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Abstract: Myostatin (MSTN) is a negative regulator of skeletal muscle development and plays
an important role in muscle development. Fluctuations in gene expression influenced by DNA
methylation are critical for homeostatic responses in muscle. However, little is known about the
mechanisms underlying this fluctuation regulation and myogenic differentiation of skeletal muscle.
Here we report a genome-wide analysis of DNA methylation dynamics in bovine skeletal muscle
myogenesis after myostatin editing. We show that, after myostatin editing, an increase in TETs (DNA
demethylases) and a concomitant increase in the receptor for activated C kinase 1 (RACK1) control the
myogenic development of skeletal muscle. Interestingly, enhancement of PI3K/AKT/mTOR signaling
by RACK1 appears to be an essential driver of myogenic differentiation, as it was associated with an
increase in myogenic differentiation marker factors (MyHC and MyoG) during muscle differentiation.
Overall, our results suggest that loss of myostatin promotes the myogenic differentiation response in
skeletal muscle by decreasing DNA methylation of RACK1.
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1. Introduction

Skeletal muscle is a vital tissue in the body. Loss of its functional or regenerative
properties leads to debilitating musculoskeletal diseases. Myostatin is a key factor that
negatively regulates muscle development. It is important to treat muscle atrophy and
metabolic disorders by targeting the myostatin signaling pathway [1].

DNA methylation is a well-studied process. DNA de novo methyltransferases (DMNT3A
and DMNT3B) are responsible for establishing methylation patterns and DNA maintenance
methyltransferases (DMNT1) are responsible for maintaining methylation patterns [2,3].
The DNA methylation pattern in the genome is not static, which stems from the dynamic
transition of DNA methylation and demethylation during the growth and metabolism of the
organism. Previously, cytosine methylation was considered a very stable modification, so
demethylation could only occur passively, i.e., in the absence of DNMT1 remethylation after
replication of methylated DNA, via progressive dilution, occurs. Currently, many studies
have identified another mode of regulation in mammals: the oxidation of 5mC transduced
by Ten-11 translocation (TET) methylcytosine dioxygenases (TET1, TET2, TET3) to generate
5-hydroxymethyl cytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5caC), and
finally 5hmC is actively reverted to unmodified C [4–7]. The active demethylation pattern of
DNA depends mainly on the TET enzyme family TET1, TET2, and TET3. The TET enzymes
generate and protect hypomethylation in key regulatory regions throughout the genome [8,9].
Structurally, while all TET family members contain a conserved C-terminal cysteine-rich
catalytic domain (CD), only TET1 and TET3 possess the N-terminal Cys-Xaa-Xaa-Cys (CXXC)
domain, which is a potential DNA-binding module with two CXXXXXC repeats [10,11]. In
contrast to TET1 and TET3, TET2 lost the CXXC zinc finger domain involved in binding
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unmethylated CpG sequences during evolution [12]. The expression of TET1, TET2, and TET3
differs in early embryonic development. Only TET3 is highly expressed in mouse oocytes
and zygotes and is responsible for the hydroxylation of 5mC in the paternal pronucleus of
late prokaryotic zygotes, whereas TET1 and TET2 are strongly expressed before embryo
implantation [13–15].

We find that the DNA demethylation-RACK1-PI3K/AKT/mTOR axis may be a key
factor in the influence of myostatin on muscle development. We used genome-wide DNA
methylation sequencing (WGBS) to investigate the relationship between myostatin deletion-
induced skeletal muscle enlargement and DNA methylation. We identified RACK1 as
a direct target that regulates dynamic changes in DNA methylation in bovine skeletal
muscle, with the enzyme TET1 playing an important role. We further investigated the role
of demethylases and RACK1 in regulating muscle homeostasis using a cellular model with
exogenous expression of RACK1 and inhibition of the DNA demethylation pathway. In
addition, we found that RACK1 may be one of the activators of the PI3K/AKT/mTOR
pathway. Taken together, our results describe a possible mechanism by which DNA
methylation induced by myostatin depletion regulates skeletal myogenic differentiation
in cattle and provide new insights into the relationship between DNA methylation and
muscle development.

2. Methods
2.1. Animal and Muscle Tissue Collection

The experimental ranch of Inner Mongolia University provided Luxi yellow cattle
muscle samples. The experimental group and the control group were clinically healthy
MSTN+/− Luxi cattle (group name: ZJY, serial numbers: Z61023, Z61020, Z61004, Z61128,
and Z61117) and wild-type Luxi yellow cattle (group name: FZ., serial numbers: F81209,
F81210, F81208, F81214, and F81199), each with five heads. The muscle samples were in vivo
samples from the buttock muscle of the cattle, taken with a sampling gun (Angiotech, USA).
The tissues were immediately frozen in liquid nitrogen (Junliangcheng Changfu Gas Co.,
Ltd., Tianjin, China) for WGBS-seq, RNA-seq, and pyrosequencing. 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.

2.2. WGBS Library Preparation, Sequencing, Quality Analysis, and Mapping

The detailed methods were described in Supplementary Material File S1.

2.3. Identification of Differentially Methylated Regions (DMRs) and the GO Enrichment Analyses
of WGBS

The detailed methods are described in Supplementary Material File S2.

2.4. Pyrosequencing Assay

The detailed methods are described in Supplementary Material File S3.

2.5. Bovine Skeletal Muscle Satellite Cells Resuscitation and Induction of Differentiation Culture,
Cell Transfection Assay, and Immunofluorescence Staining

The detailed methods are described in Supplementary Material File S4.

2.6. Extraction of Total Cellular RNA, Synthesis of the First Strand of cDNA and qRT-PCR Assay

The detailed methods are described in Supplementary Material File S5.

2.7. Western Blot Assay and CCK-8 Analysis

The detailed methods are described in Supplementary Material File S6.
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2.8. Ch-IP Experiments and Co-IP Experiments

The detailed methods are described in Supplementary Material File S7.

2.9. Hydroxymethylcytosine (5hmC) Hydroxylase TET Activity Assay (ELISA Assay)

The detailed methods are described in Supplementary Material File S8.

2.10. Construction of Overexpression Vector and Synthesis of siRNA

The detailed methods are described in Supplementary Material File S9.

2.11. Bioinformatics Analysis

The UniProt website (http://www.uniprot.org/ accessed on 1 April 2020) was used to
find protein function [16]. DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/
accessed on 1 April 2020) was used to perform the GO annotation and KEGG pathway analysis
of differentially expressed genes [17]. All interactions and construct networks were performed
in the STRING 11.0 database (http://string-db.org/ accessed on 1 April 2020) [18].

2.12. Statistical Analysis

All results are presented as mean ± SEM based on three independent experiments. The
qRT-PCR results used TUBB as an internal reference, and the relative gene expression levels
were obtained by the 2−∆∆Ct method. The Western blot results were quantified by Image
Lab software, and β-Tubulin was used as an internal reference for Western blot results.
Differences between groups were statistically analyzed using Student’s t-test. p < 0.05 was
considered statistically significant (* p < 0.05 and ** p < 0.01 and N.S. p > 0.05).

3. Results
3.1. Genome-Wide DNA Methylation Profiling and Data Accuracy Validation

A global DNA methylation analysis of MSTN+/−-edited bovine muscle (Z) and wild-
type bovine muscle (F) was carried out using WGBS. Details of sequencing data quality
and genome-wide DNA methylation analysis are provided in Table 1 and Supplementary
Materials File S11. We identified 3873 differentially methylated regions (DMRs) in WGBS,
including 3504 in the gene body region and 369 in the promoter region, and generated vol-
cano maps for differentially methylated genes (DMGs) in the promoter region (Figure 1A,B).
To explore the critical genes in skeletal muscle development, we set two constraints for asso-
ciation analysis: first, we identified the 39 DMGs in the promoter region, fold change ≥ 2.00
or ≤0.50, and p ≤ 0.05. Second, we used RNA-seq data [19] from the same sample to search
for overlapping genes whose methylation level is inversely correlated with transcription
level. We identified 4 upregulated DMGs and 11 downregulated DMGs in the promoter
region. We identified them as node genes in interaction networks associated with muscle
development pathways. We annotated DMGs discovered in DMRs, using the GO and
KEGG databases. Promoter regions are based on the GO database. Terms that play a critical
role in muscle growth and are significantly enriched (corrected p < 0.05) include skeletal
muscle hypertrophy, negative regulation of skeletal muscle hypertrophy, and regulation
of skeletal muscle adaptation (Figure 1C). We show 30 KEGG terms related to muscle
development with DMG-adjusted p values < 0.05 (Figure 1D). According to the results,
these DMGs may affect muscle development.

We randomly selected four genes from the screened dataset for pyrosequencing to
check the accuracy of the WGBS-seq data. Their DMR details can be found in Supplemen-
tary Material File S10. The cells in the proliferative phase (GM) and on the third day of
the differentiation phase (DM3) for pyrosequencing were in good condition (Figure 2A).
Pyrosequencing showed that the methylation levels of RACK1 (p < 0.01), ITPR1 (p < 0.01),
and ADCY2 (p < 0.05) decreased and the methylation level of BDKRB2 increased (p < 0.05),
consistent with the WGBS-seq data (Figure 2B,C). Interestingly, the DNA methylation
levels of these DMGs did not change significantly in the sequencing results of the cell
samples before and after normal cell differentiation (p > 0.05) (Figure 2D), suggesting that

http://www.uniprot.org/
https://david.ncifcrf.gov/
http://string-db.org/
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the changes in DNA methylation levels of these genes may be due to downregulation of
MSTN gene expression. We compared the RNA-seq data with the results from RT-PCR
and found that deletion of myostatin resulted in an increase in RACK1 (p < 0.01), ITPR1
(p < 0.01), and ADCY2 (p < 0.05) transcript levels and a decrease in BDKRB2 transcript
levels (Figure 2E,F), consistent with the RNA-seq results.
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Table 1. Sequencing data by whole genome bisulfite sequencing (WGBS) for bovine MSTN+/−-edited
(Z) and wild type (F).

Groups Sample Clean Base
(Gb) Clean Reads GC (%) Q30 (%) Mapped (%)

Bisulfite
Conversion Rate

(%)

Total_mC
(%)

Wild type

F81199 155.23 1,037,577,664 22.77 90.56 76.30 98.66 0.29
F81208 156.91 1,049,963,834 22.93 89.09 77.00 98.84 0.37
F81209 156.12 1,044,003,946 22.64 90.70 76.60 98.69 0.32
F81210 155.08 1,036,046,942 22.92 88.50 76.90 98.85 0.34
F81214 155.68 1,041,440,172 22.99 88.34 76.50 98.82 0.36

MSTN+/−-
Edited

Z61004 156.31 1,046,166,382 23.17 87.40 75.68 99.20 0.36
Z61020 155.89 1,042,125,536 23.24 90.11 74.25 98.76 0.37
Z61023 141.55 960,468,910 30.65 87.61 59.35 99.20 0.27
Z61117 151.37 1,016,262,024 23.29 88.51 75.24 99.20 0.34
Z61128 155.40 1,038,158,924 22.15 87.24 76.42 99.20 0.23

Global DNA methylation analysis of MSTN+/−-edited bovine (Z) and wild-type bovine (F) muscle using WGBS
with 30× genome coverage and a bisulfite conversion efficiency of 98.66–99.20%. MSTN+/−-edited bovine and
wild-type bovine muscles yielded an average of 152.11 and 155.80 Giga original bases, respectively. After filtering
out low-quality data, each group yielded approximately 960 million clean reads, and the Q30 range of average
reads per individual ranged from 87.24% to 90.70%. The mapped reads were used for subsequent analysis as the
rates ranged from 59.35% to 76.90%. All methylated genomic C sites accounted for approximately 0.33% of the
total bases in each group.
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(C) Histogram of DNA methylation levels (pyrosequencing) of muscle samples. (D) Histogram of
DNA methylation levels (pyrosequencing) of cell samples. (E) Upregulation or downregulation of
RACK1, ADCY2, ITPR1, and BDKRB2 in RNA-seq data. (F) RT-PCR detection of RACK1, ADCY2,
ITPR1, and BDKRB2 transcript levels. Differences between groups were statistically analyzed using
Student’s t-test. p < 0.05 was considered statistically significant (* p < 0.05 and ** p < 0.01). And N.S.,
not significant (p > 0.05).

3.2. Global DNA Demethylation Patterns Resulting from Myostatin Deletion

The WGBS-seq results showed that the rank of DNA methylation of MSTN-edited (ZJY)
DMRs was lower than that of the wild type (FZ) (Figure 3A). The results of the detection of
5-hydroxymethylcytosine (5hmC) hydroxylase TET activity showed that the upregulation
of 5hmC hydroxylase TET activity in cells was highly significant (p < 0.01) (Figure 3B). This
indicates that myostatin gene deletion reduced the global DNA methylation levels of cells
and dominated DNA demethylation modifications.
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curve of 5hmc activity assay (top left), quantitative results of 5hmc activity assay (top right), and
ELISA assay well plot (bottom). (C) Histogram of upregulation or downregulation of DNMT and
TET family genes in RNA-seq. (D) qRT-PCR detection of transcription level of DNMT and TET family
genes. (E) Quantitative analysis results of protein gray value. (F) Representative bands of the TET
family. Differences between groups were statistically analyzed using Student’s t-test. p < 0.05 was
considered statistically significant (* p < 0.05 and ** p < 0.01). And N.S., not significant (p > 0.05).

Subsequently, myostatin damage resulted in higher fold differences in TET1 and TET2
than in TET3 and DNMT family genes (Figure 3C). qPCR showed increased transcription
in TET1, TET2, and TET3 (p < 0.05) and no significant changes in other genes (p > 0.05)
except downregulation of DNMT3A levels (Figure 3D). Western blotting showed increased
protein levels of TET1 and TET2 (p < 0.05) but no significant changes in protein levels of
TET3 (Figure 3E,F). In conclusion, the deletion of myostatin may promote global DNA
demethylation in bovine skeletal muscle satellite cells.

3.3. Differentially Methylated Regions (DMRs) of the RACK1 Gene

We selected the RACK1 gene (ID: ENSBTAG00000019648) as a target gene for further
investigation. Deletion of myostatin resulted in increased transcript levels of RACK1
(p < 0.01), MyHC (p < 0.05), and MyoG (p > 0.05) (Figure 4B). We used 50 mmol/L Bobcat339
to interfere with the DNA demethylation pathway of cells (Figure 4A), which resulted in
non-significant changes (p > 0.05) in the transcript levels of RACK1, MyHC, and MyoG,
although myostatin expression was inhibited (Figure 4C). Overall, the impairment of
the DNA demethylation pathway may have abolished the promoting effect of myostatin
depletion on the transcript levels of RACK1, MyHC, and MyoG.
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Figure 4. Inhibition of DNA demethylation pathways and muscle differentiation. (A) CCK-8 experi-
ment to exclude Bobcat339. (B,C) The effects of Bobcat339 on RACK1, MyHC, and MyoG ((B) is the
Bobcat339 control group, and (C) is the Bobcat339 experimental group). Differences between groups
were statistically analyzed using Student’s t-test. p < 0.05 was considered statistically significant
(* p < 0.05 and ** p < 0.01). And N.S., not significant (p > 0.05).
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RACK1 is located on chromosome 7 and has eight exons. WGBS-seq showed that its
DMR contains 12 nCG sites and is located on the CpG island of the promoter (Figure 5A).
We used the ChIP assay to detect the DMR-bound demethylase of RACK1 after knockdown
of the myostatin gene. The results showed no significant change between the NC and
si-MSTN groups by pulling down the DMR fragment with anti-TET2. However, we used
anti-TET1 to pull down the DMR fragment and the si-MSTN group was brighter than
the NC group, indicating a stronger accumulation of the DMR fragment (Figure 5B). In
summary, the DMR of RACK1 binds more strongly to TET1 after the deletion of the muscle
growth inhibitor.

3.4. Impact of RACK1 Overexpression on Myogenic Differentiation of Bovine Skeletal Muscle

Myotube morphology was observed under a light microscope (Figure 6A). Exoge-
nously increased expression of RACK1 in cells resulted in a significant increase in the
transcript levels of MyHC and MyoG (p < 0.01) (Figure 6B). In addition, overexpression of
RACK1 increased the protein levels of MyHC (p < 0.01) and MyoG (p < 0.05) (Figure 6C,D),
consistent with transcription. The immunofluorescence staining results showed that over-
expression of RACK1 increased the myotube fusion index (p < 0.05) (Figure 6E,F). In
conclusion, the increase of RACK1 has a positive influence on the myogenic differentiation
of bovine skeletal muscle satellite cells.

3.5. Impact of RACK1 on the PI3K/AKT/mTOR Pathway

The STRING software showed that the RACK1 (GNB2L1) protein interacts with key
proteins AKT1, GSK3B, RPS6, and RHOA in the PI3K/AKT pathway (Figure 7A). Co-IP
experiments also showed that AKT1 was significantly enriched in the immunoprecipitates
of RACK1 (Figure 7B). Moreover, overexpression of RACK1 increased the transcript levels
of AKT1, EIF4B, FAK, RPS6, PPP2CA, Rac1, Rock1 (p < 0.05), and HSP90B1 (p < 0.01)
(Figure 7C). We observed that the total protein form (t-AKT1) and the phosphorylated form
(p-AKT1) of AKT1 were strongly upregulated. The p-AKT1/t-AKT1 ratio did not change
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(p > 0.05) as the total and phosphorylated forms were similarly upregulated (Figure 7D,E). In
contrast, overexpression of RACK1 resulted in an increased ratio of phosphorylated/total
protein forms of PI3K (p < 0.01), RPS6 (p < 0.01), and mTOR (p < 0.05) (Figure 7D,E).
However, RACK1 impairment had the opposite effect on PI3K/AKT/mTOR to RACK1
overexpression (Figure 7F–H). Therefore, we believe that RACK1 may have a positive
regulatory effect on the PI3K/AKT/mTOR pathway.
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detection of overexpression of RACK1 on muscle differentiation markers (MyHC and MyOG).
(C,D) Protein levels of muscle differentiation markers (MyHC and MyOG) after overexpression of
RACK1. (E) MyHC expression was detected by immunofluorescence staining and the nuclei were
counterstained with DAPI (100×). (F) Myotube fusion index expressed as the number of nuclei in
the myotube/total number of nuclei. Differences between groups were statistically analyzed using
Student’s t-test. p < 0.05 was considered statistically significant (* p < 0.05 and ** p < 0.01). And N.S.,
not significant (p > 0.05).
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Figure 7. Prediction of the interaction between the RACK1 gene and the PI3K/AKT pathway.
(A) STRING predicts the interaction between the RACK1 protein and key proteins of the PI3K/AKT
pathway. (B) Co-IP confirms the interaction between RACK1 protein and AKT1 protein. (C) qRT-
PCR detection of transcription levels of key genes in the PI3K/AKT/mTOR pathway after overex-
pression of RACK1. (D,E) Changes in expression of key proteins in the PI3K/AKT/mTOR path-
way after overexpression of RACK1. (F) qRT-PCR detection of transcription level of key genes of
PI3K/AKT/mTOR pathway after inhibition of RACK1. (G,H) Changes in the expression of key
proteins of PI3K/AKT/mTOR pathway after RACK1 inhibition. Differences between groups were
statistically analyzed using Student’s t-test. p < 0.05 was considered statistically significant (* p < 0.05
and ** p < 0.01). And N.S., not significant (p > 0.05).
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Figure 8. Inhibition of the PI3K/AKT/mTOR pathway affects myogenic differentiation after overex-
pression of RACK1. (A) CCK-8 assay to screen the concentration of BAY1125976. (B) Evidence of the
inhibitory effect of BAY1125976 on AKT1 protein level. (C,E) Results of quantification of protein gray
value analysis. (D,F) Representative bands of MyHC and MyOG after overexpression of RACK1.
Differences between groups were statistically analyzed using Student’s t-test. p < 0.05 was considered
statistically significant (* p < 0.05 and ** p < 0.01). And N.S., not significant (p > 0.05).

Furthermore, we confirmed the positive regulatory effect of RACK1 overexpression on
the PI3K/AKT/mTOR pathway by inhibiting this pathway (Figure 8A,B). Interestingly, we
found that inhibition of the PI3K/AKT/mTOR pathway did not result in significant changes
in MyHC and MyoG protein levels following RACK1 overexpression (p > 0.05) (Figure 8C–F).
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In conclusion, inhibition of the PI3K/AKT/mTOR pathway can abolish the promotion of
myogenic differentiation of bovine skeletal muscle satellite cells by RACK1 overexpression.

4. Discussion

Skeletal muscle is an economically important tissue in animals used for meat pro-
duction and plays a critical role in body movement, metabolism, and maintenance of
balance [20–23]. Any impairment in the transmission of a network that is interconnected
and responsible for coordinating muscle growth and development can result in the loss or
atrophy of muscle mass [24]. Numerous studies have shown that myostatin signaling is
another important target for the treatment of muscle wasting and metabolic disorders [1,25].
In addition, specific epigenetic changes that occur during myogenesis are equally crucial for
the formation and development of skeletal muscle. Among other roles, DNA demethylation
contributes significantly to cellular immunity [26], cellular hypertrophy [27], and germ
cell development [28]. However, the regulatory mechanism by which DNA demethylation
affects bovine skeletal muscle performance remains unclear. In recent years, the WGBS-seq
method has become an effective way to screen and study DNA demethylation at high
throughput. Here, we use Luxi yellow cattle to study bovine skeletal muscle develop-
ment. We have mapped genome-wide DNA methylation profiles to investigate the DNA
demethylation landscape during bovine muscle development. In particular, we systemati-
cally studied two MSTN+/−-edited and wild-type cattle at the same growth stage to search
for factors that influence bovine skeletal muscle development.

DNA methylation and demethylation of myogenesis-specific genes are critical reg-
ulatory factors for muscle satellite cell differentiation. Previous studies have shown that
DNA demethylation can promote myogenesis in late myoblast hypertrophy [29] and drive
myogenesis [30]. Early demethylation of myogenic genes also contributes to the premature
terminal differentiation of myoblasts [31]. Active demethylation type of DNA relies mainly
on the TET enzyme family. The TET enzyme generates and protects low-level methylation
in the key regulatory region of the whole genome [8,9]. TET2 is obligatory for muscle
regeneration in the body. TET2 activates the transcription of key differentiation and reg-
ulatory factors by activating the myogenin enhancer region to produce demethylation,
which then regulates muscle cell differentiation and fusion [32]. In induced differentiated
C2C12 myoblasts, the silencing of TET2 can impair myoblast differentiation [33]. Similarly,
our results show that myostatin deletion resulted in the downregulation of global DNA
methylation and increased transcriptional and protein levels of TET1 and TET2.

Little has been reported on the regulation of RACK1 during skeletal muscle develop-
ment. We have found that deletion of myostatin leads to increased expression of RACK1.
RACK1 is a protein that interacts with IGF-1R and regulates receptor signaling [34]. The
anabolic effect of IGF-1 is mediated by specific binding to the IGF-1 receptor, and IGF-1
inhibits myostatin signaling during myogenic differentiation [35]. RACK1 may be involved
in IGF-I signaling by forming a protein that interacts with the IGF-1R. Therefore, myo-
statin might regulate RACK1 through the IGF-1 signaling pathway. Our study found
that the enzyme TET1 binds to the DMR of the RACK1 promoter when myostatin is in-
hibited, resulting in DNA demethylation and increased transcription. We believe that
deletion of myostatin can also activate the activity of the TET1 promoter by silencing
the SMAD2/SMAD3 pathway [36,37], and eventually affect the activity of the RACK1
promoter and promote the expression of RACK1. Furthermore, one study showed that
reduced expression of RACK1 in C2C12 myoblasts significantly repressed the transcription
of MyHC and MyoG [38]. Similarly, we overexpressed RACK1 in bovine skeletal muscle
satellite cells and found that it promoted the expression of MyHC and MyoG.

Previous reports have shown that myostatin is a secreted protein that transmits signals
to the nucleus through a series of tandem reactions. Examples include PI3K/AKT [39],
Smad [40], and insulin-like growth factor-1 (IGF-1) [35]. Studies have shown that IGF-1
and insulin have an antagonistic effect on the P13K/PTEN/AKT pathway that mediates
myostatin-induced p300 degradation [41]. The difference is that IGF-1 promotes protein syn-
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thesis in skeletal muscle via the PI3K/AKT/mTOR and PI3K/AKT/GSK3β pathways [42].
A novel functional crosstalk between the IGF-1 and myostatin signaling pathways has
been reported, mediated by the interaction of PI3K/AKT and Smad3. Myostatin inhibits
myoblast proliferation and differentiation and regulates muscle growth and metabolism
through the combined action of the PI3K/AKT pathway. Similarly, RACK1 is closely linked
to the PI3K/AKT pathway [43–48]. We predicted and validated the protein interaction
between RACK1 and AKT1 and found that inhibition of the PI3K/AKT/mTOR pathway
rescued the promotion of MyHC and MyoG through overexpression of RACK1.

Although our data suggest that the PI3K/AKT/mTOR pathway is a potential target
of RACK1, it is important to highlight the diversity of signaling pathways that myostatin
regulates in muscle differentiation, and future studies will focus on the fact that deletion of
myostatin causes methylation changes that affect other components and signaling pathways
of muscle development. In Figure 9, we summarize the major signaling pathways through
which myostatin deletion-induced DNA demethylation alters RACK1 to regulate muscle
development. These findings may help us understand how epigenetics influences bovine
skeletal muscle development through the deletion or amplification of specific genes.
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Figure 9. Myostatin regulates the molecular mechanism of myogenic differentiation by reducing
DNA methylation. The upper right panel shows that knockdown of myostatin was achieved by
constructing site-mutated vectors to transfect cells. The present work shows that deletion of myostatin
triggers a decrease in global DNA methylation and promotes binding of the enzyme TET1 to the
RACK1 promoter region, leading to hypomethylation and increased transcription in the RACK1
promoter region. Increased RACK1 promotes myogenic differentiation of bovine skeletal muscle
satellite cells via activation of the PI3K/AKT/mTOR pathway.

5. Conclusions

Previous studies have shown that the deletion of myostatin affects muscle cell prolifer-
ation and differentiation. In this study, deletion of myostatin led to global DNA demethyla-
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tion, and more interestingly, knocking out myostatin also triggered demethylation of the
RACK1 promoter region; and high expression of RACK1 activated the PI3K/AKT/mTOR
pathway to promote myogenic differentiation. In summary, we have uncovered part of
the molecular mechanism of the myostatin-mediated reduction of DNA methylation in
the regulating myogenic differentiation of bovine skeletal muscle satellite cells. This pro-
vides important clues for further research into the regulatory role of myostatin and DNA
methylation in skeletal muscle development.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cells12010059/s1.

Author Contributions: All the authors contributed to this manuscript. Conceptualization, Y.G.; Data
curation, Y.Z.; Formal analysis, Y.Z.; Methodology, Y.Z., H.G. and Y.G.; Resources, H.G.; Software,
Y.Z.; Supervision, H.G. and Y.G.; Validation, Y.Z., X.X. and Q.W.; Visualization, Y.Z.; Writing—original
draft, Y.Z.; Writing—review & editing, D.H., L.Z., X.L., X.D. and Y.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Tianjin (grant numbers:
20JCQNJC00640) and the National Transgenic Animal Program (grant numbers: 2016ZX08007-002).

Institutional Review Board Statement: The animal study was reviewed and approved by the Animal
Ethical and Welfare Committee of Inner Mongolia University.

Acknowledgments: We are grateful for Guangpeng Li of Inner Mongolia University for providing
muscle samples of bovine with MSTN gene editing. We thank to Hong Guo and Yiwen Guo of Tianjin
Agricultural University for their project fund support. We are grateful for the help of the Tianjin Key
Laboratory of Agricultural Animal Breeding and Healthy Husbandry of Tianjin Agricultural University.

Conflicts of Interest: The authors declare that they have no competing interest.

References
1. Allen, M.D.; Grummitt, C.G.; Hilcenko, C.; Min, S.Y.; Tonkin, L.M.; Johnson, C.M.; Freund, S.M.; Bycroft, M.; Warren, A.J. Solution

structure of the nonmethyl-CpG-binding CXXC domain of the leukaemia-associated MLL histone methyltransferase. EMBO J.
2006, 25, 4503–4512. [CrossRef]

2. Baghdadi, M.B.; Tajbakhsh, S. Regulation and phylogeny of skeletal muscle regeneration. Dev. Biol. 2018, 433, 200–209. [CrossRef]
3. Bochtler, M.; Kolano, A.; Xu, G.L. DNA demethylation pathways: Additional players and regulators. BioEssays 2016, 39, 1.

[CrossRef]
4. Liu, B.; Wang, C.; Chen, P.; Cheng, B.; Cheng, Y. RACKI induces chemotherapy resistance in esophageal carcinoma by upregulating

the PI3K/AKT pathway and Bcl-2 expression. Oncotargets Ther. 2018, 11, 211–220. [CrossRef]
5. Carrió, E.; Magli, A.; Muñoz, M.; Peinado, M.A.; Perlingeiro, R.; Suelves, M. Muscle cell identity requires Pax7-mediated

lineage-specific DNA demethylation. BMC Biol. 2016, 14, 1–15. [CrossRef]
6. Ceco, E.; Weinberg, S.E.; Chandel, N.S.; Sznajder, J.I. Metabolism and skeletal muscle homeostasis in lung disease. Am. J. Respir.

Cell Mol. Biol. 2017, 57, 28–34. [CrossRef]
7. Chal, J.; Pourquié, O. Making muscle: Skeletal myogenesis in vivo and in vitro. Development 2017, 144, 2104–2122. [CrossRef]
8. Chen, M.-M.; Zhao, Y.-P.; Zhao, Y.; Deng, S.-L.; Yu, K. Regulation of Myostatin on the Growth and Development of Skeletal

Muscle. Front. Cell Dev. Biol. 2021, 9, 785712. [CrossRef]
9. Consortium, U.P. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2021, 49, D480–D489. [CrossRef]
10. Dalton, S.R.; Bellacosa, A. DNA demethylation by TDG. Epigenomics 2012, 4, 459–467. [CrossRef]
11. El Shafey, N.; Guesnon, M.; Simon, F.; Deprez, E.; Cosette, J.; Stockholm, D.; Scherman, D.; Bigey, P.; Kichler, A. Inhibition of the

myostatin/Smad signaling pathway by short decorin-derived peptides. Exp. Cell Res. 2016, 341, 187–195. [CrossRef]
12. Gao, L.; Yang, M.; Wei, Z.; Gu, M.; Li, G. MSTN Mutant Promotes Myogenic Differentiation by Increasing Demethylase TET1

Expression via the SMAD2/SMAD3 Pathway. Int. J. Biol. Sci. 2020, 16, 1324–1334. [CrossRef] [PubMed]
13. Garcia-Outeiral, V.; De La Parte, C.; Fidalgo, M.; Guallar, D. The Complexity of TET2 Functions in Pluripotency and Development.

Front. Cell Dev. Biol. 2021, 8, 1861. [CrossRef]
14. Gong, X.; Tang, H.; Yang, K. PER1 suppresses glycolysis and cell proliferation in oral squamous cell carcinoma via the

PER1/RACK1/PI3K signaling complex. Cell Death Dis. 2021, 12, 1–15. [CrossRef]
15. Gu, T.-P.; Guo, F.; Yang, H.; Wu, H.-P.; Xu, G.-F.; Liu, W.; Xie, Z.-G.; Shi, L.; He, X.; Jin, S.-G. The role of Tet3 DNA dioxygenase in

epigenetic reprogramming by oocytes. Nature 2011, 477, 606–610. [CrossRef]
16. Hargreaves, M.; Spriet, L.L. Skeletal muscle energy metabolism during exercise. Nat. Metab. 2020, 2, 817–828. [CrossRef]

https://www.mdpi.com/article/10.3390/cells12010059/s1
http://doi.org/10.1038/sj.emboj.7601340
http://doi.org/10.1016/j.ydbio.2017.07.026
http://doi.org/10.1002/bies.201600178
http://doi.org/10.2147/OTT.S152818
http://doi.org/10.1186/s12915-016-0250-9
http://doi.org/10.1165/rcmb.2016-0355TR
http://doi.org/10.1242/dev.151035
http://doi.org/10.3389/fcell.2021.785712
http://doi.org/10.1093/nar/gkaa1100
http://doi.org/10.2217/epi.12.36
http://doi.org/10.1016/j.yexcr.2016.01.019
http://doi.org/10.7150/ijbs.40551
http://www.ncbi.nlm.nih.gov/pubmed/32210722
http://doi.org/10.3389/fcell.2020.630754
http://doi.org/10.1038/s41419-021-03563-5
http://doi.org/10.1038/nature10443
http://doi.org/10.1038/s42255-020-0251-4


Cells 2023, 12, 59 15 of 16

17. Huang, D.; Sherman, B.; Lempicki, R. Systematic and integrative analysis of large gene lists using DAVID Bioinformatics
Resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

18. Iqbal, K.; Jin, S.-G.; Pfeifer, G.P.; Szabó, P.E. Reprogramming of the paternal genome upon fertilization involves genome-wide
oxidation of 5-methylcytosine. Proc. Natl. Acad. Sci. USA 2011, 108, 3642–3647. [CrossRef]

19. Ji, M.; Zhang, Q.; Ye, J.; Wang, X.; Yang, W.; Zhu, D. Myostatin induces p300 degradation to silence cyclin D1 expression through
the PI3K/PTEN/Akt pathway. Cell. Signal. 2008, 20, 1452–1458. [CrossRef]

20. Jones, P.A. Functions of DNA methylation: Islands, start sites, gene bodies and beyond. Nat. Rev. Genet. 2012, 13, 484–492.
[CrossRef]

21. Kiely, P.A.; Sant, A.; O’connor, R. RACK1 is an insulin-like growth factor 1 (IGF-1) receptor-interacting protein that can regulate
IGF-1-mediated Akt activation and protection from cell death. J. Biol. Chem. 2002, 277, 22581–22589. [CrossRef] [PubMed]

22. Kong, Q.; Gao, L.; Niu, Y.; Gongpan, P.; Xu, Y.; Li, Y.; Xiong, W. RACK1 is required for adipogenesis. Am. J. Physiol.-Cell Physiol.
2016, 311, C831–C836. [CrossRef] [PubMed]

23. Kurimoto, K.; Saitou, M. Germ cell reprogramming. Curr. Top. Dev. Biol. 2019, 135, 91–125. [PubMed]
24. Lee, S.-J. Targeting the myostatin signaling pathway to treat muscle loss and metabolic dysfunction. J. Clin. Investig. 2021, 131,

e148372. [CrossRef] [PubMed]
25. Lessard, S.J.; Macdonald, T.L.; Pathak, P.; Han, M.S.; Coffey, V.G.; Edge, J.; Rivas, D.A.; Hirshman, M.F.; Davis, R.J.; Goodyear, L.J.

JNK regulates muscle remodeling via myostatin/SMAD inhibition. Nat. Commun. 2018, 9, 1–14. [CrossRef] [PubMed]
26. Li, C.-J. DNA demethylation pathways: Recent insights. Genet. Epigenetics 2013, 5, S12143. [CrossRef]
27. Lipina, C.; Hundal, H.S. Lipid modulation of skeletal muscle mass and function. J. Cachexia Sarcopenia Muscle 2017, 8, 190–201.

[CrossRef]
28. Liu, W.; Wu, G.; Xiong, F.; Chen, Y. Advances in the DNA methylation hydroxylase TET1. Biomark. Res. 2021, 9, 1–12. [CrossRef]
29. Miao, M.; Guo, Y.; Hu, D.; Zeng, Y.; Li, X.; Zhang, L.; Ding, X.; Guo, H. MSTN gene-edited bovine muscle transcriptome

sequencing and bioinformatics analysis. China Anim. Husb. Vet. Med. 2021, 48, 11.
30. Moore, L.D.; Le, T.; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacology 2012, 38, 23–38. [CrossRef]
31. Onodera, A.; González-Avalos, E.; Lio, C.; Georges, R.O.; Rao, A. Roles of TET and TDG in DNA demethylation in proliferating

and non-proliferating immune cells. Genome Biol. 2021, 22, 1–27. [CrossRef] [PubMed]
32. Paivandy, A.; Grujic, M.; Rafati, N.; Pejler, G. DNA demethylation regulates gene expression in IgE-activated mouse mast cells.

Allergy 2020, 75, 1780–1783. [CrossRef] [PubMed]
33. Peng, H.; Gong, P.-G.; Li, J.-B.; Cai, L.-M.; Yang, L.; Liu, Y.-Y.; Yao, K.-T.; Li, X. The important role of the receptor for activated C

kinase 1 (RACK1) in nasopharyngeal carcinoma progression. J. Transl. Med. 2016, 14, 1–12. [CrossRef] [PubMed]
34. Pompura, S.L.; Dominguez-Villar, M. The PI3K/AKT signaling pathway in regulatory T-cell development, stability, and function.

J. Leukoc. Biol. 2018, 103, 1065–1076. [CrossRef]
35. Retamales, A.; Zuloaga, R.; Valenzuela, C.; Gallardo-Escarate, C.; Molina, A.; Valdés, J. Insulin-like growth factor-1 suppresses the

Myostatin signaling pathway during myogenic differentiation. Biochem. Biophys. Res. Commun. 2015, 464, 596–602. [CrossRef]
[PubMed]

36. Ross, S.E.; Bogdanovic, O. TET enzymes, DNA demethylation and pluripotency. Biochem. Soc. Trans. 2019, 47, BST20180606.
[CrossRef] [PubMed]

37. Senesi, P.; Luzi, L.; Montesano, A.; Terruzzi, I. DNA demethylation enhances myoblasts hypertrophy during the late phase of
myogenesis activating the IGF-I pathway. Endocrine 2014, 47, 244–254. [CrossRef]

38. Von Mering, C.; Jensen, L.J.; Snel, B.; Hooper, S.D.; Krupp, M.; Foglierini, M.; Jouffre, N.; Huynen, M.A.; Bork, P. STRING: Known
and predicted protein–protein associations, integrated and transferred across organisms. Nucleic Acids Res. 2005, 33 (Suppl. 1),
D433–D437. [CrossRef]

39. Wang, H.; Huang, Y.; Yu, M.; Yu, Y.; Hu, P. Muscle regeneration controlled by a designated DNA dioxygenase. Cell Death Dis.
2021, 12, 535. [CrossRef]

40. Wossidlo, M.; Nakamura, T.; Lepikhov, K.; Marques, C.J.; Zakhartchenko, V.; Boiani, M.; Arand, J.; Nakano, T.; Reik, W.; Walter, J.
5-Hydroxymethylcytosine in the mammalian zygote is linked with epigenetic reprogramming. Nat. Commun. 2011, 2, 1–8. [CrossRef]

41. Wu, X.; Zhang, Y. TET-mediated active DNA demethylation: Mechanism, function and beyond. Nat. Rev. Genet. 2017, 18, 517–534.
[CrossRef]

42. Xie, Y.; Shi, X.; Sheng, K.; Han, G.; Li, W.; Zhao, Q.; Jiang, B.; Feng, J.; Li, J.; Gu, Y. PI3K/Akt signaling transduction pathway,
erythropoiesis and glycolysis in hypoxia. Mol. Med. Rep. 2019, 19, 783–791. [CrossRef] [PubMed]

43. Xu, C.; Li, Y.-M.; Sun, B.; Zhong, F.-J.; Yang, L.-Y. GNA14’s interaction with RACK1 inhibits hepatocellular carcinoma progression
through reducing MAPK/JNK and PI3K/AKT signaling pathway. Carcinogenesis 2021, 42, 1357–1369. [CrossRef] [PubMed]

44. Yoshida, T.; Delafontaine, P. Mechanisms of IGF-1-mediated regulation of skeletal muscle hypertrophy and atrophy. Cells 2020, 9, 1970.
[CrossRef] [PubMed]

45. Zhang, X.; Fu, R.; Yu, J.; Wu, X. DNA Demethylation: Where Genetics Meets Epigenetics. Curr. Pharm. Des. 2014, 20, 1625–1631.
[CrossRef]

46. Zhang, J.; Wang, S.; Liu, Y.; Wang, W.; Liu, Y. Knockdown of RACK1 suppresses MyoG and MHC gene expression in C2C12 cells.
Chin. J. Anim. Sci. 2017, 53, 106–111.

http://doi.org/10.1038/nprot.2008.211
http://doi.org/10.1073/pnas.1014033108
http://doi.org/10.1016/j.cellsig.2008.03.013
http://doi.org/10.1038/nrg3230
http://doi.org/10.1074/jbc.M201758200
http://www.ncbi.nlm.nih.gov/pubmed/11964397
http://doi.org/10.1152/ajpcell.00224.2016
http://www.ncbi.nlm.nih.gov/pubmed/27653985
http://www.ncbi.nlm.nih.gov/pubmed/31155364
http://doi.org/10.1172/JCI148372
http://www.ncbi.nlm.nih.gov/pubmed/33938454
http://doi.org/10.1038/s41467-018-05439-3
http://www.ncbi.nlm.nih.gov/pubmed/30072727
http://doi.org/10.4137/GEG.S12143
http://doi.org/10.1002/jcsm.12144
http://doi.org/10.1186/s40364-020-00251-y
http://doi.org/10.1038/npp.2012.112
http://doi.org/10.1186/s13059-021-02384-1
http://www.ncbi.nlm.nih.gov/pubmed/34158086
http://doi.org/10.1111/all.14205
http://www.ncbi.nlm.nih.gov/pubmed/31995647
http://doi.org/10.1186/s12967-016-0885-x
http://www.ncbi.nlm.nih.gov/pubmed/27170279
http://doi.org/10.1002/JLB.2MIR0817-349R
http://doi.org/10.1016/j.bbrc.2015.07.018
http://www.ncbi.nlm.nih.gov/pubmed/26151859
http://doi.org/10.1042/BST20180606
http://www.ncbi.nlm.nih.gov/pubmed/31209155
http://doi.org/10.1007/s12020-013-0142-5
http://doi.org/10.1093/nar/gki005
http://doi.org/10.1038/s41419-021-03817-2
http://doi.org/10.1038/ncomms1240
http://doi.org/10.1038/nrg.2017.33
http://doi.org/10.3892/mmr.2018.9713
http://www.ncbi.nlm.nih.gov/pubmed/30535469
http://doi.org/10.1093/carcin/bgab098
http://www.ncbi.nlm.nih.gov/pubmed/34657150
http://doi.org/10.3390/cells9091970
http://www.ncbi.nlm.nih.gov/pubmed/32858949
http://doi.org/10.2174/13816128113199990546


Cells 2023, 12, 59 16 of 16

47. Zhang, X.; Nie, Y.; Cai, S.; Ding, S.; Fu, B.; Wei, H.; Chen, L.; Liu, X.; Liu, M.; Yuan, R. Earlier demethylation of myogenic
genes contributes to embryonic precocious terminal differentiation of myoblasts in miniature pigs. FASEB J. 2019, 33, 9638–9655.
[CrossRef]

48. Zhong, X.; Wang, Q.Q.; Li, J.W.; Zhang, Y.M.; An, X.R.; Hou, J. Ten-Eleven Translocation-2 (Tet2) Is Involved in Myogenic
Differentiation of Skeletal Myoblast Cells in Vitro. Sci. Rep. 2017, 7, 43539. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1096/fj.201900388R
http://doi.org/10.1038/srep43539

	Introduction 
	Methods 
	Animal and Muscle Tissue Collection 
	WGBS Library Preparation, Sequencing, Quality Analysis, and Mapping 
	Identification of Differentially Methylated Regions (DMRs) and the GO Enrichment Analyses of WGBS 
	Pyrosequencing Assay 
	Bovine Skeletal Muscle Satellite Cells Resuscitation and Induction of Differentiation Culture, Cell Transfection Assay, and Immunofluorescence Staining 
	Extraction of Total Cellular RNA, Synthesis of the First Strand of cDNA and qRT-PCR Assay 
	Western Blot Assay and CCK-8 Analysis 
	Ch-IP Experiments and Co-IP Experiments 
	Hydroxymethylcytosine (5hmC) Hydroxylase TET Activity Assay (ELISA Assay) 
	Construction of Overexpression Vector and Synthesis of siRNA 
	Bioinformatics Analysis 
	Statistical Analysis 

	Results 
	Genome-Wide DNA Methylation Profiling and Data Accuracy Validation 
	Global DNA Demethylation Patterns Resulting from Myostatin Deletion 
	Differentially Methylated Regions (DMRs) of the RACK1 Gene 
	Impact of RACK1 Overexpression on Myogenic Differentiation of Bovine Skeletal Muscle 
	Impact of RACK1 on the PI3K/AKT/mTOR Pathway 

	Discussion 
	Conclusions 
	References

