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Abstract

The msh homeobox 1 (Msx1) and msh homeobox 2 (Msx2) coordinate in myoblast differentiation and also contribute to
muscle defects if altered during development. Deciphering the downstream signaling networks of Msx1 and Msx2 in myo-
blast differentiation will help us to understand the molecular events that contribute to muscle defects. Here, the proteomics
characteristics in Msx1- and Msx2-mediated myoblast differentiation was evaluated using isobaric tags for the relative and
absolute quantification labeling technique (iTRAQ). The downstream regulatory proteins of Msx1- and Msx2-mediated
differentiation were identified. Bioinformatics analysis revealed that these proteins were primarily associated with xenobi-
otic metabolism by cytochrome P450, fatty acid degradation, glycolysis/gluconeogenesis, arginine and proline metabolism,
and apoptosis. In addition, our data show Actal was probably a core of the downstream regulatory networks of Msx1 and

Msx2 in myoblast differentiation.
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Introduction

Skeletal muscle differentiation is a vital stage of develop-
ment (Casadei et al. 2009; Muntoni et al. 2002). In early
myogenesis, mesodermal cells differentiate into myogenic
progenitors and, then, myoblasts. Later, myoblasts differ-
entiate into multinucleated myotubes, which are controlled
by the transcriptional regulatory system (Gredinger et al.
1998; Muntoni et al. 2002). However, a number of myo-
blasts are quiescent in adult muscle as satellite cells. When
muscle cells are damaged by physical exercise stress or
muscle lesions, satellite cells are activated and proliferate
to form new myofibers, which can repair damaged muscle
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cells (Cooper et al. 1999; Murach et al. 2018; Schultz and
McCormick 1994).

Decades of developmental research have provided a pro-
file of skeletal muscle formation. The myogenesis progres-
sion is involved in the coordination of a set of transcription
factors, including Pax3 which plays a key role in the initia-
tion of myogenesis, and muscle regulatory factors (MRFs)
consisting of Myf5, Myod1, MRF4 and myogenin (Berkes
and Tapscott 2005; Pownall et al. 2002; Rudnicki et al. 1993;
Tapscott 2005). In addition, homeoproteina Six1 and Six4
were recently found important in the regulation of myogen-
esis and muscle development (Grifone et al. 2005; Relaix
et al. 2013; Wang et al. 2016). The program is also con-
trolled by a network of signaling pathways, for example,
Shh and Wnt signals are crucial for the induction of myo-
genesis (Munsterberg et al. 1995; Munsterberg and Lassar
1995). Hepatocyte growth factor (HGF) signaling pathway
is indispensable for myoblasts migration (Andermarcher
et al. 1996; Bladt et al. 1995). Insulin signaling is found
to promote myoblast fusion and differentiation (Charge and
Rudnicki 2004; van der Velden et al. 2006). In contrast,
fibroblast growth factor (FGF) signaling pathway inhibits
myoblast differentiation while promoting proliferation (Itoh
et al. 1996; Milasincic et al. 1996).
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Homeobox is one of the vital gene families that regulate
embryogenesis (Hobert and Westphal 2000; Hu et al. 2001).
The Msx homeobox (Msx) gene family contains three mem-
bers, two of which (Msx1 and Msx2) express in undifferenti-
ated precursors during development (Cornelison et al. 2000;
Wang and Abate-Shen 2012). For example, Msx1 and Msx2
are both expressed at early embryonic developmental stage,
mainly expressed in migrating and proliferating progenitor
cells, and are downregulated upon differentiation. (Bendall
et al. 1999; Houzelstein et al. 1999; Wang and Abate-Shen
2012). Forced expression of Msx1 and Msx2 in myoblasts
inhibits their differentiation (Kuwajima et al. 2004; Wang
etal. 2011; Zhou et al. 2021). It has been reported that Msx 1
promotes C2C12 cell proliferation. As the homologous gene
of Msx1, Msx2 may also play the same role as Msx1 in
C2C12 cells (Kodaka et al. 2015). Although previous studies
have explored how Msx1 and Msx2 inhibit the myoblast dif-
ferentiation during development, the molecular mechanisms
by which Msx1 and Msx2 coordinating myoblasts differen-
tiation remain largely unknown.

Molecular characterization of the proteome is necessary
for a complete understanding of biological systems. iTRAQ
is widely employed, with a proven value in quantitative
proteomics (Noirel et al. 2011; Wu et al. 2018). The prot-
eomics landscape of Msx1- and Msx2-mediated inhibiting
myoblasts differentiation has not been reported. Hence, we
used C2C12 myoblasts to force the expression of Msx1 and
Msx2, and we profiled protein expression changes correlated
to the downstream signaling networks of Msx1 and Msx2,
via a quantitative proteomics approach. Our analysis showed
the proteomics characteristics in Msx1- and Msx2-mediated
myoblasts differentiation.

Results

Proteomics Identification of Msx1-
and Msx2-Mediated Myoblast Differentiation

To identify key proteins involved in the downstream signal-
ing networks of Msx1 and Msx2 in skeletal muscle devel-
opment, we firstly chose C2C12 to over-express Msx1 or
Msx2 and induced them to differentiate with DMEM con-
taining 2% horse serum (Lechner et al. 1996; Li and Johnson
2006). C2C12 is a primary line of murine myoblasts, render-
ing it as a popular model of skeletal muscle development
(Burattini et al. 2004; Yamamoto et al. 2008). We found
that both over-expression of Msx1 and Msx2 inhibited the
formation of myotubes relative to the control, as evident
from the appearance of myotubes (Fig. 1a). Furthermore,
we conducted western blotting to measure the maker, myo-
sin heavy chain (MHC), of terminal muscle differentiation
(Orii et al. 2002; Rauch and Loughna 2005). After induced
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Fig. 1 Forced expression of Msx1 and Msx2 inhibits C2C12 cells dif-
ferentiation. a Myotube formation assay. b Western blotting against
MHC, Msx1 and Msx2. The scale bars represent 50 um

differentiation, MHC was only expressed in the C2C12 cells
without the expression of Msx1 and Msx2 (Fig. 1b). Taken
together, we modeled the Msx1- and Msx2-mediated myo-
blast differentiation.

We collected six groups of samples at different differen-
tiation stages as shown in Fig. 2a, and the whole proteome
analysis was performed on each replicate. After screening
based on a false discovery rate of 1%, we found that a total
of 8044 peptides corresponding to 1545 proteins were identi-
fied, of which 1535 proteins have quantitative information
(Table S1). The reliability of quantitative information was
evaluated by principal component analysis (PCA), in which
the three biological replicates of each sample showed a ten-
dency of being clustered together, indicating good reproduc-
ibility (Fig. 2b). In addition, the Pearson correlation analysis
was performed on the three replicates of each sample, and
the results showed that the correlation coefficient was about
0.8, indicating that there is a good correlation among differ-
ent replicates (Fig. 2c).

Msx1-Mediated Myoblast Differentiation have
Distinct Protein Profiles with that of Msx2

To accurately present the differences of protein expres-
sion among samples, we conducted differential expression
analysis for proteomics data between Msx over-expressed
samples and the wild-type samples before and after the
induced differentiation. We identified 71, 45, 27, and 38
differentially expressed proteins (DEPs) (p-value <0.05
and fold change > 1.5 or <0.83), respectively (Fig. 2d,
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Fig.2 Sample collection and the proteomics analysis a The workflow of quantitative proteomics. b The principal component analysis (PCA) of
different samples. ¢ Correlation analysis of different samples. d Vocano plot of differentially expressed proteins from our study
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Tables S3—S5). The overlapped DEPs lists are shown in
Fig. Sla. Before the induced differentiation stage, there
are common 32 downstream regulatory proteins for Msx1
and Msx2, 39 specific downstream regulatory proteins
for Msx1, while 13 specific proteins for Msx2 (Fig. 3b).
After the induced differentiation stage, there are 17
commom downstream regulatory proteins for Msx1 and
Msx2, 10 specific downstream regulatory proteins for
Msx1, while 21 specific proteins for Msx2 (Fig. 3b).
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Heatmaps of the Msx1 and Msx2 common regulatory
proteins are shown in Fig. 3d, e, respectively. Totally, the
DEPs have partial overlap, and also have their specificity,
which is consistent with the previous knowledge that Msx1
and Msx2 have redundancy in their biological functions
(Han et al. 2007; Kodaka et al. 2015; Lallemand et al.
2005; Le Bouffant et al. 2011; Ogi et al. 2005; Zhuang
et al. 2009).
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Fig.3 Venn and Heatmap analysis of DEPs a Overlap of all DEPs. b Venn of DEPs before induced differentiation. ¢ Venn of DEPs after induced
differentiation. d Heatmap of common DEPs before induced differentiation. e Heatmap of common DEPs after induced differentiation
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Functional Classification Annotation Analysis
of DEPs Involved in Msx1- and Msx2-Mediated
Myoblast Differentiation

To further investigate the downstream signaling networks of
Msx1 and Msx2 in Myoblast differentiation, GO analysis of
the DEPs were conducted. Before the induced differentia-
tion stage, translation, protein folding, rRNA processing,
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etc. were enriched in Msx2-mediated differentiation (Fig. 4b,
Table S7), while Msx1-mediated differentiation was
involved in mRNA processing, angiogenesis, inflammatory
response, cell adhesion and G protein-coupled receptor sign-
aling pathway (Fig. 4a, Table S6). Cellular components and
molecular function showed that the DEPs from Msx1- and
Msx2-mediated differentiation enriched in many common
terms such as extracellular exosome, membrane, cytoplasm,
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Fig.4 Gene ontology analysis a GO analysis of DEPs for Msx1_B compared to WT_B. b GO analysis of DEPs for Msx2_B compared to
WT_B. ¢ GO analysis of DEPs for Msx1_A compared to WT_A. d GO analysis of DEPs for Msx2_A compared to WT_A
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nucleus, zinc ion binding, GTPase activity, DNA binding,
and structural constituent of ribosome (Fig. 4a, b, Table S6,
S7). After the induced differentiation, Msx1-mediated dif-
ferentiation was primarily associated with regulation of
muscle contraction, transition between fast and slow fiber,
and so on (Fig. 4c, Table S8), while regulation of transcrip-
tion, apoptotic mitochondrial changes were associated with
Msx2-mediated differentiation (Fig. 4d, Table S9). Simi-
larly, cellular components were involved in the cytoplasm,
extracellular exosome, membrane, mitochondrion in Msx1-
mediated differentiation. Molecular functions were primarily
enriched in GTPase activity, ATP binding, DNA binding,
and ubiquitin-protein ligase binding in Msx2-mediated dif-
ferentiation (Fig. 4c, d, Table S8, S9).

Protein functions should be presented through pathway
analysis. We mapped all DEPs from our study to the KEGG
pathway database. Before the induced differentiation, the
pathways are related to endocytosis, PI3K-AKt signaling
pathway, glycolysis/glouconeogenesis, fatty acid degrada-
tion. While, after the induced differentiation, the pathways
are related to tyrosine metabolism, adrenergic signaling in
cardiomyocytes, chemical carcinogenesis elongation, sys-
temic lupus erythematosus, tight junction, and so on (Fig. 5a,
Table S10). Taken together, biological processes and KEGG
enrichment analysis results were similar for Msx1 and Msx2
samples, both before and after induced differentiation, indi-
cating that the downstream signaling networks of Msx1 and
Msx2 in myoblast differentiation are highly overlapping.

PPIs Networks of DEPs Involved in Msx1-
and Msx2-Mediated Myoblast Differentiation

To provide insight into the possible cellular mechanisms, com-
prehensive protein—protein interactions (PPIs) were used to
depict numerous biological aspects of complex regulatory net-
works and signaling pathways. Hence, we used a multi-omics
data analysis tool, OmicsBean, to construct PPI networks
(Huang et al. 2020; Lu et al. 2020b; Szklarczyk et al. 2016)
for DEPs. Before the induced differentiation stage, we found
that the PPIs from Msx1-mediated differentiation might play
important roles in amino sugar and nucleotide sugar metabo-
lism, arginine and proline metabolism, glycolysis/gluconeo-
genesis (Fig. 5b, Table S11). In contrast, the highly clustered
pathways for the PPIs from Msx2-mediated differentiation
were related to fatty acid degradation, arginine and proline
metabolism, glycolysis/gluconeogenesis (Fig. Sc, Table S12).
After induced differentiation, the PPIs from Msx1-mediated
differentiation might play important roles in the Metabolism
of xenobiotics by cytochrome P450, while PPIs from Msx2-
mediated differentiation in Apoptosis (Fig. 5d, e, Tables S13,
S14). These results were similar to those found in the bio-
logical processes (Fig. 4) and KEGG enrichment (Fig. 5a)
analyses for DEPs, further demonstrating that these processes
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and pathways may play important roles in Msx1- and Msx2-
mediated signaling networks during myoblast differentiation.

Discussion

Proteins are the embodiment of biological functions. From
genes to proteins, they need to undergo transcriptional regula-
tion, translational regulation and post-translational modifica-
tion regulation. Proteomics, as an important field of functional
genomics, can make up for the defect that the transcriptome
cannot reflect biological information (Hanash 2003; Pandey
and Mann 2000). Although it has been known that myoblast
differentiation is regulated by Msx1 and Msx2 (Hu et al. 2001;
Lee et al. 2006; Wang et al. 2011), the molecular mechanism
of Msx1 and Msx2 coordinating myoblast differentiation is
still largely unknown. Based on the present study by iTRAQ
labeling quantitative quantification technology, the down-
stream regulatory proteins of Msx1 and Msx2 in skeletal mus-
cle development can be measured simultaneously in a single
MS assay.

Our data show that the downstream regulatory proteins
of Msx1- and Msx2-mediated inhibiting myoblasts differen-
tiation overlap partly, and also have their specificity. Among
these, in the undifferentiated stage, the higher expression of
Hsp90 suggests Hsp90-dependent serine-threonine kinase may
play an important role in Msx1- and Msx2-mediated myo-
blast differentiation (Yun and Matts 2005). During muscle
development, Histone H4 plays a vital role in the methylation
of SIX1 (Wei et al. 2018). Our data indicate Histone H4 has
up-regulated expression in Msx1- and Msx2-mediated dif-
ferentiation suggests Msx1 and Msx2 may associate with the
SIX1 pathway in muscle development. In the differentiated
stage, the high expression of Aqpl suggests that Msx1- and
Msx2-mediated myoblast differentiation by regulating Aqp1
expression because Agpl is involved in myotube Atrophy
(Oelkrug et al. 2015). In addition, PPIs analysis showed that
Actal was a highly concentrated cluster, suggesting that Actal
was probably the core of the downstream regulatory network
of Msx1 and Msx2 mediated myoblast differentiation. In addi-
tion, we conducted RT-qPCR to compare the relative tran-
script amounts of Actal and demonstrated that Actal is signifi-
cantly down-regulated in Msx1/2 over-expressed C2C12 cells
(Msx1/2_OE) compared to that in C2C12 wild types (WT)
(Fig. S1). In conclusion, our study systematically showed the
proteomic landscape of Msx1- and Msx2-mediated myoblast
differentiation.
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Methods and Materials
Cell Culture

Mouse C2C12 cells were cultured in DMEM media contain-
ing 10% fetal bovine serum (FBS) in humidified atmosphere
with 5% CO2 at 37 °C. For induced C2C12 differentiation,
C2C12 cells were cultured in DMEM media containing 2%
horse serum for 72 h (Lee et al. 2006). Retroviral packaging
pLZRS-IRES-GFP plasmids derivatives were transfected
using Lipofectamine3000 reagent (Invitrogen) into Phoenix
cells (ATCC) (Wang and Abate-Shen 2012).

The Overexpression of Msx1 and Msx2

We used retroviral transfer system for the overexpression
of Msx1 and Msx2. Replication-defective retroviruses were
produced by transfecting Phoenix retroviral packaging cells
with the relevant pLZRS-IRES-GFP plasmid derivatives
expressed Msx1 or Msx2 using lipofectamine 2000 reagent
(Life Technologies). The packaging cells transfected were
selected with 5 mg/mL puromycin. The C2C12 cells were
infected using the collected viral supernatants.

Peptide Preparation and iTRAQ Reagent Labeling

Peptide Preparation was performed previously (Lu et al.
2020a). Briefly, after sonicating the cells with lysis buffer.
The supernatant was reduced at 37 °C for 1 h with 10 mM
DTT, and then alkylated at 25 °C with 30 mM lodoaceta-
mide. The protein concentration was measured by Brad-
ford method. 200 pg proteins was taken from each sample
and digested at 37 °C for 12 h with trypsin at a ratio 1-20
(trypsin to protein). 100 g peptides were labelled from each
samples according to the manufacturer’s protocol (Lu et al.
2020a). 113-iTRAQ tag for C2C12 wild-type cells before
induced differentiation (WT_B). 114-iTRAQ tag for C2C12
wild-type cells after induced differentiation (WT_A). 115-
iTRAQ tag for the overexpression of Msx1 in C2C12 cells
before induced differentiation (Msx1_B). 116-iTRAQ tag for
the overexpression of Msx1 in C2C12 cells after induced dif-
ferentiation (Msx1_B). 117-iTRAQ tag for the overexpres-
sion of Msx2 in C2C12 cells before induced differentiation
(Msx2_B). 118-iTRAQ tag for the overexpression of Msx2
in C2C12 before induced differentiation (Msx2_A).

LC-MS/MS and Proteomic Data Analysis
Mass Spectrometry Analysis was first conducted in a nano-

flow EASY-nL.C 1000 system (Thermo Fisher Scientific) as
previously reported (Lu et al. 2020a). Briefly, the peptides
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were separated using a prepMap100 C18 Column and then
examined on an PrepMap RSLC C18 Column. For MS/MS
analysis, 15 of the most intense peptide ions (> 5000 counts)
were fragmented using HCD fragmentation.

The proteomics data were processed in Mascot search
engine (Matrix Science, London, UK) (Lu et al. 2020b)
based on the mouse database. Peptides scored by Mas-
cot software greater than the 99% confidence interval are
considered to be successfully identified. When C2C12 dif-
ferentiated, the ratio of proteins were acquired from the
comparison of WT_A/WT_B, while C2C12 cells undiffer-
entiated, the ratio of proteins were acquired from the com-
parison of Msx1_A/Msx1_B, Msx2_A/Msx2_B, among
which the ratios that more than 1.5 or less than 0.83 were
considered as the differential expression of protein.

Bioinformatics Analysis

Gene ontology information of the differentially expressed
protein was obtained from DAVID database (Dennis et al.
2003; Lu et al. 2020b) (http://david.abcc.nciferf.gov/) and
processed using GraphPad Prism 8 software. Pathway
analysis with the differentially expressed protein was per-
formed using KEGG database (https://www.kegg.jp/). PPIs
networks were conducted on omicsbean platform (www.
omicsbean.cn). The differentially expressed proteins (DEPs)
were analyzed using fold change method. The proteins with
p-value <0.05 and fold change > 1.5 were defined as up-reg-
ulated proteins, while the proteins with p-value <0.05 and
fold change <0.83 were defined as down-regulated proteins.

RT-qPCR

The C2C12 wild types and Msx1/2 over-expressed C2C12
cells were homogenized using TRIzol (Life Technolo-
gies). RNA was extracted using RNeasy Mini Kit (Qiagen).
Reverse transcription was performed using HiScript III RT
SuperMix for qPCR (+gDNA wiper) (Vazyme). RT-qPCR
reactions were set up using SYBR® Green Realtime PCR
Master Mix (TOYOBO). The Ct values for genes of interest
were normalized to GAPDH, and expressions of genes are
represented as 2—[ACt] or 2—[AACt] for fold change over
control condition. All primers used for qRT-PCR are listed
in Table S15.
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