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Myostatin is a crucial cytokine that is widely present in skeletal muscle and that negatively
regulates the growth and development of muscle cells. Recent research has shown that
myostatin might play an essential role in bone metabolism. In RAW264.7 cells and bone
marrow monocytes (BMMCs), myostatin activates the expression of the Il type receptor
ActR Il B. Here, we report that myostatin significantly promoted RANKL/M-CSF-induced
osteoclastogenesis and activated NF-«B and MAPK pathways in vitro via the Ccdc50
gene. Overexpression of myostatin  promoted  osteoclastogenesis  and
osteoclastogenesis-related markers including c-Src, MMP9, CTR, CK, and NFATcT.
Specifically, myostatin increased the phosphorylation of Smad2, which led to the
activation of NF-xB and MAPK pathways to activate osteoclastogenesis. Ccdc50 was
identified as a gene whose expression was highly decreased in osteoclastogenesis upon
myostatin treatment, and it could inhibit the function of myostatin in osteoclastogenesis by
blocking NF-xB and MAPKs pathways. Our study indicates that myostatin is a promising
candidate target for inhibiting RANKL-mediated osteoclastogenesis and might participate
in therapy for osteoporosis, and that the Ccdc50 gene plays a significant role in the
regulatory process.

Keywords: osteoclastogenesis, myostatin, Ccdc50, Receptor activator of NF-xB ligand, NF-xB

INTRODUCTION

Normal bone tissue is in a constant dynamic equilibrium state of bone formation and bone
resorption. Bone formation is mediated by osteoblasts, while bone resorption is mainly
mediated by osteoclasts (Kular et al., 2012). Differentiating from the monocyte-
macrophage lineage, osteoclasts have essential physiological functions in bone resorption
(Boyce et al.,, 2009). Receptor activator of NF-«kB ligand (RANKL) stimulates osteoclast
precursors and activates RANK by combining it with the co-effector M-CSF (Mizukami

Frontiers in Pharmacology | www.frontiersin.org 1

November 2020 | Volume 11 | Article 565163


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.565163&domain=pdf&date_stamp=2020-11-26
https://www.frontiersin.org/articles/10.3389/fphar.2020.565163/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.565163/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.565163/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.565163/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.565163/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.565163/full
http://creativecommons.org/licenses/by/4.0/
mailto:traumahu@163.com
mailto:cuijin6163@163.com
https://doi.org/10.3389/fphar.2020.565163
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.565163

Zhi et al.

et al., 2002), which can promote bone resorption in the
process of normal or pathological bone remodeling.

Nuclear factor-kappa B (NF-«B) belongs to a family
including p65, p52, p50, RelB, and c-Rel, and positively
regulates the expression of many genes related to
inflammation and other reactions (Courtois and Gilmore,
2006). Osteoclast precursor cells rapidly initiate the
classical NF-«B pathway in response to RANKL (Asagiri
et al., 2005). After the activation of the classical NF-«xB
pathway, the non-classical NF-«kB pathway is activated and
lasts for several hours (Boyce et al., 2015). The NF-«B pathway
is activated as TRAF I is recruited, and then the nuclear factor
of activated T-cells cytoplasmic 2 (NFATc2) binds to NF-«B to
induce activation and expansion of nuclear factor of activated
T-cells cytoplasmic 1 (NFATcl) (Takayanagi et al.,, 2002).
NFATcl promotes the expression of genes related to the
proliferation and differentiation of osteoclasts. The
induction of NFATc1/NFAT2 and the classical and non-
classical NF-xB pathways are necessary for transcription
and translation of osteoclastogenesis-critical genes under
the induction of RANKL/RANK-mediated activation. In
this way, monocyte-derived macrophages fuse and
differentiate into osteoclasts with mature osteolytic
function (Walsh and Choi, 2014). The mitogen-activated
protein kinase (MAPK) pathway represents a series of
serine-threonine kinases in eukaryotes, and functions by
phosphorylating other cytoplasmic proteins and directly
regulating transcription after translocating from the
cytoplasm to the nucleus (Hagemann and Blank, 2001).
The MAPK pathway is organized into three-tiered cascades
comprising three types of molecules: MAPKs, MAPK kinases
(MAPKK or MEK), and MAPKK kinases (MAPKKK or
MEKK) (Lee et al, 2018). Generic MAPK signaling
includes the c-Jun N-terminal kinase (JNK), extracellular
signal-related kinase (ERK), and p38 (Sun et al., 2015).
JNK and p38 mediate osteoclast precursor proliferation and
osteoclast differentiation when induced by RANKL and
M-CSF, while ERK accelerates the proliferation of
osteoclast precursors via the M-CSF/c-Fms axis (Lee et al,
2018). Moreover, p38 phosphorylates its transactivation
domain with the co-stimulation of c-fos both in vivo and
in vitro (Tanos et al., 2005).

Myostatin, which is also called GDF-8, is a member of the
TGF-p family. Previous research has shown that myostatin is
synthesized by muscle cells and is a critical autocrine/paracrine
inhibitor of skeletal muscle growth (Nissinen et al., 2016). The
binding of myostatin and the II type receptor ActR II B occurs on
the cytomembrane, then Smad2/3-mediated transcription is
activated and inhibits muscle protein synthesis (Han et al,
2013). A recent study showed that bone formation is
enhanced when the expression of myostatin is deficient
(Hamrick, 2003; Bialek et al, 2014). RANKL-mediated
osteoclastogenesis is accelerated by myostatin under
transcription factor SMAD2-dependent regulation of NFATcl
(Dankbar et al., 2015). In the present study, we investigated the
mechanism by which myostatin regulates the RANKL-induced
downstream pathway.

Myostatin Regulates Ccdc50 Gene Expression

METHOD

Reagents and Inhibitor
Myostatin was provided by Phoenix pep (San Francisco, CA,

United States). RANKL was provided by Raybiotech
(Guangzhou, China). The Smad2 inhibitor LY209761 was
supplied by Selleck (Houston, TX, United States).

Osteoclastogenesis Assay In Vitro
RAW264.7 cells were provided by the Chinese Academy of

Sciences (Shanghai, China). BMMCs were separated by
flushing the bone marrow of femurs from 4-week-old C57BL/6
mice. Cells were seeded into 24-well plates at a density of 8 x
10 cells/well. Cells of the third generation were induced with
RANKL (50 ng/ml) and M-CSF (30 ng/ml) with or without
myostatin treatment (30 ng/ml). DMEM medium with low-
glucose used to culture RAW264.7 cells and BMMCs was
mixed with 10% fetal bovine serum and 1% penicillin-
streptomycin as supplied by the Experiment Center of
Changhai Hospital (Shanghai, China). Cells were cultured at
37°C and 5% CO..

TRAP Staining

Osteoclasts were stained by a TRAP staining kit from Sigma-
Aldrich (St. Louis, MO, United States), and the procedure was
strictly according to the protocol of the manufacturer. The
number and size of osteoclasts were observed under an
upright metallurgical microscope. Huge fused multinucleated
(greater than or equal to three) cells were considered as
osteoclasts.

Immunofluorescence Staining
The localization of ActR II B in RAW264.7 cells and BMMCs was

observed by immunofluorescence. Cell medium was removed and
replaced with 4% paraformaldehyde to fix cell morphology. Then
paraformaldehyde was washed out by Triton X-100, and the fixed
cells were incubated with myostatin conjugated with fluorescein.
The cellular localization of ActR II B was observed by using
protocols as previously described (Wen et al., 2019).

Western Blotting

Cells were collected and lyzed for extracting protein by the
M-PER mammalian protein extraction reagent supplied by
Pierce (Rockford, IL, United States). The concentration of
protein was evaluated by a bicinchoninic acid (BCA) protein
assay kit supplied by Pierce. Equal amounts of protein were added
into SDS-PAGE gels with 10 ug protein per lane. The blots were
probed with a monoclonal antibody against human anti-ActRII B
(1:100), anti-c-Src (1:200), anti-MMP-9 (1:200), anti-CTR (1:
200), anti-CK (1:200), anti-P-Smad2 (1:200), anti-Smad2 (1:200),
anti-P-p65, anti-p65 (1:300) (1:500), anti-P-p50 (1:400), anti-p50
(1:250), anti-P-ERK (1:400), anti-ERK (1:200), anti-P-JNK (1:
400), anti-JNK (1:500), anti-P-p38 (1:300), anti-p38 (1:300), anti-
P-c-fos (1:400), anti-c-fos (1:400), and anti-g-actin (1:1000) from
Santa Cruz (TX, United States), and the secondary HRP-
conjugated anti-mouse/rabbit antibody was purchased from
Santa Cruz. After washing with TBST, chemiluminescence was
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performed to detect the bands. p-actin was added as an internal
control for eliminating errors in protein quantification and
loading. Proteins transferred onto nitrocellulose
membranes after electrophoresis. After transfer, primary
antibodies were used for incubation, and then secondary
antibodies were used for exposure and development. Finally,
film exposure was performed, and images were analyzed by
Image-Pro Plus software. All the experiments were detected
three times, and the average was calculated.

were

RT-PCR
Total RNA was extracted from RAW264.7 cells to measure the

expressions of ActR II B, c-Src, MMP-9, CTR, NFATcl, and
Ccdc50, using Trizol reagent from Invitrogen (Carlsbad, CA,
United States) according to the manufacturer’s protocol. Reverse
transcription was performed on extracted RNA to synthesize
cDNAs by using a SYBR1 Premix Dimmer Eraser kit (TaKaRa
Biotechnology, Otsu, Japan). Realtime PCR was then executed
using SYBR® Premix Ex TaqTM II (Tli RNaseH Plus) purchased
from TaKaRa Biotechnology (Dalian, China) and detected by an
ABI 7500 Sequencing Detection System from Applied Biosystems
(Foster City, CA, United States). The primer sequences used were
as follows: MMP-9: (F) GGACCCGAAGCGGACATTG; (R) CGT
CGTCGAAATGGGCATCT, C-Src: (F) CAACTTCGGCACAGC
AAC; (R) TCAGACACCAGCACATTCC, ActRIIB: (F) GCTCCC
TCACGGATTACC; (R) CACGACACCACGGCACAT, CTR: (F)
CCTGGTTGAGGTTGTGCC; (R) GCGTTGCTCGTCGGTAAA,
NFATc1: (F) ACCACTCCACCCACTTCTG; (R) GCTGCCTTC
CGTCTCATAG, Ccdc50: (R) AAAGAGGGTGATGAAGCA; (F)
ATGGAAGCCTTTCTGTGA.

Pit-formation Assays

RAW264.7 cells and BMMC:s for detecting differentiation were
seeded on hydroxyapatite-coated surfaces of biomimetic synthetic
bone from Corning (Bedford, MA, United States). Culture medium
was changed on day 3. After incubation for 7 days, the medium was
washed out with PBS and dried in the air at room temperature for
5h. A representative region of osteoclast-resorbing pits was
photographed using a light microscope (BX53) provided by
Olympus (Tokyo, Japan). Further research and analysis were
carried out by Image-Pro Plus software.

CHIP Assay

RAW264.7 cells treated with myostatin were subjected to
chromatin immunoprecipitation assays by a CHIP kit
(EpiGentek, NY, United States). In brief, cells cultured in 24-
well plates were fixed by formaldehyde. Lysates digested by cell
lysis buffer were collected, followed by mixing with Smad2-
specific IgG. Then the mixture was incubated at room
temperature overnight for 12 h. Protein Agarose was added for
combining antibody-target protein-DNA complexes. The
supernatant was discarded after centrifugation at 4°C for
30 min at 3,000 g, followed by washing to obtain the target
protein-DNA complex. Then the crosslinked purified DNA
was removed. Further analysis was conducted by qRT-PCR.
Nonprobe-based analyses were performed using SYBR® green
as an intercalating dye for target detection. Based on the

Myostatin Regulates Ccdc50 Gene Expression

quantification of housekeeping genes, the procedures and
conditions of the genes of interest had internal controls to
prevent influence by the experimental conditions. Enrichment
analysis for differentially expressed genes that were up- or down-
regulated was performed by Gene Ontology (GO) functional and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.

Lentivirus Infection of RAW264.7 Cells

An siRNA sequence with a target sequence homologous to Ccdc50
was chemically synthesized to inhibit the transcription of mouse
Ccdc50. The artificially synthesized oligonucleotide templates were
cloned into the linear pSIH-H1-copGFP siRNA vector (System
Biosciences, Palo Alto, CA, United States) to form pSIH-shRNA-
Ccdc50. A negative control (NC) was originated from an invalid
siRNA sequence, and the negative control expression vector pSTH-
NC was constructed. DNA of Ccdc50 was obtained from total
mouse RNA extracted from different tissues with treatment by
Trizol (Invitrogen) followed by reverse transcription and PCR.
Then, the Ccdc50 expression vector pcDH-Cecdc50 was
constructed after the artificial DNA was cloned into pcDH-GFP
Lentivector (CD511A-1, System Biosciences).

The plasmids (pSIH-NC, pSIH-shRNA-Ccdc50, and pcDH-
Ccdc50) were transfected into 293T cells together with the
packaging vector (System Biosciences) to produce lentiviruses
Lv-NC, Lv-shRNA-Ccdc50, and Lv-Ccdc50. The harvested virus
suspensions were concentrated by ultrafiltration and purification
(Benskey and Manfredsson, 2016). RAW264.7 cell suspensions
digested by trypsinization were divided into four groups and
seeded on six-well plates, then cultured at 37°C and 5% CO,.
The groups were 1) cells infected with Lv-NC; 2) cells infected with
Lv-shRNA Ccdc50; 3) cells infected with Lv-Ccdc50; and 4) control
group (not infected). After culturing for 12 h, the pre-configured
lentiviral solution at MOI = 20 was added into the corresponding
wells and mixed with medium. After 3 days, the cells were digested
and extracted for total protein, and transfection efficiency was
determined after the measurement of the amount of Ccdc50 by
western blotting (Sakuma et al., 2012).

Statistical Analysis
All results were tested by a homogeneity of variance test and two

samples independent ¢ test by SPSS Statistics supplied by IBM
(New York, United States). p < 0.05 was considered to be
statistically significant.

RESULTS

The Expression of ActR Il B Increases
During Osteoclastogenesis

To research the function of myostatin in osteoclastogenesis
in vitro, we first detected the expression of ActR II B, which is
a receptor of myostatin. We chose RAW264.7 and BMMCs,
which can be induced to form osteoclasts (Battaglino et al.,
2002; Takayanagi, 2007) in vitro (Figure 1A). Western
blotting indicated that ActR II B had low expression in
RAW264.7 cells and BMMCs before the induction of
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FIGURE 1| The expression of ActR Il B increases during osteoclastogenesis. (A) Cells were visualized by an inverted optical microscope. (B) ActR Il B protein was
extracted for analysis by western blot. (C) Immunofluorescence staining of ActR Il B in RAW264.7 cells and BMMCs. (D) RT-PCR was used to determine the expression
of ActR I B. (E,F) Immunofluorescence staining of ActR Il B in RAW264.7 cells and BMMCs on days 1, 3, and 7. (G,H) Lyzed protein from induced RAW264.7 cells was
analyzed by western blotting. (I) Total RNA was analyzed by RT-PCR to examine the expression of mRNA. *p < 0.01.

osteoclast differentiation (Figure 1B). Immunofluorescence
staining and RT-PCR also indicated that little ActR II B was
expressed in RAW264.7 cells and BMMCs (Figures 1C,D). Then,
BMMCs were treated with RANKL and M-CSF, while RAW264.7
cells were treated with RANKL for induction (Bharti et al., 2004;
Lee et al., 2006). ActR II B significantly increased after induction
by RANKL (Figures 1E,F). Western blotting and RT-PCR
showed similar results (Figures 1G-I).

Myostatin Promotes Osteoclastogenesis
and Osteoclast Function

During the differentiation of osteoclasts, the expression of ActRII
B was upregulated. We next examined whether myostatin
promoted osteoclast precursors to differentiate into mature
osteoclasts. We found that the size of osteoclasts was larger in
the presence of myostatin than in its absence in the process of
RANKL-induced osteoclastogenesis (Figure 2A). To further
verify the mechanism by which myostatin influences the

function of osteoclasts, we performed bone resorption
experiments. When BMMCs and RAW264.7 were induced by
RANKIL, the surface of the biomimetic synthetic bone was
resorbed, and the resorbed area was further expanded with the
addition of myostatin (Figure 2B). Meanwhile, treatment with
myostatin significantly increased the expression of osteoclast-
related markers, including C-Src, MMP-9, CTR, and cathepsin K
(Figure 2C; Supplementary Figure S1). We next assessed the
effect of myostatin on the expression of NFATcI. The results
showed an increase of NFATcl transcription via RANKL
induction, and this was further promoted by myostatin
treatment (Figure 2D).

Myostatin Promotes the Differentiation of
Osteoclasts by Activating Smad2 and

Activates the NF-«<B and MAPK Pathways
The phosphorylation of Smad2 increased in RAW264.7 cells with
myostatin treatment (Figure 3A). In addition, treatment with
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FIGURE 2 | Myostatin promotes osteoclastogenesis and osteoclast function. (A) TRAP staining of osteoclasts (Scalebar, 100 um). (B) Representative images of
resorption pits localized on biomimetic synthetic bone; the resorptive area was analyzed in the histogram (Scale bar, 100 um). (C) Expressions of C-Src, MMP-9, CTR,
cathepsin K, and p-actin as analyzed by western blotting. (D) The total RNA of NFATc1 was analyzed by RT-PCR. *p < 0.01.

myostatin significantly elevated the expressions of CTR, C-Src,
MMP-9, and NFATcl, which are related to osteoclastogenesis
(Figure 3B). NF-«xB and MAPK pathways are crucial for
osteoclast differentiation. The phosphorylation of p65 and
p50, which is related to the activation of NF-«B, was
enhanced by myostatin within 60 min during the
differentiation process of RAW264.7 cells. In addition, the
phosphorylation of JNK, ERK, p38, and c-fos were enhanced
by myostatin, indicating that the MAPK pathway was activated
by myostatin (Figure 3C; Supplementary Figure S2).
However, the phosphorylation of p65, p50, JNK, ERK, p38,

and c-fos were suppressed with the addition of LY209761,
which is an inhibitor of Smad2 (Figure 3D; Supplementary
Figure S$3), indicating that NF-xB and MAPK pathways were
regulated by Smad2.

Functional Enrichment Analysis of
Differentially Expressed Genes

To illuminate the biological functions and signaling pathways of
osteoclastogenesis after treatment with myostatin, GO functional
enrichment and KEGG enrichment analyses were carried out.
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The differentially expressed genes (DEGs) were mainly involved
in 30 GO terms (Figure 4A) and 20 pathways (Figure 4B). GO
enrichment was markedly associated with biological processes,
cellular components, and molecular functions. Notably, the
number of pathways involved in biological processes was the
most, including positive regulation of biological processes, single-
organism developmental processes, and developing process.
KEGG pathway enrichment revealed remarkable involvement
of myostatin in pathways including metabolic pathways,
ribosomes, pathways in cancer, and the PI3K-Akt signaling
pathway. To investigate specific genes whose expression
changed greatly in osteoclastogenesis under the effect of
myostatin, we listed 10 relatively high expression genes

(Table 1) and relatively 10 low expression genes (Table 2)
after treatment with myostatin in osteoclastogenesis.

Ccdc50 Regulates Osteoclastogenesis
We selected the Ccdc50 gene as a target gene that regulates

osteoclastogenesis under the effect of myostatin. We first
investigated whether osteoclastogenesis was regulated by Ccdc50.
Ccdc50 levels were measured in RAW264.7 cells infected with Lv-
Ccdc50, Lv-shRNA-Ccdc50, and Lv-NC. Ccdc50 was successfully
overexpressed and silenced (Figures 5A,B). To further investigate
whether myostatin could enhance osteoclastogenesis together with
Ccdc50, RAW264.7 cells were treated with Lv-NC, Lv-shRNA-
Ccdc50, or Lv-Cedc50 in the presence of RANKL, then treated with
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TABLE 1 | The high expression gene in osteoclastogenesis after treated with

myostatin.
Overlap gene Overlap symbol Fold change

1 ENSMUSG00000031142 Cacnalf 3.32089
2 ENSMUSG00000039068 7773 3.04928
3 ENSMUSG00000056476 Med12| 3.03803
4 ENSMUSG00000021509 119 3.00579
5 ENSMUSG00000027261 Hao1 2.96474
6 ENSMUSG00000096915 Btbd35f6 2.562734
7 ENSMUSG00000026885 Tti11 2.40835
8 ENSMUSG00000075604 Cyp11b1 2.32850
9 ENSMUSG00000041710 Trpch 2.25990
10 ENSMUSG00000022263 Trio 2.19536

TABLE 2 | The low expression gene in osteoclastogenesis after treated with

myostatin.
Overlap gene Overlap symbol Fold change

1 ENSMUSG00000054321 Taf4b -4.15787
2 ENSMUSG00000026656 Fegr2b -3.96007
3 ENSMUSG00000022350 Sale -3.91942
4 ENSMUSG00000043314 Rik -3.86284
5 ENSMUSG00000059366 Olfr -3.82993
6 ENSMUSG00000024979 Tectb -3.82828
7 ENSMUSG00000046364 Rpl27a -3.81251
8 ENSMUSG00000030492 Slc7a9 -3.5715
9 ENSMUSG00000038127 Ccdc50 -3.53979
10 ENSMUSG00000039745 Htatip2 -3.45192

30 ng/ml myostatin. TRAP staining indicated that overexpressed
Ccdc50 suppressed osteoclastogenesis in the presence of myostatin
(Figure 5C). The effects of osteoclastogenesis were weakened when
Ccdc50 was overexpressed, while when Ccdc50 was not expressed,
the process of osteoclastogenesis was enhanced.

Ccdc50 Regulates PISK/Akt, MAPK, and

NF-«B Pathways

The decreased expressions of TRAF6, CTR, TRAP, MMP-9,
and cathepsin K indicated that overexpressed Ccdc50 inhibited
osteoclast differentiation (Figure 6A). The expression levels of
Ccdc50 (Figure 6B), p65, p50, and IkBa in the above-
mentioned six groups indicated that myostatin suppressed
the phosphorylation of p65, p50, and IxBa, which are crucial
markers of the NF-«B pathway. The effects of myostatin were
inhibited when Ccdc50 was overexpressed, and the silencing of
Ccdc50 enhanced the effects of myostatin on the NF-«B
pathway (Figure 6C). The MAPK pathway was also
promoted by myostatin, as the phosphorylation of JNK,
ERK, and p38 was promoted in the process. All these results
showed that Ccdc50 inhibited the relative effects of myostatin
(Figure 6D).

DISCUSSION

In this study, we demonstrated that myostatin promotes
osteoclastogenesis under the regulation of Ccdc50 in vitro. By
its connection with ActR II B, myostatin promotes activation of
NF-xB and MAPK pathways. This process requires Smad2 to
mediate the downstream signals, including NF-xB and MAPKs, as
the inhibition of Smad2 suppressed the activation of the two
osteoclastogenesis-related pathways. Our experiments indicated
that myostatin regulates osteoclastogenesis via expression of
Ccdc50. Overexpression of Ccdc50 inhibited
osteoclastogenesis,  while silencing Ccdc50  enhanced
osteoclastogenesis. These results indicated that Ccdc50 is
essential for myostatin’s promotion of osteoclastogenesis and
for NF-«xB and MAPK pathways. Myostatin can potentially
serve as a target for the regulation of osteoclastogenesis-related
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FIGURE 5 | Myostatin regulates osteoclastogenesis under the regulation of Ccdc50. (A) The localization of Ccdc50 expressed by lentivirus after 72 h was ascertained by
fluorescence staining. (B) The expression of Ccdcb0 of four groups were detected by western blot. (C) Representative images and quantitative analysis of RAW264.7 cells
cultured in the six groups and stained for TRAP. 1) RAW264.7 cells. 2) RAW264.7 cells infected with Lv-NC, induced with M-CSF, RANKL. 3) RAW264.7 cells infected with Lv-
NG, induced with M-CSF, RANKL, and 30 ng/ml myostatin. 4) RAW264.7 cells infected with Lv-Ccdc50, induced with M-CSF, RANKL. 5) RAW264.7 cells infected with Lv-
shRNA-Ccdc50, induced with M-CSF, RANKL, and 30 ng/ml myostatin; 6) RAW264.7 cells infected with Lv-Ccdc50, induced with M-CSF, RANKL, and 30 ng/ml myostatin.
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physiological and pathological processes, since it significantly
promotes osteoclastogenesis and related pathways.

The process of bone remodeling is highly regulated and
maintained by the dynamic equilibrium of bone formation
and bone resorption. The core of this process is composed of
two parts including the resorption of inorganic minerals in
bone by osteoclasts and the formation of matrix and
collagenous fiber by osteoblasts (Xiao et al, 2016b). In
osteoporosis, the balance of osteoclasts and osteoblasts is
broken, and the rate of bone resorption is increased in
comparison with bone formation (Xiao et al., 2016a).
Recent studies have demonstrated that myostatin may play
an essential role in bone metabolism, even though its main
function is negatively regulating muscle fiber growth (Bray,
2015; Tagliaferri et al., 2015). The bone density of myostatin-
knockout mice is increased significantly, and bone volume is
greater than that of wild-type mice by as much as 60%
(Hamrick et al., 2002; Hamrick et al., 2006; Kellum et al.,
2009). Likewise, after injection with myostatin inhibitors, bone
mass is increased significantly in rats (Chiu et al., 2013). This
indicates that myostatin is an important regulator of bone
resorption. Furthermore, the inhibition of myostatin reduces
bone destruction caused by osteoarthritis, so myostatin could
be a target for treating osteoarthritis (Bray, 2015; Dankbar
et al., 2015; Onuora, 2015). All these studies show that

myostatin may participate in the activation of osteoclasts
and could be a potential target for curing orthopedic diseases.

We previously found that ActR II B exists on BMMC and
RAW264.7 cell membranes at low levels. However, ActR II B
increases sharply in the process of osteoclastogenesis, which
means that interaction of myostatin and its receptor would be
enhanced during the process, and that myostatin could play an
important role in osteoclastogenesis.

It has been reported that RANKL/RANK/OPG participates in
the differentiation of osteoclasts (Pepene et al., 2011; Walsh and
Choi, 2014). RANKL expression is stimulated in postmenopausal
osteoporosis and glucocorticoid osteoporosis patients (Liu and
Zhang, 2015). The current study demonstrates that myostatin
promotes osteoclastogenesis and osteoclast function. In the
early stage of the RANKL pathway, RANKL combines with
RANK, and then tumor necrosis factor receptor-associated factor
6 (TRAF6) is recruited and activates the MAPK and NF-«<B
pathways (Jimi et al., 1998; Tan et al,, 2017). The main function
of NF-«B is to bind RANKL and transfer signals to regulate
osteoclast formation (Miyazaki et al., 2000). Our results showed
that phosphorylation of p65 and p50 was promoted after treatment
with myostatin, which demonstrated that myostatin can promote
the activation of the NF-«B pathway within a short time.
Furthermore, we demonstrated the activation of MAPKs in the
presence of myostatin by detecting the phosphorylation of ¢-JNK,
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FIGURE 6 | Ccdc50 regulates NF-xB, and MAPK pathways. (A) The expressions of TRAP, cathepsin K, TRAF6, MMP9, and CTR were analyzed by western blot. (B)
Changes in Ccdc50 in osteoclastogenesis. (C) Phosphorylation of p65, p50, and IkB as analyzed by westemn blot. (D) Phosphorylation of JNK, ERK, and p38 as analyzed by
western blot. 1) RAW264.7 cells. 2) RAW264.7 cells infected with Lv-NC, induced with M-CSF, RANKL. 3) RAW264.7 cells infected with Lv-NC, induced with M-CSF,
RANKL, and 30 ng/ml myostatin. 4) RAW264.7 cells infected with Lv-Ccdc50, induced with M-CSF, RANKL. 5) RAW264.7 cells infected with Lv-shRNA-Ccdc50,
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ERK, and p38. Similar to the results for NF-«B, we found higher
expression when induced by RANKL and myostatin than when
induced by RANKL only, which indicated that myostatin promoted
the activation of MAPKs.

A previous study suggested that target genes are transcribed by
the phosphorylation of Smad2 after myostatin binds to ActR II B
(Walsh and Celeste, 2005). Once TGF-p receptors are activated
and Smad2 is phosphorylated in turn, a complex containing
Smad2, Smad4, and FAST assembles in the nucleus and
activates the transcription of multiple genes (Wrana and
Attisano, 2000). One result of this transcriptional activation is
an increase in osteoclast production and alveolar bone loss in
mice (Alotaibi et al, 2016). Our study suggests that

phosphorylation of Smad2 increases with the addition of
myostatin in osteoclastogenesis, and a series of osteoclast-
related markers increases at the same time. However, the
phosphorylation of markers of NF-«xB and MAPKs clearly
decreased after the addition of LY209761, which means that
the activation of NF-xB and MAPKs was regulated by Smad2
protein. This process connects the downstream channel of
myostatin and classical osteoclast activation pathways.

Despite these results, the upstream signals that regulate
myostatin in osteoclastogenesis have remained unclear. To find
candidate genes that participate in osteoclastogenesis after treatment
with myostatin, a CHIP assay was performed, and 20 genes that
were clearly upregulated or downregulated were selected. These
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differentially expressed genes play important roles in inflammation
(Slominski et al., 2020), calcium channels (Fenninger et al., 2019),
transcription (Nizon et al, 2019; Gura et al, 2020), cell
differentiation (Gobbi et al, 2019), and cell apoptosis (Morris
et al., 2020). 119, for example, is critical for mast cell-driven
diseases (Abdul Qayum et al., 2019), while Htatip2 can regulate
the cell cycle and promote cell apoptosis (Zhao et al.,, 2020). Among
them, we selected Ccdc50 as a gene for study. Previous studies have
demonstrated that Ccdc50, which belonged to the downregulated
group, is related to the NF-xB pathway (Farfsing et al., 2009;
Kameda et al., 2009) and might regulate osteoclastogenesis
specifically. However, the function of Ccdc50 remains largely
unknown, as it also participates in other pathological and
physiological processes. Our study, for the first time, proved
that the enhancement of osteoclastogenesis by myostatin was
associated with low expression of Ccdc50, as overexpression of
Ccdc50 inhibited osteoclastogenesis and osteoclast function,
while the silencing of Ccdc50 played the opposite role. The
inhibition of NF-kB and MAPK pathways was also verified in
osteoclastogenesis when Ccdc50 was overexpressed and vice
versa. This indicated that Ccdc50 is significant for myostatin’s
induction of osteoclastogenesis by acting on the NF-xB and
MAPK pathways.

In summary, we found that myostatin promoted
osteoclastogenesis induced by RANKL in vitro by activating
Smad2 and further activated the NF-«xB and MAPK pathways.
Furthermore, the process of osteoclastogenesis through the
enhancement of myostatin was inhibited by Ccdc50. These
findings imply that myostatin can serve as a potential target
for overactivation-related pathological processes and provide a
basis for understanding the mechanism of bone remodeling in
future research.
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