The gray values of each protein band were
calculated using ImageJ software.

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 Animal
Ethical and Welfare Committee of Inner Mongolia University.

AUTHOR CONTRIBUTIONS

HS, GL, and HG contributed to conception and design of the
study. HS, MM, and HT organized the database. HS performed
the statistical analysis. HS wrote the first draft of the manuscript.
YG, LZ, JZ, XL, DH and XD wrote sections of the manuscript. All
authors contributed to manuscript revision, read, and approved
the submitted version.

FUNDING

This work was supported by the National Transgenic Animal
Program (grant numbers: 2016ZX08007-002) and the Natural
Science Foundation of Tianjin (grant numbers:
18JCYBJC29700).

ACKNOWLEDGMENTS

We thanks to Research Center for Laboratory Animal Science,
Inner Mongolia University for providing experimental materials
and the proteomic data provided by Cornell University. We are
grateful for the help from the Tianjin Key Laboratory of
Agricultural Animal Breeding and Healthy Husbandry of
Tianjin Agricultural University.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.752129/
full#supplementary-material

REFERENCES

Allendorph, G. P., Vale, W. W., and Choe, S. (2006). Structure of the Ternary
Signaling Complex of a TGF-Beta Superfamily Member. Proc. Natl. Acad. Sci.
103 (20), 7643–7648. doi:10.1073/pnas.0602558103

Aversa, Z., Bonetto, A., Penna, F., Costelli, P., Di Rienzo, G., Lacitignola, A., et al.
(2012). Changes in Myostatin Signaling in Non-weight-losing Cancer Patients.
Ann. Surg. Oncol. 19 (4), 1350–1356. doi:10.1245/s10434-011-1720-5

Badylak, S. F., Kochupura, P. V., Cohen, I. S., Doronin, S. V., Saltman, A. E.,
Gilbert, T. W., et al. (2006). The Use of Extracellular Matrix as an Inductive
Scaffold for the Partial Replacement of Functional Myocardium. Cel Transpl.
15, 29–40. doi:10.3727/000000006783982368

Badylak, S. F., Vorp, D. A., Spievack, A. R., Simmons-Byrd, A., Hanke, J., Freytes,
D. O., et al. (2005). Esophageal Reconstruction with ECM and Muscle Tissue in
a Dog Model. J. Surg. Res. 128 (1), 87–97. doi:10.1016/j.jss.2005.03.002

Birch, H. L. (2018). Extracellular Matrix and Ageing. Subcell Biochem. 90, 169–190.
doi:10.1007/978-981-13-2835-0_7

Frontiers in Genetics | www.frontiersin.org November 2021 | Volume 12 | Article 75212915

Sheng et al. Proteomic Studies of Muscle Development

164

https://www.frontiersin.org/articles/10.3389/fgene.2021.752129/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.752129/full#supplementary-material
https://doi.org/10.1073/pnas.0602558103
https://doi.org/10.1245/s10434-011-1720-5
https://doi.org/10.3727/000000006783982368
https://doi.org/10.1016/j.jss.2005.03.002
https://doi.org/10.1007/978-981-13-2835-0_7
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Boruch, A. V., Nieponice, A., Qureshi, I. R., Gilbert, T. W., and Badylak, S. F.
(2010). Constructive Remodeling of Biologic Scaffolds Is Dependent on Early
Exposure to Physiologic Bladder Filling in a Canine Partial Cystectomy Model.
J. Surg. Res. 161 (2), 217–225. doi:10.1016/j.jss.2009.02.014

Chen, H.-C., Appeddu, P. A., Isoda, H., and Guan, J.-L. (1996). Phosphorylation of
Tyrosine 397 in Focal Adhesion Kinase Is Required for Binding
Phosphatidylinositol 3-Kinase. J. Biol. Chem. 271 (42), 26329–26334.
doi:10.1074/jbc.271.42.26329

Chen, J.-W., Scaria, J., Mao, C., Sobral, B., Zhang, S., Lawley, T., et al. (2013).
Proteomic Comparison of Historic and Recently Emerged Hypervirulent
Clostridium difficile Strains. J. Proteome Res. 12 (3), 1151–1161.
doi:10.1021/pr3007528

Chen, L., Li, X., Ni, N., Liu, Y., Chen, L., Wang, Z., et al. (2016). Phosphorylation of
Myofibrillar Proteins in post-mortem Ovine Muscle with Different Tenderness.
J. Sci. Food Agric. 96 (5), 1474–1483. doi:10.1002/jsfa.7244

Chen, L., Li, Z., Everaert, N., Lametsch, R., and Zhang, D. (2019). Quantitative
Phosphoproteomic Analysis of Ovine Muscle with Different Postmortem
Glycolytic Rates. Food Chem. 280, 203–209. doi:10.1016/
j.foodchem.2018.12.056

Clause, K. C., and Barker, T. H. (2013). Extracellular Matrix Signaling in
Morphogenesis and Repair. Curr. Opin. Biotechnol. 24 (5), 830–833.
doi:10.1016/j.copbio.2013.04.011

Clop, A., Marcq, F., Takeda, H., Pirottin, D., Tordoir, X., Bibé, B., et al. (2006). A
Mutation Creating a Potential Illegitimate microRNA Target Site in the
Myostatin Gene Affects Muscularity in Sheep. Nat. Genet. 38 (7), 813–818.
doi:10.1038/ng1810

Dai, Y., Wang, Y. M., Zhang, W. R., Liu, X. F., Li, X., Ding, X. B., et al. (2016). The
Role of microRNA-1 and microRNA-206 in the Proliferation and
Differentiation of Bovine Skeletal Muscle Satellite Cells. In Vitro
Cell.Dev.Biol.-Animal 52 (1), 27–34. doi:10.1007/s11626-015-9953-4

de Oliveira, M. V., Marin, T. M., Clemente, C. F., Costa, A. P. D., Judice, C. C., and
Franchini, K. G. (2009). SHP-2 Regulates Myogenesis by Coupling to FAK
Signaling Pathway. Febs Lett. 583 (18), 2975–2981. doi:10.1016/
j.febslet.2009.08.022

Desai, K. M., Diaz, S., Dorward, I. G., Winslow, E. R., La Regina, M. C., Halpin, V.,
et al. (2006). Histologic Results 1 Year after Bioprosthetic Repair of
Paraesophageal Hernia in a Canine Model. Surg. Endosc. 20 (11),
1693–1697. doi:10.1007/s00464-006-0680-5

Durieux, A.-C., Amirouche, A., Banzet, S., Koulmann, N., Bonnefoy, R., Pasdeloup,
M., et al. (2007). Ectopic Expression of Myostatin Induces Atrophy of Adult
Skeletal Muscle by Decreasing Muscle Gene Expression. Endocrinology 148 (7),
3140–3147. doi:10.1210/en.2006-1500

Elkasrawy, M. N., and Hamrick, M. W. (2010). Myostatin (GDF-8) as a Key Factor
Linking Muscle Mass and Bone Structure. J. Musculoskelet. Neuronal Interact
10 (1), 56–63. doi:10.1007/s00232-010-9238-5

Elkina, Y., von Haehling, S., Anker, S. D., and Springer, J. (2011). The Role of
Myostatin in Muscle Wasting: an Overview. J. Cachexia Sarcopenia Muscle 2
(3), 143–151. doi:10.1007/s13539-011-0035-5

Franklin, M. E., Treviño, J. M., Portillo, G., Vela, I., Glass, J. L., and González, J. J.
(2008). The Use of Porcine Small Intestinal Submucosa as a Prosthetic Material
for Laparoscopic Hernia Repair in Infected and Potentially Contaminated
fields: Long-Term Follow-Up. Surg. Endosc. 22 (9), 1941–1946. doi:10.1007/
s00464-008-0005-y

Frantz, C., Stewart, K. M., and Weaver, V. M. (2010). The Extracellular Matrix at a
Glance. J. Cel Sci. 123 (24), 4195–4200. doi:10.1242/jcs.023820

Gonzalez-Cadavid, N. F., Taylor, W. E., Yarasheski, K., Sinha-Hikim, I., Ma, K.,
Ezzat, S., et al. (1998). Organization of the Human Myostatin Gene and
Expression in Healthy Men and HIV-Infected Men with Muscle Wasting.
Proc. Natl. Acad. Sci. 95 (25), 14938–14943. doi:10.1073/pnas.95.25.14938

Gordon, S. E., Flück, M., and Booth, F. W. (2001). Selected Contribution: Skeletal
Muscle Focal Adhesion Kinase, Paxillin, and Serum Response Factor Are
Loading Dependent. J. Appl. Physiol. 90 (3), 1174–1183.
doi:10.1.1.337.90110.1152/jappl.2001.90.3.1174

Grobet, L., Royo Martin, L. J., Poncelet, D., Pirottin, D., Brouwers, B., Riquet, J.,
et al. (1997). A Deletion in the Bovine Myostatin Gene Causes the Double-
Muscled Phenotype in Cattle. Nat. Genet. 17 (1), 71–74. doi:10.1038/ng0997-71

Gumbiner, B. M. (1996). Cell Adhesion: the Molecular Basis of Tissue Architecture
and Morphogenesis. Cell 84 (3), 345–357. doi:10.1016/s0092-8674(00)81279-9

Hayot, M., Rodriguez, J., Vernus, B., Carnac, G., Jean, E., Allen, D., et al. (2011).
Myostatin Up-Regulation Is Associated with the Skeletal Muscle Response to
Hypoxic Stimuli. Mol. Cell Endocrinol. 332 (1-2), 38–47. doi:10.1016/
j.mce.2010.09.008

Huang, H., Larsen, M. R., Karlsson, A. H., Pomponio, L., Costa, L. N., and
Lametsch, R. (2011). Gel-based Phosphoproteomics Analysis of
Sarcoplasmic Proteins in Postmortem Porcine Muscle with pH Decline Rate
and Time Differences. Proteomics 11 (20), 4063–4076. doi:10.1002/
pmic.201100173

Huang, H., Larsen, M. R., and Lametsch, R. (2012). Changes in Phosphorylation of
Myofibrillar Proteins during Postmortem Development of Porcine Muscle.
Food Chem. 134 (4), 1999–2006. doi:10.1016/j.foodchem.2012.03.132

Huang, H., Larsen, M. R., Palmisano, G., Dai, J., and Lametsch, R. (2014).
Quantitative Phosphoproteomic Analysis of Porcine Muscle within 24h
Postmortem. J. Proteomics 106, 125–139. doi:10.1016/j.jprot.2014.04.020

Huang, P., Pang, D., Wang, K., Xu, A., Yao, C., Li, M., et al. (2019). The Possible
Role of Complete Loss of Myostatin in Limiting Excessive Proliferation of
Muscle Cells (C2C12) via Activation of MicroRNAs. Ijms 20 (3), 643.
doi:10.3390/ijms20030643

Huang, Z., Chen, D., Zhang, K., Yu, B., Chen, X., andMeng, J. (2007). Regulation of
Myostatin Signaling by C-Jun N-Terminal Kinase in C2C12 Cells. Cell Signal.
19 (11), 2286–2295. doi:10.1016/j.cellsig.2007.07.002

Jefferies, H. B., Reinhard, C., Kozma, S. C., and Thomas, G. (1994). Rapamycin
Selectively Represses Translation of the "polypyrimidine Tract" mRNA Family.
Proc. Natl. Acad. Sci. 91 (10), 4441–4445. doi:10.1073/pnas.91.10.4441

Jouliaekaza, D., and Cabello, G. (2007). The Myostatin Gene: Physiology and
Pharmacological Relevance. Curr. Opin. Pharmacol. 7 (3), 310–315.
doi:10.1016/j.coph.2006.11.011

Kanisicak, O., Mendez, J. J., Yamamoto, S., Yamamoto, M., and Goldhamer, D. J.
(2009). Progenitors of Skeletal Muscle Satellite Cells Express the Muscle
Determination Gene, MyoD. Dev. Biol. 332 (1), 131–141. doi:10.1016/
j.ydbio.2009.05.554

Karamanos, N. K., Piperigkou, Z., Theocharis, A. D., Watanabe, H., Franchi, M.,
Baud, S., et al. (2018). Proteoglycan Chemical Diversity Drives Multifunctional
Cell Regulation and Therapeutics. Chem. Rev. 118 (18), 9152–9232.
doi:10.1021/acs.chemrev.8b00354

Kirn-Safran, C. B., Oristian, D. S., Focht, R. J., Parker, S. G., Vivian, J. L., and
Carson, D. D. (2007). Global Growth Deficiencies in Mice Lacking the
Ribosomal Protein HIP/RPL29. Dev. Dyn. 236 (2), 447–460. doi:10.1002/
dvdy.21046

Kollias, H. D., and McDermott, J. C. (2008). Transforming Growth Factor-β and
Myostatin Signaling in Skeletal Muscle. J. Appl. Physiol. 104 (3), 579–587.
doi:10.1152/japplphysiol.01091.2007

Langley, B., Thomas, M., Bishop, A., Sharma, M., Gilmour, S., and Kambadur, R.
(2002). Myostatin Inhibits Myoblast Differentiation by Down-Regulating
MyoD Expression. J. Biol. Chem. 277 (51), 49831–49840. doi:10.1074/
jbc.M204291200

Lee, S.-J., and McPherron, A. C. (2001). Regulation of Myostatin Activity and
Muscle Growth. Proc. Natl. Acad. Sci. 98 (16), 9306–9311. doi:10.1073/
pnas.151270098

Lenk, K., Schur, R., Linke, A., Erbs, S., Matsumoto, Y., Adams, V., et al. (2009).
Impact of Exercise Training on Myostatin Expression in the Myocardium and
Skeletal Muscle in a Chronic Heart Failure Model. Eur. J. Heart Fail. 11 (4),
342–348. doi:10.1093/eurjhf/hfp020

Li, C. B., Li, J., Zhou, G. H., Lametsch, R., Ertbjerg, P., Brüggemann, D. A., et al.
(2012). Electrical Stimulation Affects Metabolic Enzyme Phosphorylation,
Protease Activation, and Meat Tenderization in Beef1. J. Anim. Sci. 90 (5),
1638–1649. doi:10.2527/jas.2011-4514

Li, C., Zhou, G., Xu, X., Lundström, K., Karlsson, A., and Lametsch, R. (2015a).
Phosphoproteome Analysis of Sarcoplasmic and Myofibrillar Proteins in
Bovine Longissimus Muscle in Response to Postmortem Electrical
Stimulation. Food Chem. 175, 197–202. doi:10.1016/j.foodchem.2014.11.139

Li, R., Zeng, W., Ma, M., Wei, Z., Liu, H., Liu, X., et al. (2020). Precise Editing of
Myostatin Signal Peptide by CRISPR/Cas9 Increases the Muscle Mass of Liang
Guang Small Spotted Pigs. Transgenic Res. 29 (1), 149–163. doi:10.1007/
s11248-020-00188-w

Li, X., Fang, T., Zong, M., Shi, X., Xu, X., Dai, C., et al. (2015b). Phosphorproteome
Changes of Myofibrillar Proteins at Early Post-mortem Time in Relation to

Frontiers in Genetics | www.frontiersin.org November 2021 | Volume 12 | Article 75212916

Sheng et al. Proteomic Studies of Muscle Development

165

https://doi.org/10.1016/j.jss.2009.02.014
https://doi.org/10.1074/jbc.271.42.26329
https://doi.org/10.1021/pr3007528
https://doi.org/10.1002/jsfa.7244
https://doi.org/10.1016/j.foodchem.2018.12.056
https://doi.org/10.1016/j.foodchem.2018.12.056
https://doi.org/10.1016/j.copbio.2013.04.011
https://doi.org/10.1038/ng1810
https://doi.org/10.1007/s11626-015-9953-4
https://doi.org/10.1016/j.febslet.2009.08.022
https://doi.org/10.1016/j.febslet.2009.08.022
https://doi.org/10.1007/s00464-006-0680-5
https://doi.org/10.1210/en.2006-1500
https://doi.org/10.1007/s00232-010-9238-5
https://doi.org/10.1007/s13539-011-0035-5
https://doi.org/10.1007/s00464-008-0005-y
https://doi.org/10.1007/s00464-008-0005-y
https://doi.org/10.1242/jcs.023820
https://doi.org/10.1073/pnas.95.25.14938
https://doi.org/10.1.1.337.90110.1152/jappl.2001.90.3.1174
https://doi.org/10.1038/ng0997-71
https://doi.org/10.1016/s0092-8674(00)81279-9
https://doi.org/10.1016/j.mce.2010.09.008
https://doi.org/10.1016/j.mce.2010.09.008
https://doi.org/10.1002/pmic.201100173
https://doi.org/10.1002/pmic.201100173
https://doi.org/10.1016/j.foodchem.2012.03.132
https://doi.org/10.1016/j.jprot.2014.04.020
https://doi.org/10.3390/ijms20030643
https://doi.org/10.1016/j.cellsig.2007.07.002
https://doi.org/10.1073/pnas.91.10.4441
https://doi.org/10.1016/j.coph.2006.11.011
https://doi.org/10.1016/j.ydbio.2009.05.554
https://doi.org/10.1016/j.ydbio.2009.05.554
https://doi.org/10.1021/acs.chemrev.8b00354
https://doi.org/10.1002/dvdy.21046
https://doi.org/10.1002/dvdy.21046
https://doi.org/10.1152/japplphysiol.01091.2007
https://doi.org/10.1074/jbc.M204291200
https://doi.org/10.1074/jbc.M204291200
https://doi.org/10.1073/pnas.151270098
https://doi.org/10.1073/pnas.151270098
https://doi.org/10.1093/eurjhf/hfp020
https://doi.org/10.2527/jas.2011-4514
https://doi.org/10.1016/j.foodchem.2014.11.139
https://doi.org/10.1007/s11248-020-00188-w
https://doi.org/10.1007/s11248-020-00188-w
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Pork Quality as Affected by Season. J. Agric. Food Chem. 63 (47), 10287–10294.
doi:10.1021/acs.jafc.5b03997

Lipina, C., Kendall, H., McPherron, A. C., Taylor, P. M., and Hundal, H. S. (2010).
Mechanisms Involved in the Enhancement of Mammalian Target of
Rapamycin Signalling and Hypertrophy in Skeletal Muscle of Myostatin-
Deficient Mice. FEBS Lett. 584 (11), 2403–2408. doi:10.1016/
j.febslet.2010.04.039

Mariot, V., Joubert, R., Hourdé, C., Féasson, L., Hanna, M., Muntoni, F., et al.
(2017). Downregulation ofMyostatin Pathway in Neuromuscular Diseases May
Explain Challenges of Anti-myostatin Therapeutic Approaches. Nat. Commun.
8, 1859. doi:10.1038/s41467-017-01486-4

Martin, L. B. B., Sherwood, R. W., Nicklay, J. J., Yang, Y., Muratore-Schroeder, T.
L., Anderson, E. T., et al. (2016). Application of Wide Selected-ion Monitoring
Data-independent Acquisition to Identify Tomato Fruit Proteins Regulated by
the CUTIN DEFICIENT2 Transcription Factor. Proteomics 16 (15-16),
2081–2094. doi:10.1002/pmic.201500450

McPherron, A. C., Lawler, A. M., and Lee, S.-J. (1997). Regulation of Skeletal
Muscle Mass in Mice by a New TGF-P Superfamily Member. Nature 387
(6628), 83–90. doi:10.1038/387083a0

McPherron, A. C., and Lee, S.-J. (1997). Double Muscling in Cattle Due to
Mutations in the Myostatin Gene. Proc. Natl. Acad. Sci. U S A. 94 (23),
12457–12461. doi:10.1073/pnas.94.23.12457

McPherron, A. C., and Lee, S.-J. (2002). Suppression of Body Fat Accumulation in
Myostatin-Deficient Mice. J. Clin. Invest. 109 (5), 595–601. doi:10.1172/jci0213562

Mendias, C. L., Schwartz, A. J., Grekin, J. A., Gumucio, J. P., and Sugg, K. B. (2017).
Changes in Muscle Fiber Contractility and Extracellular Matrix Production
during Skeletal Muscle Hypertrophy. J. Appl. Physiol. 122 (3), 571–579.
doi:10.1152/japplphysiol.00719.2016

Morissette, M. R., Cook, S. A., Buranasombati, C., Rosenberg, M. A., and
Rosenzweig, A. (2009). Myostatin Inhibits IGF-I-Induced Myotube
Hypertrophy through Akt. Am. J. Physiology-Cell Physiol. 297 (5),
C1124–C1132. doi:10.1152/ajpcell.00043.2009

Mosher, D. S., Quignon, P., Bustamante, C. D., Sutter, N. B., Mellersh, C. S., Parker,
H. G., et al. (2007). A Mutation in the Myostatin Gene Increases Muscle Mass
and Enhances Racing Performance in Heterozygote Dogs. Plos Genet. 3 (5), e79.
doi:10.1371/journal.pgen.0030079

Muncie, J. M., andWeaver, V. M. (2018). The Physical and Biochemical Properties
of the Extracellular Matrix Regulate Cell Fate. Curr. Top. Dev. Biol. 130, 1–37.
doi:10.1016/bs.ctdb.2018.02.002

Muroya, S., Ohnishi-Kameyama, M., Oe, M., Nakajima, I., Shibata, M., and
Chikuni, K. (2007). Double Phosphorylation of the Myosin Regulatory Light
Chain during Rigor Mortis of Bovine Longissimus Muscle. J. Agric. Food Chem.
55 (10), 3998–4004. doi:10.1021/jf063200o

Obermann,W.M., Gautel,M.,Weber, K., and Furst, D.O. (1997).Molecular Structure of
the Sarcomeric M Band: Mapping of Titin and Myosin Binding Domains in
Myomesin and the Identification of a Potential Regulatory Phosphorylation Site
in Myomesin. EMBO J. 16 (2), 211–220. doi:10.1093/emboj/16.2.211

Pompura, S. L., and Dominguez-Villar, M. (2018). The PI3K/AKT Signaling
Pathway in Regulatory T-Cell Development, Stability, and Function.
J. Leukoc. Biol. 103 (6), 1065–1076. doi:10.1002/Jlb.2mir0817-349r

Quarti, A., Nardone, S., Colaneri, M., Santoro, G., and Pozzi, M. (2011).
Preliminary Experience in the Use of an Extracellular Matrix to Repair
Congenital Heart Diseases. Interactive Cardiovasc. Thorac. Surg. 13 (6),
569–572. doi:10.1510/icvts.2011.280016

Reddy, P. P., Barrieras, D. J., Wilson, G., Bagli, D. J., McLorie, G. A., Khoury, A. E., et al.
(2000). Regeneration of Functional Bladder Substitutes Using Large Segment
Acellular Matrix Allografts in a Porcine Model. J. Urol. 164 (3), 936–941.
doi:10.1016/S0022-5347(05)67221-710.1097/00005392-200009020-00005

Rios, R., Carneiro, I., Arce, V. M., and Devesa, J. (2002). Myostatin Is an Inhibitor
of Myogenic Differentiation. Am. J. Physiology-Cell Physiol. 282 (5),
C993–C999. doi:10.1152/ajpcell.00372.2001

Rios, R., Carneiro, I., Arce, V. M., and Devesa, J. (2001). Myostatin Regulates Cell
Survival during C2C12 Myogenesis. Biochem. Biophys. Res. Commun. 280 (2),
561–566. doi:10.1006/bbrc.2000.4159

Sartori, R., Milan, G., Patron, M., Mammucari, C., Blaauw, B., Abraham, R., et al.
(2009). Smad2 and 3 Transcription Factors Control Muscle Mass in Adulthood.
Am. J. Physiol. Cel Physiol 296 (6), C1248–C1257. doi:10.1152/
ajpcell.00104.2009

Schuelke, M., Wagner, K. R., Stolz, L. E., Hubner, C., Riebel, T., Komen, W.,
et al. (2004). Myostatin Mutation Associated with Gross Muscle
Hypertrophy in a Child. N. Engl. J. Med. 350 (26), 2682–2688.
doi:10.1056/NEJMoa040933

Smith, M. J., Paran, T. S., Quinn, F., and Corbally, M. T. (2004). The SIS
Extracellular Matrix Scaffold - Preliminary Results of Use in Congenital
Diaphragmatic Hernia (CDH) Repair. Pediatr. Surg. Int. 20 (11-12),
859–862. doi:10.1007/s00383-004-1298-0

Stantzou, A., Relizani, K., Morales-Gonzalez, S., Gallen, C., Grassin, A., Ferry, A.,
et al. (2021). Extracellular Matrix Remodelling Is Associated with Muscle Force
Increase in Overloaded Mouse Plantaris Muscle. Neuropathol. Appl. Neurobiol.
47 (2), 218–235. doi:10.1111/nan.12655

Steelman, C. A., Recknor, J. C., Nettleton, D., and Reecy, J. M. (2006).
Transcriptional Profiling of Myostatin-Knockout Mice Implicates Wnt
Signaling in Postnatal Skeletal Muscle Growth and Hypertrophy. FASEB J.
20 (3), 580–582. doi:10.1096/fj.05-5125fje

Teng, T., Thomas, G., and Mercer, C. A. (2013). Growth Control and
Ribosomopathies. Curr. Opin. Genet. Dev. 23 (1), 63–71. doi:10.1016/
j.gde.2013.02.001

Theocharis, A. D., Skandalis, S. S., Gialeli, C., and Karamanos, N. K. (2016).
Extracellular Matrix Structure. Adv. Drug Deliv. Rev. 97, 4–27. doi:10.1016/
j.addr.2015.11.001

Thomas, M., Langley, B., Berry, C., Sharma, M., Kirk, S., Bass, J., et al. (2000).
Myostatin, a Negative Regulator of Muscle Growth, Functions by Inhibiting
Myoblast Proliferation. J. Biol. Chem. 275 (51), 40235–40243. doi:10.1074/
jbc.M004356200

Trendelenburg, A. U., Meyer, A., Rohner, D., Boyle, J., Hatakeyama, S., and Glass,
D. J. (2009). Myostatin Reduces Akt/TORC1/p70S6K Signaling, Inhibiting
Myoblast Differentiation and Myotube Size. Am. J. Physiol. Cel Physiol 296
(6), C1258–C1270. doi:10.1152/ajpcell.00105.2009

Tsuchida, K. (2008). Targeting Myostatin for Therapies against Muscle-Wasting
Disorders. Curr. Opin. Drug Discov. Devel 11 (4), 487–494.

Turner, N. J., Yates, A. J., Weber, D. J., Qureshi, I. R., Stolz, D. B., Gilbert, T. W.,
et al. (2010). Xenogeneic Extracellular Matrix as an Inductive Scaffold for
Regeneration of a Functioning Musculotendinous Junction. Tissue Eng. A 16
(11), 3309–3317. doi:10.1089/ten.tea.2010.0169

Valentin, J. E., Turner, N. J., Gilbert, T. W., and Badylak, S. F. (2010). Functional
Skeletal Muscle Formation with a Biologic Scaffold. Biomaterials 31 (29),
7475–7484. doi:10.1016/j.biomaterials.2010.06.039

Veilleux, L. N., Lemay, M., Pouliot-Laforte, A., Cheung, M. S., Glorieux, F. H., and
Rauch, F. (2014). Muscle Anatomy and Dynamic Muscle Function in
Osteogenesis Imperfecta Type I. J. Clin. Endocrinol. Metab. 99 (2),
E356–E362. doi:10.1210/jc.2013-3209

Veilleux, L. N., Pouliot-Laforte, A., Lemay, M., Cheung, M. S., Glorieux, F. H., and
Rauch, F. (2015). The Functional Muscle-Bone Unit in Patients with
Osteogenesis Imperfecta Type I. Bone 79, 52–57. doi:10.1016/
j.bone.2015.05.019

Volarevic, S. (2000). Proliferation, but Not Growth, Blocked by Conditional
Deletion of 40S Ribosomal Protein S6. Science 288 (5473), 2045–2047.
doi:10.1126/science.288.5473.2045

Wang, D. T., Yang, Y. J., Huang, R. H., Zhang, Z. H., and Lin, X. (2015). Myostatin
Activates the Ubiquitin-Proteasome and Autophagy-Lysosome Systems
Contributing to Muscle Wasting in Chronic Kidney Disease. Oxid Med. Cel
Longev 2015, 684965. doi:10.1155/2015/684965

Wang, L., Huang, Y., Wang, X., and Chen, Y. (2019). Label-Free LC-MS/MS
Proteomics Analyses Reveal Proteomic Changes Accompanying MSTN KO in
C2C12 Cells. Biomed. Res. Int. 2019, 7052456. doi:10.1155/2019/7052456

Wang, Y. X., Yang, F., Gritsenko, M. A., Wang, Y. C., Clauss, T., Liu, T., et al.
(2011). Reversed-phase Chromatography with Multiple Fraction
Concatenation Strategy for Proteome Profiling of Human MCF10A Cells.
Proteomics 11 (10), 2019–2026. doi:10.1002/pmic.201000722

Wen, Y., Alimov, A. P., and McCarthy, J. J. (2016). Ribosome Biogenesis Is
Necessary for Skeletal Muscle Hypertrophy. Exerc. Sport Sci. Rev. 44 (3),
110–115. doi:10.1249/Jes.0000000000000082

Xin, X. B., Liu, X. F., Li, X., Ding, X. B., Yang, S. P., Jin, C. F., et al. (2017).
Comparative Muscle Proteomics/phosphoproteomics Analysis Provides New
Insight for the Biosafety Evaluation of Fat-1 Transgenic Cattle. Transgenic Res.
26 (5), 625–638. doi:10.1007/s11248-017-0032-3

Frontiers in Genetics | www.frontiersin.org November 2021 | Volume 12 | Article 75212917

Sheng et al. Proteomic Studies of Muscle Development

166

https://doi.org/10.1021/acs.jafc.5b03997
https://doi.org/10.1016/j.febslet.2010.04.039
https://doi.org/10.1016/j.febslet.2010.04.039
https://doi.org/10.1038/s41467-017-01486-4
https://doi.org/10.1002/pmic.201500450
https://doi.org/10.1038/387083a0
https://doi.org/10.1073/pnas.94.23.12457
https://doi.org/10.1172/jci0213562
https://doi.org/10.1152/japplphysiol.00719.2016
https://doi.org/10.1152/ajpcell.00043.2009
https://doi.org/10.1371/journal.pgen.0030079
https://doi.org/10.1016/bs.ctdb.2018.02.002
https://doi.org/10.1021/jf063200o
https://doi.org/10.1093/emboj/16.2.211
https://doi.org/10.1002/Jlb.2mir0817-349r
https://doi.org/10.1510/icvts.2011.280016
https://doi.org/10.1016/S0022-5347(05)67221-710.1097/00005392-200009020-00005
https://doi.org/10.1152/ajpcell.00372.2001
https://doi.org/10.1006/bbrc.2000.4159
https://doi.org/10.1152/ajpcell.00104.2009
https://doi.org/10.1152/ajpcell.00104.2009
https://doi.org/10.1056/NEJMoa040933
https://doi.org/10.1007/s00383-004-1298-0
https://doi.org/10.1111/nan.12655
https://doi.org/10.1096/fj.05-5125fje
https://doi.org/10.1016/j.gde.2013.02.001
https://doi.org/10.1016/j.gde.2013.02.001
https://doi.org/10.1016/j.addr.2015.11.001
https://doi.org/10.1016/j.addr.2015.11.001
https://doi.org/10.1074/jbc.M004356200
https://doi.org/10.1074/jbc.M004356200
https://doi.org/10.1152/ajpcell.00105.2009
https://doi.org/10.1089/ten.tea.2010.0169
https://doi.org/10.1016/j.biomaterials.2010.06.039
https://doi.org/10.1210/jc.2013-3209
https://doi.org/10.1016/j.bone.2015.05.019
https://doi.org/10.1016/j.bone.2015.05.019
https://doi.org/10.1126/science.288.5473.2045
https://doi.org/10.1155/2015/684965
https://doi.org/10.1155/2019/7052456
https://doi.org/10.1002/pmic.201000722
https://doi.org/10.1249/Jes.0000000000000082
https://doi.org/10.1007/s11248-017-0032-3
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Xin, X. B., Yang, S. P., Li, X., Liu, X. F., Zhang, L. L., Ding, X. B., et al. (2020). Proteomics
Insights into the Effects of MSTN on Muscle Glucose and Lipid Metabolism in
Genetically Edited Cattle. Gen. Comp. Endocrinol. 291, 113237. doi:10.1016/
j.ygcen.2019.113237

Yam, J. W. P., Tse, E. Y. T., and Ng, I. O. L. (2009). Role and Significance of Focal
Adhesion Proteins in Hepatocellular Carcinoma. J. Gastroenterol. Hepatol. 24
(4), 520–530. doi:10.1111/j.1440-1746.2009.05813.x

Yang, S., Xin, L., Liu, X., Ding, X., and Hong, G. J. O. (2018). Parallel Comparative
Proteomics and Phosphoproteomics Reveal that Cattle Myostatin Regulates
Phosphorylation of Key Enzymes in Glycogen Metabolism and Glycolysis
Pathway. Oncotarget 9 (13), 11352–11370. doi:10.18632/oncotarget.24250

Yang, Y., Qiang, X., Owsiany, K., Zhang, S., Thannhauser, T. W., and Li, L. (2011).
Evaluation of Different Multidimensional LC-MS/MS Pipelines for Isobaric
Tags for Relative and Absolute Quantitation (iTRAQ)-Based Proteomic
Analysis of Potato Tubers in Response to Cold Storage. J. Proteome Res. 10
(10), 4647–4660. doi:10.1021/pr200455s

Zhang, C., McFarlane, C., Lokireddy, S., Bonala, S., Ge, X., Masuda, S., et al. (2011).
Myostatin-deficient Mice Exhibit Reduced Insulin Resistance through
Activating the AMP-Activated Protein Kinase Signalling Pathway.
Diabetologia 54 (6), 1491–1501. doi:10.1007/s00125-011-2079-7

Zhang, C., McFarlane, C., Lokireddy, S., Masuda, S., Ge, X., Gluckman, P. D., et al.
(2012). Inhibition of Myostatin Protects against Diet-Induced Obesity by
Enhancing Fatty Acid Oxidation and Promoting a Brown Adipose
Phenotype in Mice. Diabetologia 55 (1), 183–193. doi:10.1007/s00125-011-
2304-4

Zhao, J. Y., and Bass, K. D. (2018). Skeletal Muscle Regeneration by Extracellular
Matrix Biological Scaffold: a Case Report. J. Wound Care 27 (9), S11–S14.
doi:10.12968/jowc.2018.27.Sup9.S11

Zimmers, T. A., Davies, M. V., Koniaris, L. G., Haynes, P., Esquela, A. F.,
Tomkinson, K. N., et al. (2002). Induction of Cachexia in Mice by
Systemically Administered Myostatin. Science 296 (5572), 1486–1488.
doi:10.1126/science.1069525

Conflict of Interest: The 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.

Copyright © 2021 Sheng, Guo, Zhang, Zhang, Miao, Tan, Hu, Li, Ding, Li and Guo.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Genetics | www.frontiersin.org November 2021 | Volume 12 | Article 75212918

Sheng et al. Proteomic Studies of Muscle Development

167

https://doi.org/10.1016/j.ygcen.2019.113237
https://doi.org/10.1016/j.ygcen.2019.113237
https://doi.org/10.1111/j.1440-1746.2009.05813.x
https://doi.org/10.18632/oncotarget.24250
https://doi.org/10.1021/pr200455s
https://doi.org/10.1007/s00125-011-2079-7
https://doi.org/10.1007/s00125-011-2304-4
https://doi.org/10.1007/s00125-011-2304-4
https://doi.org/10.12968/jowc.2018.27.Sup9.S11
https://doi.org/10.1126/science.1069525
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


circTAF8 Regulates Myoblast
Development and Associated Carcass
Traits in Chicken
Kan Li1,2, Weichen Huang1,2, Zhijun Wang1,2, Yangfeng Chen1,2, Danfeng Cai1,2 and
Qinghua Nie1,2*

1Department of Animal Genetics, Breeding and Reproduction, College of Animal Science, South China Agricultural University,
Guangzhou, China, 2National-Local Joint Engineering Research Center for Livestock Breeding, Guangdong Provincial Key Lab of
Agro-Animal Genomics and Molecular Breeding, and Key Laboratory of Chicken Genetics, Breeding and Reproduction, Ministry
of Agriculture, Guangzhou, China

Recent studies have shown that circular RNAs (circRNAs) play important roles in skeletal
muscle development. CircRNA biogenesis is dependent on the genetic context. Single-
nucleotide polymorphisms in the introns flanking circRNAs may be intermediate-inducible
factors between circRNA expression and phenotypic traits. Our previous study showed
that circTAF8 is an abundantly and differentially expressed circRNA in leg muscle during
chicken embryonic development. Here, we aimed to investigate circTAF8 function in
muscle development and the association of the SNPs in the circTAF8 flanking introns with
carcass traits. In this study, we observed that overexpression of circTAF8 could promote
the proliferation of chicken primary myoblasts and inhibit their differentiation. In addition,
the SNPs in the introns flanking the circTAF8 locus and those associated with chicken
carcass traits were analyzed in 335 partridge chickens. A total of eight SNPs were found
associated with carcass traits such as leg muscle weight, live weight, and half and full-bore
weight. The association analysis results of haplotype combinations were consistent with
the association analysis of a single SNP. These results suggest that circTAF8 plays a
regulatory role in muscle development. These identified SNPs were found correlated with
traits to muscle development and carcass muscle weight in chickens.

Keywords: circTAF8, snps, flanking introns, non-coding RNA, muscle development, carcass traits, chicken

INTRODUCTION

Skeletal muscle development directly impacts carcass yield for meat consumption and is affected by
heredity, nutrition, breed, sex, and environment (Fortin et al., 1987; Houba et al., 2004; Halevy et al.,
2006). From a genetic point of view, muscle development is under the precise regulation of a series of
specific genes and signals, mainly including the myogenic regulatory factor family and myocyte
enhancer factor-2 family, the paired box transcription factors Pax3 and Pax7, andmyostatin (Pas and
Visscher, 1994; Grefte et al., 2007). In addition to these coding genes, a growing number of studies
have found that noncoding RNAs also play important roles in muscle development (Luo et al., 2013;
Cai et al., 2017; Simona et al., 2018).

Circular RNAs (circRNAs) are closed circular RNA molecules formed by back-splicing of a
precursor mRNA, lacking a 3ʹ end poly-A tail and an 5ʹ end cap structure (Kristensen et al., 2019).
CircRNAs are widely present in eukaryotic animals and participate in various biological processes.
Studies have found that circRNAs are closely related to myogenesis, the transformation of muscle
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fiber types, and skeletal muscle diseases (Kyei et al., 2020; Li et al.,
2020; Chen et al., 2021). Our group has previously reported that
circSVIL (Ouyang et al., 2018a), circHIPK3 (Chen et al., 2019),
and circFGFR2 (Chen et al., 2018) promote the proliferation and
differentiation of chicken myoblasts. Biological functions of
circRNAs mainly include acting as miRNA sponges,
interacting with various RNA-binding proteins (RBPs), and
cap-independent translation themselves (Chen and Yang,
2015). Currently, studies on the mechanism whereby
circRNAs regulate muscle development mainly focus on the
interaction of circRNAs with miRNA (Ouyang et al., 2018a;
Chen et al., 2019).

Single-nucleotide polymorphisms (SNPs) are variations of only
one nucleotide variation and are widely used in studying animal and
plant genetics. To date, numerous SNPmarkers have been identified
to be associated with various important economic traits of chickens
(Gorbach et al., 2010; Niknafs et al., 2014). The three SNPs of the
growth hormone receptor have been found and genotyped in an
F2 full-sib chicken population. G6631778A is related to body weight
at various ages, dressed weight, subcutaneous fat thickness, and
hatching weight in the roosters. G6631778A is only related to the 28-
day-old body weight in the hens (Ouyang et al., 2008). Several SNPs
of amylase alpha 1A were associated with leg muscle weight and
daily gain (Zhang et al., 2021). Because of SNPs’ wide distribution,
high marker density, and high genetic stability, they have become an
indispensable tool in chicken genetic breeding. With the in-depth
study on circRNAs, studies have shown that SNPs could affect the
formation of circRNAs and change their expression level
(Paraboschi et al., 2018; Liu et al., 2019; Gao et al., 2021). The
multiple-sclerosis-associated SNPs on the STAT3 gene affect the
expression level of circRNA has_circ_0043813 (Paraboschi et al.,
2018). The rs12196996 polymorphism in the introns flanking
circFOXO3 can change circFOXO3 expression and increase the
risk of coronary artery disease (Zhou et al., 2020). The biogenesis of
circRNAs is influenced by cis-acting elements and trans-acting
splicing factors, both of which require the participation of
circRNA-flanking introns (Kristensen et al., 2019). SNPs in
introns flanking circRNAs may modulate back-splicing of
circRNA precursors, thereby affecting the production of circRNAs.

We have previously shown that circTAF8 is one of the top ten
abundantly expressed circRNAs in chicken leg muscle at three
different time points in embryonic development (GSE89355)
(Ouyang et al., 2018b), indicating that circTAF8 functions in
muscle development. In this study, we assessed the function of
circTAF8 in the proliferation and differentiation of primary
myoblasts and analyzed the association of the SNPs in the introns
flanking circTAF8 with chicken carcass traits. Accordingly, this study
aimed to assess whether phenotypic traits are associated with
circRNAs and the SNPs in the circRNA-flanking introns.

MATERIALS AND METHODS

All animal experiments and sampling procedures used in this study
were strictly implemented in accordance with the regulations of the
ethics committee of laboratory animals of South China Agricultural
University (approval ID: SCAU#2020C030). All samples and

carcass-trait data were collected in Guangzhou Kwangfeng
Industrial Co., Ltd. Guangzhou Kwangfeng Industrial Co., Ltd., is
the animal experimental unit operated under South China
Agricultural University.

Experimental Animal and Sample Collection
A total of 335 healthy partridge chickens of the M3 line (77 males
and 258 females) were selected to screen for SNPs. Blood samples
were collected in anticoagulant tubes containing 0.5 M EDTA,
and E.Z.N.A.® Blood DNA Mini Kit (Omega Bio-tek, Norcross,
GA, United States) was used to isolate the genomic DNA from
blood. The concentration and quality of DNA were determined
using NanoDrop One (Thermo Fisher Scientific, Seattle, WA,
United States) and 1% agarose gel electrophoresis. The DNA
samples were stored in an ultra-low temperature refrigerator at
–80°C for later use.

The phenotypic traits mainly included live weight before
slaughter (LWBS), carcass weight (CW), half-bore weight
(HBW), full-bore weight (FBW), pectoral muscle weight
(PMW), leg muscle weight (LMW), wing weight (WW), foot
weight (FW), head weight (HW), heart weight (HW), liver weight
(LW), stomach weight (SW), abdominal fat weight (AFW), shank
length (SL), and shank diameter (SD). These obtained data were
quantified and analyzed in Microsoft Excel 365 (Microsoft
Corporation, Redmond, WA, USA).

In addition, four 7-week-old white Recessive Rock (WRR)
chickens with similar weights were selected. The heart, liver,
spleen, lung, kidney, pectoral, leg chicken, cerebellum,
epencephalon, and abdominal fat were collected to
characterize the tissue expression profiles of circTAF8 and TAF8.

Genotyping SNPs via Polymerase Chain
Reaction
Primers based on the TAF8 gene sequence provided by NCBI
(accession number: NC_052,555.1) were designed using the Oligo
7 software version 7.56 (Molecular Biology Insights, Cascade, CO,
USA) and synthesized by Beijing Tsingke Biotechnology Co., Ltd.
(Beijing, China). The information about the primers used is
shown in Supplementary Table S1. PCR was performed in a
total volume of 30 μl including the following: 2 μl DNA template,
15 μl 2× Flash PCR Master Mix (CWBio, Beijing, China), 2 μl
forward and reverse primers each, and 9 μl ddH2O. The PCR
program was as follows: pre-denaturation 95°C for 5 min; 35
cycles of denaturation at 94°C for 25 s, annealing at 60°C for 25 s,
and extension at 72°C for 10 s; final extension at 72°C for 5 min.
The PCR products were analyzed via 1% agarose gel
electrophoresis.

Isolation, Culture, Differentiation, and
Transfection of Chicken Primary Myoblasts
Primary myoblasts were isolated from the leg muscle of chick
embryos (eggs were from Zhuhai Yuhe Agriculture and Animal
Husbandry Co., Ltd.) on day 11, as previously described (Cai
et al., 2017). The isolated leg muscles were washed with
phosphate-buffered saline (PBS; Gibco, Carlsbad, CA, USA)
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containing 1% penicillin/streptomycin (Gibco, CA, USA), and
visible skin and bone tissue were removed using sterile forceps.
The minced muscle tissue was digested with 0.25% trypsin-EDTA
(Gibco, CA, USA) at 37°C for 20min. The cell suspension after
digestion was filtered and centrifuged at 1,000 g for 5 min. The
supernatant was discarded, and the precipitated cell pellet was
suspended in the growth medium, consisting of RPMI-1640
medium (Gibco, CA, USA), 20% fetal bovine serum (Gibco, CA,
USA), and 1% penicillin/streptomycin. A twice 40-min interval
attachment was used to purify myoblast. Then, cells were
counted and seeded in cell culture dishes and cultured in an
incubator at 37°C in a 5% CO2-humidified atmosphere. After the
cell density reached 95%–100%, the medium was replaced with the
differentiation medium (RPMI 1640 Medium, 2% horse serum
[Solarbio, Beijing, China], and 1% penicillin/streptomycin).

All cells were transfected using Lipofectamine 3000 reagent
(Invitrogen, CA, USA) by following the manufacturer’s directions.

RNA Extraction, cDNA Synthesis, and
RT-PCR
Total RNA was extracted according to the SteadyPure Universal
RNA Extraction Kit (Accurate Biology, Wuhan, China)
instructions. The concentration and integrity of extracted RNA
were tested for using NanoDrop One and 1% gel electrophoresis.
Evo M-MLV RT Kit (Accurate Biology, Wuhan, China) was used
for reverse transcription. The cDNA obtained by transcription
was used for the next step of RT-PCR. The PCR amplification
procedure was as follows: pre-denaturation at 95°C for 20 s; 40
cycles of denaturation at 95°C for 20 s, and annealing and
extension at (58–60) °C for 30 s. The GAPDH gene was used
as an internal reference gene. All relative RNA expression was
calculated using 2−ΔΔ CT method (Livak and Schmittgen, 2001).
The primer information is shown in Supplementary Table S1.

CircTAF8-Overexpressed Plasmid
Construction
Forward and reverse primers based on the general rules of PCR-
primer design were designed to amplify the linear sequence of
circTAF8. After the design was completed, an EcoRI restriction
site, a forward circularization-mediating sequence, and an AG
acceptor were added in the 5ʹ end of the forward primer; a BamHI
restriction site, a reverse circularization -mediating sequence, and
a GT donor were added in the 5ʹ end of the reverse primer. The
linear sequence of circTAF8 was amplified via PCR from the
myoblast’s total cDNA, which was cloned into the pCD25-ciR
vector by using BamHI and EcoRⅠ restriction sites.

The primer sequences were as follows:
Forward primer: CGGAATTCTAATACTTTCAGAGGT

CGGGCAGCAAGCACAC.
Reverse former: CGGGATCCAGTTGTTCTTACTGGTGTC

TTGATGTAGGTGT.

Nuclear and Cytoplasmic RNA Extraction
The total number of cells required for this experiment was about
2 × 107. First, the cells were washed 3 times with precooled PBS;

then, the cells were scraped off using a cell scraper, collected in a
50-ml centrifuge tube, and centrifuged at 1,000 g for 10 min.
Subsequently, each cell pellet was resuspended in 1 ml cell-
disruption buffer (2 M KCl, 1 M MgCl2, 1 M pH 7.5
Tris–HCl, 0.5 mM DTT) and then incubated on ice for
10 min. Afterward, the cells were transferred to a pre-baked
Dounce cell homogenizer (Solarbio, Beijing, China) and
homogenized with 15 strokes using a pestle. The homogenates
were transferred to a newmicrotube, gently mixed with Triton X-
100 (Beyotime, Shanghai, China) at a final concentration of 0.1%,
and centrifuged at 1,500 g for 15 min. The supernatants,
corresponding to the cytoplasmic fraction, were transferred to
a new microtube. The pellets correspond to the nuclear fraction.
Nuclear and cytoplasmic RNA was extracted using the TRIzol
reagent (Sigma-Aldrich, San Francisco, CA, USA).

RNase R Digestion and Actinomycin D
Treatment
Total RNA (2.5 μg) was treated with 10U RNase R (Geneseed,
Guangzhou, China) for 30 min at 37°C. The RNA digestion
efficiency was evaluated using electrophoresis.

Primary chicken myoblasts were cultured in the presence or
absence of 5 μg/ml actinomycin D (MedChemExpress, Shanghai,
China) for 6 h. Then, total RNA from various treatment groups
was extracted using the SteadyPure Universal RNA
Extraction Kit.

Cell Counting Kit 8 Assay
Cells at the proliferation phase were seeded in a 96-well plate.
When they reached 60% confluence, they were transfected with
the indicated constructs. The CCK-8 reagent (Beyotime,
Shanghai, China) was used to detect cell proliferation at 12,
24, 36, and 48 h of culture. The absorbance at 450-nm
wavelength was measured using a microplate reader Model
680 (Bio-Rad, Berkeley, CA, USA).

5-Ethynyl-29-Deoxyuridine Assay
As previously reported (Cai et al., 2021), Edu staining was
performed using Cell Light EdU Apollo 488 In Vitro Kit
(Ruibo, Guangzhou, China). Briefly, cells were incubated in
50 μM EdU solution for 2 h and then fixed for 30 min using
4% paraformaldehyde solution. Subsequently, 0.1% Triton X-100
solution was used for cell permeabilization. Finally, the cells were
incubated with Hoechst reaction solution at room temperature in
the dark for 30 min. A Leica DMi8 fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) and ImageJ software
(U.S. National Institutes of Health, Bethesda, MD, United States)
(Schneider et al., 2012) were used to acquire and analyze the
image, respectively.

Flow Cytometric of the Cell Cycle
After 48 h of transfection, cells were collected and fixed in 70%
ethanol at –20°C for 24 h. Then, they were centrifuged at 1,000 g
for 5 min, and the cell pellets were resuspended in precooled PBS.
Subsequently, 0.5 ml pI/RNase staining buffer (BD Biosciences,
Franklin Lakes, NJ, USA) was added to each sample, and the
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sample was incubated at 37°C in the dark for 30 min. Flow
cytometric analysis was performed on a BD FACSCalibur (BD
Biosciences, NJ, USA), and the data were processed using FlowJo
software (Treestar, Woodburn, OR, USA).

Immunofluorescence
The cells after transfection were washed twice with PBS, fixed in
4% formaldehyde solution for 30 min, and permeated with 0.1%
Triton X-100 at room temperature for 10 min. After blocking
with goat serum (Boster, Wuhan, China) for 30 min, the cells
were incubated overnight with MyHC antibody (1:50 dilution;
DHSB, IA, USA) at 4°C. After washing 3 times with PBS, the goat
anti-mouse IgM/FITC antibody (1:1,000 dilution; Bioss, Beijing,
China) was added and incubated at room temperature for 1 h.
Finally, the nucleus was stained with a DAPI staining solution
(Beyotime, Shanghai, China). A fluorescence microscope and
ImageJ software were used to acquire and analyze the image,
respectively.

Western Blot
rBriefly, cells were washed twice with precooled PBS, mixed with the
RIPA buffer (Solarbio, Beijing, China) containing 1% PMSF
(Solarbio, Beijing, China), and then incubated on ice for 30 min.
The cell lysates were centrifuged at 12,000 g for 10min. The
supernatant was mixed with the 5× SDS-PAGE loading buffer
and then incubated at 95°C for 5 min. The extracted proteins
were separated via SDS-PAGE and transferred to a PVDF
membrane (400mA, 30min). The membrane was blocked with
5% skimmed milk powder for 1 h, then incubated with a primary
antibody solution overnight at 4°C. Afterward, the PVDFmembrane
was washed three times with TBST solution (Beyotime, Shanghai,
China) for 5min and then incubated with the secondary antibody
solution at room temperature for 60 min. The protein immunoblot
results were analyzed using the Odyssey Fc system (LI-COR,
Lincoln, NE, USA). β-Tubulin was used as an internal reference.
The relative protein levels normalized the β-tubulin protein content.
The antibody information is as follows: rabbit anti-β-tubulin (1:1,000
dilution; Bioss, Beijing, China), rabbit anti-MyoD1 (1:1,000 dilution;
Bioss, Beijing, China), MyHC antibody (1:1,000 dilution; DHSB, IA,
USA), goat anti-rabbit IgG H&L antibody (1:3,000 dilution; Bioss,
Beijing, China), and goat anti-mouse IgG H&L antibody (1:3,000
dilution; Bioss, Beijing, China).

Statistical Analyses
The genotype frequency and gene frequency distribution of
different alleles were evaluated using Microsoft Excel. The
polymorphism information content (PIC) calculation of SNPs
sites was based on the formula

PIC � 1 −∑
n

i�1
p2i −∑

n−1

i�1
∑n

j�i+12p
2
i p

2
j

Pi and Pj are the frequencies of the “ith” and “jth” alleles,
respectively, and n is the number of multiple alleles. PIC >0.5
indicates high polymorphism, PIC <0.25 indicates low
polymorphism, and 0.25 < PIC <0.5 indicates moderate
polymorphism.

The mixed linear model in SPSS 25.0 software (IBM, Armonk,
NY, USA) was used to conduct an association analysis between
different combinations of genotypes and haplotypes of
polymorphic sites and chicken carcass traits. The results are
shown as “mean ± standard error.” The analysis model is as
follows:

Yijlm � μ + Gi + Sj + fl + eijlm

Yijlm is the observed value, μ is the overall average, Gi is the
fixed effect of the genotype, Sj is the fixed effect of sex, f l is the
random effect of the family, and eijlm is the random error term.
Bonferroni’s test was performed to control for multiple
comparisons. In addition, we used online SHesis (Yong and
He, 2005) and EMBOSS Needle (Madeira et al., 2019) software
to analyze the linkage disequilibrium of SNP sequence
complementary information, respectively.

A priori power analyses were performed using G*Power
software version 3.1.9.7 (Heinrich-Heine-Universität
Düsseldorf, Düsseldorf, Germany) (Faul et al., 2009) based on
the effect size and standard deviation of a previous publication
(Chen et al., 2021) or preliminary data to achieve a significance
level (α) of 0.05 and a power of 0.8. In this study, three biological
replicates were included in the analyses unless stated otherwise.
The statistical analyses and drawings were performed using
GraphPad Prism 8.0 (GraphPad Software, CA, USA). The
statistical significance of the difference between the two groups
was calculated using the unpaired Student’s t-test. One-way
analysis of variance (ANOVA) was used to evaluate the
differences among multiple groups, followed by Tukey’s
multiple-comparison test. The data were shown as mean ±
standard error of the mean (SEM).

RESULTS

Identification of circTAF8 Molecular
Characteristics
In this study, to verify that circTAF8 is not a technical artifact,
specific divergent and convergent primers were designed based
on the back-splicing sites of circTAF8. Primary myoblast cDNA
and genomic DNA (gDNA) were used for PCR. The PCR
products of divergent primer were sent to Beijing Tsingke
Biotechnology Co., Ltd., for Sanger sequencing. The
sequencing results confirmed that circTAF8 is the product of
the head-to-tail cyclization of exons 2, 3, 4, and 5 of the protein-
coding gene TAF8 (441 bp in total), located on chromosome 26
(Figure 1A). The electrophoresis results showed that both
divergent and convergent primers could yield PCR products
when cDNA was used as the template, whereas only the
convergent primers could yield a product when gDNA was
used as the template (Figure 1B).

CircRNAs showed resistance to digestion with exonuclease
RNase R due to the lack of a 3ʹ end poly-A tail. Using RT-PCR, we
quantified the expression levels of circTAF8 and its parent gene
TAF8 after RNase R digestion. Meanwhile, circHIPK3 was used as
a positive control and β-actin as a negative control. The results
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showed that the expression levels of circTAF8 and circHIPK3 did
not change, and linear TAF8 and β-actin were almost
undetectable (p < 0.01; Figure 1C). Then, since circRNAs
usually have a longer half-life than linear RNA, we
performed actinomycin D (5 μg/ml) treatment to myoblasts
for 6 h for the stability evaluation of circTAF8. RT-PCR
results showed no significant difference in the expression
level of circTAF8 after actinomycin D treatment. In
contrast, the expression of the parent gene TAF8 was

significantly reduced (p < 0.05; Figure 1D). Nuclear and
cytoplasmic RNA extraction assays were employed to
determine the subcellular localization of circTAF8. U6,
β-actin, and GAPDH are used as controls; U6 is mainly
distributed in the nucleus, and β-actin and GAPDH are
mainly distributed in the cytoplasm. The results showed
that circTAF8 is present in both the cytoplasm and the
nucleus (Figure 1E). Next, the expression level of circTAF8
was detected in the Xinghua (XH) and WRR chicken groups

FIGURE 1 | Identification of circTAF8 in chicken. (A)Genomic location and loopingmodel of circTAF8 and Sanger sequencing results. (B) Electrophoresis results of
circTAF8 amplified from cDNA and gDNA with divergent and convergent primers, respectively. (C) Reverse transcription-polymerase chain reaction (RT-PCR) assays to
detect β-actin, TAF8, circTAF8, and circHIPK3 RNA expression levels with and without RNase R treatment. (D) RT-PCR to detect circTAF8 and TAF8 RNA expression
levels with and without actinomycin D treatment. (E) RT-PCR results showing the circTAF8 subcellular localization. (F) RT-PCR results showing the circTAF8
expression level in XH and WRR groups. (G) Relative RNA expression level of circTAF8 in diverse tissues. (H) Relative TAF8 RNA levels in diverse tissues. (I) The relative
levels of TAF8 RNA and circTAF8 in each tissue. The results of are shown as mean ± S.E.M from at least three biological replicates. The statistical significance of the
differences was assessed using the unpaired Student’s t-test or one-way analysis of variance (ANOVA) (* p < 0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001).
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by RT-PCR, and the results showed that the expression of
circTAF8 in WRR was significantly higher than in XH (p <
0.05; Figure 1F). XH and WRR are two breeds with different
growth rates. The expression levels of circTAF8 and TAF8 in
diverse tissues were quantified using qPCR. The expression
profile data showed that the circTAF8 level was highest in the
abdominal adipose (Figure 1G), and TAF8 was the highest in
the lung (Figure 1H). Interestingly, compared with other
tissues, the expressions of circTAF8 and TAF8 in muscle
seems to be relatively low. In addition, the circTAF8 level
in various tissues is significantly higher than that of TAF8
RNA (Figure 1I). In the lung and muscle, the circTAF8 level is

approximately 200- and 50-fold the TAF8 RNA level,
respectively.

CircTAF8 Promotes Myoblast Proliferation
To study the effect of circTAF8 on the proliferation of primary
myoblasts, primarymyoblasts were transfected with the circTAF8
overexpression plasmid. The expression level of circTAF8 was
detected by RT-PCR 48 h after transfection. The results showed
that compared with the control group, the overexpression effect
of circTAF8 reached a significant level (p < 0.01; Figure 2A).
Then, flow cytometric analysis was performed to evaluate the cell
cycle in primary myoblasts, and the results showed that the

FIGURE 2 | CircTAF8 promote the proliferation of myoblasts. (A) The relative expression level of circTAF8 after transfecting chicken primary myoblast (CPMs) with
pCD25-ciR-circTAF8 or pCD25-ciR. (B) Cell-cycle analysis of CPMs transfected with pCD25-ciR-circTAF8 and pCD25-ciR for 36 h. (C) CCK8 analysis of CPMs
transferred with pCD25-ciR-circTAF8 and pCD25-ciR. (D) 5-Ethynyl-2′-deoxyuridine (EdU) staining assays for CPMs transferred with pCD25-ciR-circTAF8 and pCD25-
ciR for 48 h. (E) Fold change in proliferation rates of CPMs upon transfection with pCD25-ciR-circTAF8 or pCD25-ciR for 48 h. (F) Relative mRNA levels of
proliferation-related genes after transfection of CPM pCD25-ciR-circTAF8 or pCD25-ciR. The data are shown as the mean ±(S.E.M) from at least three biological
replicates. The statistical significance of the differences was assessed using the unpaired Student’s t-test (* p < 0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001).
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overexpression of circTAF8 increased the number of cells in the S
phase and decreased the number of cells in the G1/0 phase (p <
0.001; Figure 2B). Besides, the CCK8 experiment was used to
determine the proliferation status of myoblasts at various time
points after overexpression of circTAF8. The results showed that
the proliferation activity of the overexpression circTAF8 group
was higher than that of the control group (p < 0.0001; Figure 2C).

Afterward, the proliferation of the primary myoblasts was
detected by EdU incorporation assays. EdU staining results
showed that the ectopic expression of circTAF8 could
significantly promote the proliferation of primary myoblasts
(p < 0.05; Figures 2D,E). RT-PCR was used to detect the
expression of multiple proliferation-related marker genes, and
the results showed that the expression levels of Cyclin D1, Cyclin

FIGURE 3 | CircTAF8 inhibits myoblast differentiation. (A) Reverse transcription–polymerase chain reaction results showing the mRNA level of the cell
differentiation-related genes in CPMs upon transfection with pCD25-ciR-circTAF8 or pCD25-ciR. (B)Western blot results showing the MYOD and MYOG protein levels
in CPMs upon transfection with pCD25-ciR-circTAF8 or pCD25-ciR. (C)MyHC Immunofluorescence analysis of the myotubes transfected with pCD25-ciR-circTAF8 or
pCD25-ciR. (D) Relative circTAF8 RNA level at various timepoints during myoblast differentiation. (E) Relative TAF8 RNA levels at various timepoints during
myoblast differentiation. The results are shown asmean ± S.E.M from at least three biological replicates. The statistical significance of the differences was assessed using
the unpaired Student’s t-test or one-way analysis of variance (ANOVA) (* p < 0.05; **p < 0.01).
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D2, and Cyclin B2 were significantly increased (p < 0.05;
Figure 2F).

CircTAF8 Inhibit Myoblast Differentiation
We transfected the circTAF8 overexpression plasmid into chicken
myoblast cells to investigate the potential role of circTAF8 on
primary myoblast differentiation. After cell density achieved
95%–100%, the growth medium was replaced by the
differentiation medium. The total RNA and protein were
extracted after 36 h of continuous differentiation. RT-PCR was
used to detect the expression level of relevant differentiation
marker genes, and the results showed that compared with the
control group, the expressions of MyoD and MyHC were
significantly or extremely significantly reduced (p < 0.05; p <
0.01; Figure 3A). In addition, the protein expressions of MYOD
and MYHC were detected by Western blot, and the results were
similar to the changes in mRNA level (p < 0.05; p < 0.01; Figure 3B).
The immunofluorescence of MyHC showed that the overexpression
of circTAF8 significantly reduced the myotube and the overall
muscle fiber area (p < 0.01; Figure 3C). Afterward, we compared
the expression levels of circTAF8 and TAF8 at different
differentiation times of myoblasts (Figures 3D,E). The results
showed that the expression level of circTAF8 during the
proliferation phase was relatively high, and the expression level
significantly decreased after differentiation began and then slowly
increased. The expression level of TAF8 in different developmental
stages of myoblasts did not reach a statistically significant difference.

Association of the SNPs in the Introns
Flanking circTAF8 With Carcass Traits
To investigate the distribution of SNPs in the introns flanking
circTAF8, primers P1, P2, and P3 were used for PCR of a mixed
pool of 50 DNA samples, and the PCR products were sent to
Beijing Tsingke Biological Co., Ltd., for sequencing. The results
show that 10 and seven SNP sites were detected in the PCR
products obtained from P1 and P2, respectively, and no SNPs
were detected in the PCR products of P3. The peak figures of the
above sequencing results are shown in Supplementary Figure S2.
All the detected SNP sites are located in the 5ʹ flanking region of
the TAF8 gene. Subsequently, direct sequencing was applied to all
335 partridge chicken DNA PCR products amplified with P1 and
P2, and the sequencing files were analyzed by SeqMan software
(DNASTAR, Madison, WI, USA). The analysis results showed
that all the above SNPs had detected three genotypes. The
statistical results of the frequency of genotypes and alleles are
shown in Supplementary Table S2. Χ2

fitness test results showed
that only 12 SNPs were in Hardy–Weinberg equilibrium (p >
0.05). The calculation results of PIC showed that except for g.-
1576A > G, the remaining 16 SNPs were all moderate
polymorphic, indicating that the genetic variation TAF8 was at
a medium level and had great potential for selection.

The association analysis results showed that only eight SNPs were
related to carcass traits (Table 1). g.-1771 G > C was significantly
correlated with FBW and AFW (p < 0.05) and was extremely
significantly correlated with SL (p < 0.01), and individuals of GG
genotype had significantly higher FBW and SL. The locus g.-1576A

> G was significantly correlated with HBW (p < 0.05). Both g.-
1554 T > C and g.1480A > C were extremely significantly related to
the LMW (p < 0.01), and TT and AA genotype individuals had
significantly higher LMW (p < 0.05). The remaining four sites were
associated with similar traits. g.-289 C > T, g.-288A > G, and g.-
210 T > C were significantly associated with LWBS, HBW, and
FBW, respectively (p< 0.05). g.-288A>G, g.-210 T>C, and g.-173A
> G were significantly correlated with WW. g.-173A > G was also
significantly related to FBW (p < 0.05).

Linkage Disequilibrium and Haplotype
Analysis of Eight SNPs circTAF8 Flanking
Introns
The SHEsis online analysis software was used to analyze the linkage
disequilibrium and haplotype of the above eight SNPs. The results
showed that g.-1554 T > C and g.-1480A > C can form strong
linkage disequilibrium. In addition, the remaining four loci g.-289 C
> T, g.-288A > G, g.-210 T > C, and g.-173A > G were in a state of
strong linkage disequilibrium (Figure 4). A total of seven haplotypes
were found in the g.-1554 T >C and g.-1480A>C groups. Only four
haplotypes were selected for further analysis, excluding the small
individuals (Table 2). These four were CCAC (6), CCCC (191),
TCAC (101), and TTAA (20). Ten haplotypes consist of other four
SNPs. Haplotype combinations CCAATCAA (6), CCAATTAA
(65), CCAGTCAG (16), CTAGTCAG 135), and TTGGCCGG
82) were used to analyze further the association with carcass
traits, except for groups with fewer individuals.

The association results showed that haplotypes of g.-1554 T >
C and g.-1480A > C significantly related to LWM (p < 0.05) and
individuals of TTAA haplotypes had higher LMW (Table 2). The
haplotypes composed of g.-289 C > T, g.-288A > G, g.-210 T > C,
and g.-173A > G were significantly related to LWBS and FBW
(p < 0.05) and were extremely significantly related to HBW and
LMW (p < 0.01). Individuals of the CCAATCAA haplotype had
higher LWBS, and individuals of the CCAGTCAG haplotype had
higher LMW. Haplotype individuals of TTGGCCGG haplotype
had higher FBW and HBW. The results of the association analysis
of haplotype combinations were consistent with a single SNP.

Complementary Pairing Analysis in Flank
Sequence of circTAF8
We first used the online software EMBOSS Needle to analyze the
sequence complementarity between the flanking introns of
circTAF8 (Figure 5A). The comparison results showed
multiple complementary sequences in the two introns. Then,
the sequences of the short fragments upstream of the eight SNP
sites were aligned with the sequences of the downstream flanking
introns (Figure 5B). The results showed that all SNP sites have
short complementary sequences.

DISCUSSION

Muscle development is a complex process precisely regulated by
specific genes and signaling pathways (Houba et al., 2004; Grefte
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et al., 2007). CircRNAs, as a new type of posttranscriptional
regulator in skeletal muscle, have also been discovered in rhesus
monkeys, mice, pigs, cattle, and sheep (Huang et al., 2018; Xu
et al., 2018; Hao et al., 2020; Chen et al., 2021). Our previous
studies have shown that circRNAs are abundantly and
dynamically expressed during chicken muscle development
(Ouyang et al., 2018b). According to the previous sequencing
data, circTAF8 is highly and differentially expressed in the
skeletal muscle at 11 embryo age, 16 embryo age, and 1-day
post-hatch (Ouyang et al., 2018b), indicating that circTAF8 has a
potential role in muscle development. To confirm this hypothesis,
we first identified the molecular properties of circTAF8. PCR and
Sanger sequencing results showed that circTAF8 was a back-splicing
product derived from the two to five exons of protein-coding gene
TAF8. In general, high cellular stability and longer half-life time were
standard features of circRNAs due to their closed-ring structure
(Kristensen et al., 2018; Kristensen et al., 2019). CircTAF8 showed
resistance to digestion with exonuclease RNase R compared with the
linear transcript in our results. In addition, the subcellular
localization of circRNAs is closely related to their function
(Wang et al., 2014). Our results showed that circTAF8 is mainly
present in the cytoplasm. Multiple reports have found that most
circRNAs that are related to skeletal muscle and function as miRNA
sponges are located in the cytoplasm (Ouyang et al., 2018a; Chen
et al., 2019; Chen et al., 2021). These results indicate that circTAF8
was reliable and stable in chicken muscle.

Breed type affects the rate of muscle development (Fortin et al.,
1987). The circTAF8 expression level ranked second in circRNA

sequencing data from the breast muscle of 7-week-old XH andWRR
chickens (unpublished data), and the level was higher inWRR chicken
than in XH chicken. XH chicken is a native slow-growing broiler;
WRR is a typical fast-growing broiler (Ouyang et al., 2015).Our results
presented here are consistent with sequencing data, suggesting that
circTAF8 is a positive regulator of chicken muscle development. Cell
confluence is essential for maintaining cell phenotype and regulating
gene expression (Abo-Aziza and Zaki, 2017). Cell dynamics indicated
that myoblasts would exit the exponential growth phase and begin to
differentiate when they reach 100% confluence (Tanaka et al., 2011).
In our study, the confluence of the chicken primary myoblasts for cell
proliferation-related assays was about 60% when transfected, and the
cells will fuse to 100% for 48 h after transfection. All proliferation-
related assays were performed within 48 h. In comparison, the cell
density for the differentiation-related studywas about 70%–80%when
transfected, and the myoblasts were continually differentiated using a
differentiationmedium for 36 hwhen cell density achieved 100% after
transfection. Accordingly, the gain-of-function test of circTAF8
showed that circTAF8 promotes the proliferation of skeletal
myoblasts and inhibits their differentiation in chickens. During
myogenesis, the extent of myoblast proliferation largely determines
the number of muscle fibers (te Pas, 2004). Commercial broilers
usually have more muscle fibers than slow-growing chickens
(Scheuermann et al., 2004; Al-Musawi et al., 2011). Therefore, the
pro-proliferation effect of circTAF8 on myoblasts is essential for
muscle development. However, the specific mechanism of
circTAF8 in skeletal muscle regulation has not been elucidated yet,
and further investigation is needed.

TABLE 1 | Association of eight SNPs in introns flanking circTAF8 with carcass traits.

SNP Trait p-value Least square mean ± standard error

g.-1771 G > C GG (n � 6) GC (n � 103) CC (n � 214)
FBW(g) 0.037 1,128.33 ± 22.70a 1,078.48 ± 6.30 1,071.99 ± 4.93a

SL (mm) 0.004 71.88 ± 1.58A 66.44 ± 0.44B 66.82 ± 0.35AB

AFW(g) 0.044 35.57 ± 4.32 26.52 ± 1.20 25.24 ± 0.95
g.-1576A > G AA (n � 253) AG (n � 63) GG (n � 7)

HBW(g) 0.030 1,290.27 ± 8.53a 1,252.62 ± 15.22a 1,333.36 ± 42.56
g.-1554 T > C TT (n � 21) TC (n � 105) CC(n � 197)

LMW(g) 0.001 253.78 ± 15.71AB 192.21 ± 7.55A 196.10 ± 5.75B

g.-1480A > C AA (n � 21) AC (n � 107) CC(n � 195)
LMW(g) 0.001 254.39 ± 15.71AB 192.36 ± 7.43A 196.01 ± 5.87B

g.-289 C > T CC(n � 88) CT (n � 143) TT (n � 83)
LWBS(g) 0.022 1,608.47 ± 9.92a 1,599.25 ± 7.89 1,629.83 ± 9.97a

HBW(g) 0.045 1,278.47 ± 13.18 1,275.18 ± 10.16 1,312.68 ± 13.26
FBW(g) 0.012 1,072.26 ± 6.63 1,068.22 ± 5.20a 1,090.64 ± 6.66a

g.-288A > G AA (n � 72) AG (n � 157) GG (n � 85)
LWBS(g) 0.012 1,615.45 ± 10.66 1,597.32 ± 7.77a 1,628.30 ± 9.84a

HBW(g) 0.046 1,280.74 ± 14.32 1,274.13 ± 9.92a 1,311.62 ± 13.06a

FBW(g) 0.007 1,076.01 ± 7.14 1,066.81 ± 5.09A 1,090.05 ± 6.55A

WW(g) 0.034 64.23 ± 0.55 64.18 ± 0.41a 65.55 ± 0.5a

g.-210 T > C TT (n � 67) TC (n � 158) CC(n � 89)
LWBS(g) 0.017 1,612.00 ± 11.02 1,598.30 ± 7.82a 1,628.94 ± 9.80a

HBW(g) 0.036 1,292.94 ± 14.88 1,270.77 ± 9.91a 1,308.98 ± 12.91a

FBW(g) 0.002 1,075.76 ± 7.38 1,065.75 ± 5.11A 1,092.10 ± 6.50A

WW(g) 0.048 64.39 ± 0.57 64.14 ± 0.41a 65.48 ± 0.51a

g.-173A > G AA (n � 66) AG (n � 160) GG (n � 88)
FBW(g) 0.004 1,075.28 ± 7.32 1,066.41 ± 5.09A 1,090.77 ± 6.42A

WW(g) 0.047 64.53 ± 0.56 64.10 ± 0.41a 65.43 ± 0.50a

The above values are “average values ± standard errors”; in each group of SNPs, unmarked letters in the same line indicate that the difference is not significant (p > 0.05). When the letters
are the same, lowercase letters indicate significant differences (p < 0.05), and uppercase letters indicate significant differences (p < 0.01).
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Genome-wide association studies have identified millions of
SNPs associated with complex growth traits in chickens (Muir
et al., 2008). However, how these genetic variations are related to
phenotypes is often unclear. Most variation sites are located in
noncoding regions such as introns and intergenic regions (Zhao
et al., 2003; Abdollahi-Arpanahi et al., 2016). Interestingly, there
have been reports confirming that the inverted repeat elements,
complementary sequences, and certain specificmotifs in the flanking
introns of circRNAs can regulate the circularization of the circRNAs

(Zhang et al., 2014; Ivanov et al., 2015; Conn et al., 2015). In our
study, by comparing the flanking intron sequences at both ends of
circTAF8, we foundmultiple complementary sequences between the
upstream and downstream introns, indicating that the
complementary pairing of introns may directly or indirectly affect
the formation of circTAF8. Recent studies have reported that the
polymorphism of the introns flanking circRNAs might regulate the
expression of circRNAs (Burd et al., 2010; Paraboschi et al., 2018;
Zhou et al., 2020). CircANRIL is transcribed from the lncANRIL

FIGURE 4 | LinKage disequilibrium analysis among 8 SNPs in the introns flanking of circTAF8. The linkage among SNPswas evaluated based on Dʹ and r2. (A)Dʹ on
the left. Dʹ � 1 indicates full linkage, Dʹ � 0 indicates no linkage or linkage equilibrium. (B) r2 on the right. r2 � 1 indicates full linkage, r2 > 0.33 indicates strong linkage, r2 � 0
indicates no linkage or linkage equilibrium.

TABLE 2 | Association of the combinations of TAF8 haplotypes with carcass traits.

Group Traits Least square mean ± standard error

1 CCAC CCCC TCAC TTAA p value
LMW 196.77 ± 29.13 195.92 ± 5.93A 193.02 ± 7.72B 257.328 ± 16.15AB 0.024

2 CCAATCAA CCAATTAA CCAGTCAG CTAGTCAG TTGGCCGG p Value
LWBS 1,648.41 ± 32.97 1,612.11 ± 11.12 1,582.80 ± 20.66 1,598.61 ± 8.06a 1,631.47 ± 10.08a 0.02
HBW 1,152.30 ± 46.55aB 1,292.32 ± 15.19a 1,271.24 ± 29.05 1,276.11 ± 10.61 1,314.13 ± 13.55B 0.007
FBW 1,073.51 ± 22.19 1,075.37 ± 7.48 1,057.68 ± 13.90 1,066.23 ± 5.43A 1,092.37 ± 6.78A 0.011
LMW 198.65 ± 29.93 196.23 ± 9.68A 271.25 ± 18.67ABC 194.16 ± 6.68B 199.32 ± 8.86C 0.003

aGroup 1 indicates haplotype combination of g.-1554 T > C and g.-1480A > C.
bGroup 2 indicates haplotype combination of g.-289 C > T, g.-288A > G, g.-210 T > C, and g.-173A > G.
The above values are “mean values ± standard errors”; in each group of SNPs, unmarked letters in the same line indicate that the difference is not significant (p > 0.05). When the letters are
same, lowercase letters indicate significant differences (p < 0.05), and uppercase letters indicate significant differences (p < 0.01).
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gene, and the SNP within 200 bp of an ANRIL intron–exon
boundary may contribute circANRIL expression, leading to risk
of atherosclerotic vascular disease (Burd et al., 2010). The SNP site
rs12196996 in the flanking intron of circFOXO3 is associated with
the risk of coronary artery disease, due to its effect on the expression
level of circFOXO3 (Zhou et al., 2020). At present, several research
teams have provided databases on the correlation between circRNAs
quantitative trait loci (circQTLs) and complex diseases (Ghosal et al.,
2013; Liu et al., 2019; Gao et al., 2021), but research on the growth
traits of animals has not been reported. As a layer of gene regulation
network, the expression of circRNAs may be an intermediate
phenotype that connects genetic variation and phenotypic change.

Given the importance of flanking introns in circRNA
transcription level and phenotypic variation, we investigated the
polymorphism of flanking introns of circTAF8. The association
results showed that a total of eight SNPs were related to carcass
traits, and four SNP sites (g.-289 C > T, g.-288A > G, g.-210 T > C,
and g.-173A > G) are located within the 150-bp region of the 5ʹ
upstream splice acceptor. These observations were consistent with
previous studies, andmost circQTL SNPswere close to the splicing

sites (Ahmed et al., 2019; Liu et al., 2019). It is well known that
skeletal muscle is the largest tissue organ in the body,
accounting for about 40%–50% of the total body weight
(Frontera and Ochala, 2015). Full-bore and leg muscle
weight were closely related to muscle development. In this
study, g.-289 C > T, g.-288A > G, g.-210 T > C, and g.-173A >
G were significantly related to full-bore weight. Both g.-1480A
> C and g.-1554 T > C were extremely significantly correlated
with leg muscle weight. Haplotypes can usually provide more
information than a single SNP site can because animal
phenotypes can be affected by multiple mutations (Liu
et al., 2008). The association of haplotype combinations was
consistent with the results of the association analysis of a single
SNP. It is worth noting that four SNPs close to the splice receptor are
strongly linked to form a haplotype. This haplotype was significantly
related to live weight, full-bore weight, half-bore, and leg muscle
weight. In addition, we found that all eight SNP sites have short
complementary sequences, indicating that the polymorphisms of
these SNP sites may regulate the production of circTAF8. Based on
the above results, TAF8 may serve a new SNP maker in chicken

FIGURE 5 | Sequence alignment information. (A) The global alignment of introns flanking circTAF8. (B) The short reverse complementary sequences of SNPs in
flanking introns of circTAF8.
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genetics and breeding, and circTAF8 may contribute to
understanding the potential regulatory mechanisms of this
genetic trait.

Interestingly, the results of tissue expression profiling showed that
the expression level of circTAF8 was significantly higher than that of
the linear transcript in various tissues of chicken; circTAF8 seems to
be the major transcript of pre-TAF8. Generally, the level of circRNAs
is lower than those of corresponding parent genes (Guo et al., 2014).
However, some circRNAs are expressed at high levels in some unique
cell lines or tissues independently of their host genes (Salzman et al.,
2013; Rybak-Wolf et al., 2015). TAF8 is a TBP-binding protein of the
multi-subunit transcription factor TFIID. TFIID plays a crucial role
in the binding of RNA polymerase Ⅱ to transcription factors and core
promoters (Trowitzsch et al., 2015). Research related to TAF8mainly
focuses on the TFIID assembly; relatively few studies focus on its
function and polymorphism. Previous reports have shown that TAF8
can promote the differentiation of 3T3-L1 preadipocyte cells into
adipocytes. However, it does not appear to play a role in the
myogenesis of C2C12 cells (Guermah et al., 2003). Interestingly,
our results showed that the expression level of the TAF8 gene was the
lowest in breast muscle and legmuscle. In addition, we found that the
protein sequence of TAF8 was conserved entirely between chicken
andmouse by theNCBI protein blast tool. CircRNAs are often closely
related to the expression or function of their linear host genes.
Various circRNAs and their host genes, such as circRBFOX2,
circSVIL, circLMO7, circFGFR4, circFGFR2, and circTTN, all play
a regulatory role in muscle development (Wei et al., 2017; Li et al.,
2018a; Ouyang et al., 2018a; Ouyang et al., 2018b; Chen et al., 2018;
Wang X. et al., 2019). However, it is worth noting that some parent
genes of circRNAs related to skeletal muscle development have not
been reported to be involved in muscle development, such as
circTMTC1, circZNF609, circFUT10, and circHIPK3 (Li et al.,
2018b; Wang Y. et al., 2019; Chen et al., 2019; Shen et al., 2019).
These results suggested that pre-TAF8 is involved in regulating
muscle development which might mainly be through this circular
transcript. Although the function of TAF8 on chicken muscle
development has not been explored, considering that circTAF8 is
the main transcript, we speculate that the association effect of the
flanking introns of circTAF8 with carcass traits might be mainly
realized through the expression of circTAF8 in chicken. Whether
circRNAs are a regulator between phenotypic traits and SNP needs to
be confirmed via additional research.

CONCLUSION

In summary, circTAF8 regulates skeletal muscle development by
promoting myoblast proliferation and inhibiting myoblast

differentiation. The SNPs in introns flanking circTAF8 are
significantly correlated with multiple carcass traits, such as live
weight, full and half-bore weight, and leg muscle weight. The
association between SNPs and phenotypic traits may be achieved
through the expression of circTAF8.
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