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Interferon-induced transmembrane proteins (IFITMs 1, 2, and 3) play a critical role in preventing 
pathogen infection in vertebrates. They are also involved in the occurrence and prognosis of cancer. 
Myogenesis is a complex process regulated by several factors. This study disclosed that Ifitm1–3 
were upregulated in the process of myogenic differentiation of C2C12 myoblasts on days 3, 5, 
and 7. This positively correlated with the expression of differentiation factors MyoD, myogenin, 
Mrf5, and desmin. Furthermore, knockdown of Ifitm1–3 by their individual siRNAs inhibited 
myogenesis of C2C12 myoblasts, with relative downregulation of MyoD, myogenin, Mrf5, and 
desmin. Subsequently, myotube formation and fusion percentage decreased. Co-immunoprecipitation 
combined with LC-MS/MS analysis uncovered the interaction proteins of IFITM1 and IFITM3 
in C2C12 myoblasts. A total of 84 overlapped interaction proteins of IFITM1 and IFITM3 were 
identified, and one of the clusters was engaged in cytoskeletal and sarcomere proteins, including 
desmin, myosin, actin, vimentin, nestin, ankycorbin, and nucleolin. Hence, we hypothesize that these 
interacting proteins may function as scaffolds for IFITM1–3, possibly through the interaction protein 
desmin to initiate further interaction with other proteins to participate in myogenesis; however, 
the molecular mechanisms remain unclear. Our study may contribute to the development of novel 
therapeutics for myopathic diseases.

1. Introduction

The interferon-inducible transmembrane proteins 
(IFITMs) belong to the small interferon-stimulated 
family with molecular mass ranging from 10 to 20 
kDa (1). The members of this family include IFITM1, 
IFITM2, IFITM3, IFITM5, and IFITM10 in Homo 
sapiens, and IFITM1, IFITM2, IFITM3, IFITM5, 
IFITM6, and IFITM10 in mice (1,2). IFITM expression 
can be regulated dependently or independently of 
interferon signaling (3-5).
 IFITM1–3 play a synergistic role in antiviral defense, 
and they are key participants in antiviral immunity (6-9). 
Their expression is upregulated by interferons and other 
cytokines. When expressed on the cell membrane, they 
can limit virus–cell membrane fusion, thereby preventing 
virus entry into the cytoplasm (10). IFITM1–3 also 
suppress viral protein synthesis or viral replication, 
leading to the reduced production of infectious virions 

or the lower infectivity of offspring virions (1,11-13). 
IFITM1–3 are also responsible for germ cell homing 
and maturation during embryonic development (14,15). 
They inhibit placental syncytiotrophoblast fusion (16-
18). The expression of IFITM5 gradually increases with 
the differentiation of osteoblasts, and it is an important 
positive regulator in osteogenic differentiation (19,20). 
IFITM5 gene mutations lead to type V osteogenesis 
imperfecta (21,22). Low expression of IFITM10 has been 
reported in re-set positive patients with SARS-CoV-2 
infection, and IFITM10 expression level positively 
correlates with the expression levels of CD69, CD44, 
NKp30, and granzyme B (23). Recently, IFITMs have 
been implicated in cancer cell progression via different 
pathways (24-32).
 The process of myogenic differentiation includes 
the activation, proliferation, and differentiation of 
resting satellite cells into myoblasts, which fuse to form 
myotubes, and ultimately mature into muscle fibers that 
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contain cytoskeletal proteins actin, myosin, desmin, and 
vimentin, and differentiation factors MyoD, mrf5, MRF4, 
and myogenin (33-36). In this study, we explored the 
expression of IFITM1–3 in the process of myogenesis 
and their interaction proteins in myoblasts.

2. Materials and Methods

2.1. Cell culture and myogenic differentiation of C2C12

C2C12 (ATCC) cells were cultured in high-glucose 
Dulbecco's modified Eagle medium (DMEM) (Lonza, 
Switzerland) supplemented with 10% (v/v) fetal bovine 
serum (Gibco, America), 2 mM glutamine (Gibco, USA), 
100 U/mL penicillin, and 100 μg/mL streptomycin 
(Gibco, USA) (growth medium). Cells were maintained 
at 37°C in a humidified atmosphere containing 5% CO2 
and 95% air. To induce myogenic differentiation, C2C12 
cells were grown to 70–80% confluence, with 5×104 
cells seeded in six-well plates, and then the media were 
switched to low serum differentiation media (Gibco, 
USA) (DMEM supplemented with 5% (v/v) horse serum 
(Gibco, USA) and penicillin/ streptomycin). Fresh 
differentiation media were changed every 24 h until the 
end of the assay.

2.2. siRNA targeting Ifitm1–3

Small-interfering RNA directed against the mice Ifitm1–3 
was designed by siDirect (http://sidirect2.rnai.jp/) and 
was synthesized by GenePharma (Shanghai, China). 
ExFect transfection reagent (Vazyme, Nanjing, China), 
siRNAs, and negative controls (si-NC) were used to 
transfect C2C12 cells for 6 h. The cells were transfected 
using ExFect transfection reagent (Vazyme, Nanjing, 
China) following the manufacturer's instructions. Cells 
transfected with transfection reagent only were used as 
the mock control. Then, the supernatant was replaced 
by myogenic differentiation media as described above. 
The designed sense strand of siRNA was as follows: si1-
Ifitm1: 5′-GCAGCAAGAGGUGGUUGUATT-3′; si2-
Ifitm1: 5′-CAAGCUAUGAGACAAUCAATT-3′; si1-
Ifitm2: 5′-GACAAUCAAAGAGGAGUATT-3′; si2-
Ifitm2: 5′-GGGUCACCCCACAUCUCAATT-3′; si1-
Ifitm3: 5′-CGAAAGAAUCAAGGAAGAATT-3′; si2-
Ifitm3: GUUGUUAUCACCAUUGUUATT-3′.

2.3. RNA extraction and RT-qPCR

Total RNA from C2C12 cultured in differentiation 
and un-differentiation medium was isolated using 
FastGene RNA Basic Kit (Takara, Japan) in accordance 
with the manufacturer's instructions. RNA purity and 
integrity were evaluated using a NanoDrop-2000 
spectrophotometer. After DNase I (Takara, Japan) 
digestion, total RNAs were reverse-transcribed to cDNA 
using ReverTra Ace qPCR RT Kit (Takara, Japan). 

qPCR was performed using 2× SYBR Green qPCR Mix 
(SparkJade, Bio, China) with a Lightcycler 480. The 
PCR program was as follows: initial 5 min denaturation 
at 95°C, followed by 45 cycles of amplification at 95°C 
for 10 s, 60°C for 10 s, and 72°C for 15 s. To quantify the 
expression of each candidate gene, the mRNA expression 
levels were normalized to the level of glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) mRNA. Relative 
gene expression was calculated with the 2−ΔΔCt method. 
Each sample was performed in triplicate. Sequences of 
the forward and reverse primers for RT-qPCR are shown 
in Table 1.

2.4. Western blotting

C2C12 cells in the six-well plate were washed with 
precooled phosphate buffer solution (PBS) and lysed 
with 200 μL of protein RIPA lysis buffer supplemented 
with 1% PMSF (CWBIO, China) per well for 1 h on 
ice. Then, the extracted precipitate was quantified using 
the BCA protein concentration assay kit (Biosharp, 
China). The processed protein samples (20 μg/line) 
were resolved using 12% SDS-PAGE at 60 V in the 
stacking gel and at 120 V in the separating gel. Proteins 
in the gels were transferred to polyvinylidene fluoride 
membranes (0.45 μm, Biosharp, China). The membranes 
were blocked with 5% skim milk in Tris-buffered saline 
containing 0.1% Tween 20 (TBST) for 2 h at room 
temperature, and then the membranes were incubated 
with primary antibodies, namely, rabbit anti-desmin 
(ab32362, Abcam, USA), rabbit anti-MyoD (ab203383, 
Abcam, USA), rabbit anti-MYF5 (ab125301, Abcam, 
USA), rabbit anti-IFITM1 (bs-1031R, Bioss, China), 
rabbit anti-IFITM2 (bs-15517R, Bioss, China), mouse 
anti-IFITM3 (bsm-51629M, Bioss, China), and rabbit 
anti-GAPDH (ab8245, Abcam, USA), at 4°C overnight. 
Then, the membranes were incubated in PBS-Tween 
containing anti-rabbit-horseradish peroxidase–conjugated 
secondary antibodies (SA00001, Proteintech, USA) for 
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Table 1. Primer sequences for RT-qPCR

Primer

Mus-Ifitm1

Mus-Ifitm2

Mus-Ifitm3

Mus-desmin

Mus-MyoD

Mus-Myf5

Mus-myogenin

Mus-Gapdh

Primer sequence (5′-3′)

F: GCTCCTCGACCACACCTCT
R: TGGAGATCTCAGGCATGTTG
F: TGGGCTTCGTTGCCTATGC
R: AGAATGGGGTGTTCTTTGTGC
F: CCCCCAAACTACGAAAGAATCA
R: ACCATCTTCCGATCCCTAGAC
F: GTGAAGATGGCCTTGGATGT
R: AAGGTCTGGATCGGAAGGTT
F: AGCACTACAGTGGCGACTCA
R: GGCCGCTGTAATCCATCAT
F: CTGCTCTGAGCCCACCAG
R: GACAGGGCTGTTACATTCAGG
F: GAGACATCCCCCTATTTCTACCA
R: GCTCAGTCCGCTCATAGCC
F: CATCCCAGAGCTGAACG
R: CTGGTCCTCAGTGTAGCC



www.irdrjournal.com

Intractable & Rare Diseases Research. 2023; 12(3):180-190. 182

mM NH4HCO3 and dehydrated with 100% acetonitrile. 
They were rehydrated with 10 ng/μL trypsin resuspended 
in 50 mM NH4HCO3 on ice for 1 h. Excess liquid 
was removed, and the gel pieces were digested with 
trypsin at 37°C overnight. Peptides were extracted with 
50% acetonitrile/5% formic acid, followed by 100% 
acetonitrile. Peptides were dried to completion and 
resuspended in 2% acetonitrile/0.1% formic acid.
 The tryptic peptides were dissolved in 0.1% formic 
acid (solvent A) and directly loaded onto a home-made 
reversed-phase analytical column (15-cm length, 75 μm 
i.d.). The gradient comprised an increase from 6% to 
23% solvent B (0.1% formic acid in 98% acetonitrile) 
over 16 min, a rise from 23% to 35% in 8 min, and 
climbing to 80% in 3 min, followed by holding at 80% 
for the last 3 min, all at a constant flow rate of 400 nL/
min on an EASY-nLC 1000 UPLC system.
 The peptides were subjected to NSI source 
followed by tandem mass spectrometry (MS/MS) in 
Q ExactiveTM Plus (Thermo) coupled online to the 
UPLC. The electrospray voltage applied was 2.0 kV. 
The m/z scan range was 350 to 1,800 for full scan, 
and intact peptides were detected in the Orbitrap at a 
resolution of 70,000. Peptides were then selected for 
MS/MS using NCE setting as 28 and the fragments 
were detected in the Orbitrap at a resolution of 17,500. 
A data-dependent procedure alternated between one MS 
scan followed by 20 MS/MS scans with 15.0 s dynamic 
exclusion. Automatic gain control (AGC) was set at 
5E4.
 The peptides were detected, isolated, and fragmented 
to produce a tandem mass spectrum of specific fragment 
ions for each peptide. The resulting MS/MS data were 
processed using Proteome Discoverer 1.3 and Uniprot 
database (https://www.uniprot.org).

2.8. Protein–protein interaction, KEGG, and GO 
enrichment analysis

A Venn diagram was drawn (http://bioinformatics.psb.
ugent.be/webtools/Venn) to conduct an intersection 
analysis to compare binding proteins of IFITM1 and 
IFTM3. Protein–protein interaction was conducted by 
online String analysis (https://string-db.org/). A high 
confidence of 0.700 was set as the required score, 
and stringency was set as high (1%). Protein–protein 
interaction was clustered by kmeans. In addition, we 
performed Gene Ontology (GO) analysis. First, the data 
of function annotation diagram were obtained using the 
DAVID website (https://david.ncifcrf.gov), and the data 
with P < 0.05 were selected; the enriched paths were 
displayed using "tidyr" and "ggplot2" R packages. R 
package "cluster profiler" was used for GO enrichment 
analysis. Using the cnetplot function (circular = F, color 
edge = T, node tag = T), the data of GO analysis can be 
visualized as cnetplot. Data processing and mapping 
were performed using R-project (v4.0.5) and Rstudio 

1 h at 37°C. The membranes were washed in PBST, 
and signals of the protein blots were acquired using 
an ECL Chemiluminescence Substrate Kit (Biosharp, 
China) and visualized by exposing the membranes in a 
Chemiluminescence Gel Imaging System (18200880, 
Alliance, UK). The level of expression of each protein 
was normalized to that of GAPDH. The results were 
quantified using ImageJ-win64 software (Rawak 
Software Inc., Stuttgart, Germany).

2.5. Giemsa staining

C2C12 cells were gently washed with PBS three times 
and fixed with anhydrous methanol for 15 min. The 
Giemsa staining solutions were diluted with PBS. C2C12 
cells were then incubated with the diluted staining 
solution for 15 min at 37°C and washed with PBS twice. 
Morphological observation was conducted using an 
inverted microscope. Images were taken randomly of 
three different sections per dish. The number of nuclei in 
myotubes and the total number of nuclei in the cells were 
counted in each field. Fusion indexes were calculated 
by expressing the number of nuclei in the myotubes as 
percentages of the total number of nuclei.

2.6. Immunoprecipitation

Co-immunoprecipitation was performed using 
t h e  P i e r c e ™  C l a s s i c  M a g n e t i c  I P / C o m p l e x 
Immunoprecipitation (Co-IP) Kit (88804, Thermo, 
USA) in accordance with the manufacturer's protocol. 
Briefly, C2C12 cells were lysed with RIPA lysis buffer 
supplemented with 1% PMSF as described above. 
Then, 200 µL of the cell lysate was incubated with a 
mixture of 20 µL of protein A/G beads and 5 µL of 
conjugated antibody to IFITM1 or IFITM3 overnight 
with rotation at 4°C. The beads were then washed with 
IP (Immunoprecipitation) lysis/wash buffer and PBS. 
An aliquot of 200 µL of elution buffer was added to the 
beads, which were incubated at room temperature and 
mixed for 5–10 min. The supernatant was transferred 
to a new tube. Finally, the samples were loaded onto 
SDS-PAGE gel for LC-MS/MS analysis or western blot 
analysis.

2.7. LC-MS/MS analysis

Proteins in gel pieces were destained in 50 mM 
NH4HCO3 in 50% acetonitrile (v/v) until clear. Gel 
pieces were dehydrated with 100 μL of 100% acetonitrile 
for 5 min; the liquid was removed; and the gel pieces 
were rehydrated in 10 mM dithiothreitol and incubated at 
56°C for 60 min. The gel pieces were again dehydrated 
in 100% acetonitrile; the liquid was removed; and the 
gel pieces were rehydrated with 55 mM iodoacetamide. 
The samples were incubated at room temperature for 
45 min in the dark. The gel pieces were washed with 50 
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software (v1.3.1093).

2.9. Statistical analysis

The results are presented as the mean ± standard error 
of the mean (SEM). Statistical comparisons were made 
based on one-way ANOVA and Tukey's multiple-
comparison test using GraphPad Prism software, version 
7.0 (GraphPad Software Inc., San Diego, CA, USA), to 
)identify significant differences. P values < 0.05 were 
considered statistically significant (* represents P < 0.05, 
** represents P < 0.01, *** represents P < 0.001). All 
experiments were performed at least three times.

3. Results

3.1. The increased expression of IFITMs in myogenic 
differentiation of C2C12 cells

The essential step in myogenesis is cell fusion and the 
formation of myotubes, whereby mononuclear myocytes 
fuse to form multinucleated myotubes. As expected, the 
number of fusing myocytes and myotubes increased 
on the subsequent induction day (Figure 1A and 1B). 
Gene and protein expression levels of desmin, Myf5, 
myogein, and MyoD on days 3, 5, and 7 after myogenic 
differentiation induction were consistent and significantly 
increased (Figure 1C–E).
 The results of RT-PCR analysis indicated that the 

expression levels of Ifitm1–3 increased during the 
differentiation of C2C12 cells. The differentiation 
medium stimulated the expression of Ifitm1–3, with the 
higher levels observed on the third day and thereafter 
(Figure 2A). Overall trends showed an increase in the 
expression of IFITM1–3 proteins in the differentiation 
process of C2C12 cells, with the higher values on days 
3 and 7 compared with that on day 0 before myogenic 
induction. For IFITM1, decreased expression was 
observed on day 5, compared with day 3, and then 
climbed to the highest value on day 7. Protein level of 
IFITM2 was higher on days 3, 5, and 7 than on day 
0 in the process of myogenic differentiation. IFITM3 
expression was not significantly increased on day 
5 compared with day 3, but there was an obvious 
increasing trend on day 7 (Figure 2B–C).

3.2. si-RNA knocks down the expression of Ifitm1–3 in 
myogenic differentiation of C2C12 cells

Theoretically, the upregulated Ifitm1–3 during the process 
of myogenic induction could be blocked by targeting 
Ifitms with small-interfering RNA (siRNA). Hence, 
we initially screened the siRNAs with high inhibition 
efficiency for targeting Ifitm1–3. The interference 
efficiency of siRNAs was determined to be over 70% as 
identified by RT-qPCR (Supplementary Figure S1, http://
www.irdrjournal.com/action/getSupplementalData.
php?ID=152). Myotube formation was also evaluated 

Figure 1. Myogenic differentiation of C2C12 myoblasts on days 0, 3, 5, and 7. (A) Microscopic images of C2C12 cells (stained by Giemsa 
staining prior to induction) and myoblasts. Magnification: 100×. (B) Relative expression of myogenin, myogenic differentiation factor D (MyoD), 
Myf5, and desmin mRNA as measured by qRT-PCR. (C) Representative bands for myogenin, MyoD, Myf5, desmin, and GAPDH are shown. (D) 
Quantification of band intensity as described above is shown. The level of proteins was normalized to that of GAPDH. Statistical significance: *P 
< 0.05; **P < 0.01; ***P < 0.001; NS, not significant.

http://www.irdrjournal.com/action/getSupplementalData.php?ID=152
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as the fusion index. By the transfection of specific 
siRNA1 and siRNA2 targeting Ifitm1–3 respectively, 
the percentage of fusion index decreased significantly 
in the interference groups of Ifitm1–3, compared with 
Mock group (Figure 3A–B). Especially in the si2-Ifitm1 
group, the percentage of fusion index decreased to 
14.82% (P < 0.01%) (Figure 3B). Consistent with that, 
the expression of MyoD, myogenin, MYF5, and desmin 
was significantly repressed with differentiation in the 
Ifitm1–3 knockdown groups as shown by western blot 
(Figure 3C–D).

3.3. Interacting proteins of IFITMs and GO enrichment 
analysis

In order to determine the interaction proteins of 
IFITM1–3, we performed immunoprecipitation–mass 
spectrometry (IP-MS) assays using IFITM1 and IFITM3 
antibodies. Specific bands identified exclusively in 
the pull-down products of antibodies were excised for 
protein identification using MS (Figure 4A). A total of 
84 proteins, including myosin, actin, vimentin, desmin, 
myosin regulatory light chain 12B, tropomyosin, and 
nucleolin (Table 2), were repeatedly identified in all 
three biological replicates. String analysis revealed 82 
nodes, with an average node degree of 13.1. Clustering 
analysis identified three distinctive groups as follows: 
the cluster with green color included proteins involved 
in the process of muscle filament sliding and constituent 
proteins of sarcomere; the cluster with red color included 
ribosomal proteins; and the cluster in blue color included 
the heterogeneous nuclear ribonucleoprotein, histones, 
and proteins that regulate mRNA metabolic process 
(Figure 4B). We further validated and confirmed that 

desmin identified through IP-MS was indeed a bona fide 
interacting partner of IFITM1 and IFITM3 (Figure 4C).
 The KEGG pathway analysis showed that the genes 
were mainly enriched in hypertrophic cardiomyopathy, 
dilated cardiomyopathy, cardiac muscle contraction, 
adrenergic signaling in cardiomyocytes, mRNA 
surveillance pathway, and RNA transport pathways 
(Figure 5A). The GO enrichment analyses revealed 
329 biological process (BP) entries, involving 
ribonucleoprotein complex biogenesis, non-membrane-
bounded organelle assembly, ribosome biogenesis, 
actin filament organization, muscle contraction, ncRNA 
processing, RNA splicing, and muscle system process 
(Figure 5B); 124 cell component (CC) entries, involving 
ribosomal subunit, ribosome, cell leading edge, large 
and small ribosomal subunit, postsynaptic density, 
asymmetric synapse, postsynaptic specialization, 
neuron to neuron synapse, contractile fiber, myofibril, 
myosin complex, stress fiber, contractile actin filament 
bundle, actin filament bundle actomyosin, and myosin II 
complex (Figure 5C); and 71 molecular function (MF) 
entries, involving structural constituent of ribosome, 
actin binding, actin filament binding, mRNA binding, 
rRNA binding, structural constituent of cytoskeleton, and 
cytoskeletal motor activity (Figure 5D).

4. Discussion

The functions of IFITMs are not sufficiently understood. 
IFITM1–3 inhibit viral fusion and cell entry with a broad 
virus spectrum. Our study identified that IFITM1–3 were 
involved in myogenesis and that they were upregulated 
in this process. The high expression of Ifitm1–3 has also 
been reported in the differentiation of H92C cells, a rat 

Figure 2. Increased expression of IFITM1–3 during myogenic differentiation of C2C12 myoblasts. (A) Relative expression of Ifitm1–3 
during the myogenic differentiation process. (B) Western blot evaluating the protein levels of IFITM1–3. (C) Quantification of band intensity as 
described above is shown. The level of proteins was normalized to that of GAPDH. Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001; 
NS, not significant.
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myoblast cell line (37).
 IFITMs belong to the CD225 family of proteins. 
They consist of a conserved intracellular loop between 
the intramembrane domain and the transmembrane helix 
(38,39). Interaction proteins of IFITMs in different cell 
lines have been reported, including BRI3, SERINC5, 
and CAV-1 (40-42). All these molecules are related to 
antiviral effects. In this study, we uncovered that the 
interacting proteins of IFITM1 and IFITM3 clustered 
into cytoskeleton proteins ankycorbin, nestin, vimentin, 
actin, myosin, and desmin.
 The sarcomere is the smallest functional unit of 
muscle fibers in the skeletal muscle, which is arranged 
between two Z-lines. The constituent proteins of the 
sarcomere include contractile proteins actin and myosin, 
structural proteins titin and nebulin, and intermediate 
filaments (43). Notably, we found that IFITM1 and 

IFITM3 interact with all these cytoskeleton proteins. 
Desmin encodes a muscle-specific class III intermediate 
filament and plays an essential role in muscular structure 
and function. Homopolymers of the protein form 
a stable intracytoplasmic filamentous network that 
connects myofibrils to each other and to the plasma 
membrane (44). As one of the earliest markers of an 
initial step in myogenic differentiation, the expression 
of desmin precedes the expression of all other muscle-
specific structural genes and myogenic helix-loop-helix 
transcription factors MyoD, myogenin, and Mrf4 (45). 
In desmin-null mutant embryonic stem cell–derived 
embryoid bodies, skeletal and smooth muscle myogenesis 
were completely inhibited, displaying the absence of 
myotube formation, contractility, and expression of 
MyoD, myogenin, Myf5, and myosin heavy chain (46). 
In desmin-knockout mice, the loss of sarcomere integrity 

Figure 3. Knockdown of Ifitm1, 2, and 3 by siRNAs blocks myogenic differentiation in C2C12 cells. (A) Microscopic images of Giemsa staining 
for C2C12 myoblasts on day 3 of myogenic differentiation after transfection with siRNAs targeting Ifitm1–3. Two different siRNAs were used for 
each targeting gene. Transfection without siRNAs, but with transfection reagent was set as mock. Magnification: 100×. (B) Percentage fusion on 
day 3 of myogenic induction and transfection with siRNAs as described above, calculated by dividing the number of nuclei within multinucleated 
myofibers by the total number of nuclei. NC represents the group without siRNAs and transfection reagents. (C) Downregulated protein expression 
of myogenin, MyoD, Myf5, and desmin after interference by siRNAs targeting Ifitm1–3. (D) Quantification of band intensity as described above is 
shown. The level of proteins was normalized to that of GAPDH. Statistical significance: *P< 0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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and the increased number of mitochondria in myofibers 
were obvious. A reduced gain of muscle performance 
was observed in mechanical-overload mice that lacked 
desmin (47). Desmin is the pathogenic gene for dilated 
cardiomyopathy-1I, myofibrillar myopathy-1, and 
neurogenic scapuloperoneal syndrome (48-50). Desmin-
null mice demonstrate a multisystem disorder that 
involves cardiac, skeletal, and smooth muscles at the 
early stage of their postnatal life (51). During murine 
feto-embryonic development, there is coexpression 
of desmin and α-actin in skeletal muscle cells, while 
the expression of desmin precedes that of α-actin in 
myoblasts of somites (52).
 Vimentin and nestin also belong to intermediate 
filaments that participate in the formation of cytoskeleton 
and maintenance of cell morphology. Vimentin is 
poorly expressed during myogenic differentiation as it 
is replaced by the tissue-specific intermediate filament 
protein, desmin (53). Nestin regulates the differentiation 
of myogenic precursor cells by Cdk5 and it is 
downregulated in myoblasts (54,55). Nestin-knockout 

mice have a spontaneous regenerative phenotype 
in skeletal muscle, which is related to a disturbed 
proliferation cycle under the uncontrolled Cdk5 kinase 
activity (54). Sliding movement between myosin and 
actin is the molecular basis of muscle contraction. These 
two proteins are also involved in cytokinesis, locomotion, 
cell motility, and maintenance of cell shape (56,57).
 The functions of IFITMs in oncogenesis have been 
explored in recent years. IFITM3 binds to PIP3 to 
amplify PIP3 signaling and Src-kinase signaling in B 
cells by interacting with activated B-cell receptor (BCR) 
complex. Phosphorylation of Ifitm3-Y20 transfers 
the location of endosome to the cell surface, thereby 
initiating the amplification loop of oncogenic signaling 
(58). IFITM3 is involved in gastric cancer, hepatocellular 
carcinoma, and prostate cancer through the MET/AKT/
FOXO3/c-MYC axis, p38/MAPK signaling, and TGF-β 
signaling pathway, respectively (30,59,60).
 Our study showed the interaction proteins of IFITMs 
and their involvement in the myogenic differentiation. 
Although further studies need to explore the molecular 

Figure 4. Identification and validation 
of IFITM1,3-interacting proteins. (A) 
Principle of co-immunoprecipitation and liquid 
chromatography combined with tandem mass 
spectrometry (LC–MS/MS). (B) The protein–
protein interaction network if IFITM1,3 
(overlapped) revealed by STRING analysis. A 
total of 84 unique homologous proteins are shown 
in the network. Three clusters are indicated in 
different colors. Cluster 1: muscle filament sliding 
(green color); Cluster 2: ribosome series proteins 
(red color); Cluster 3: regulation of mRNA 
metabolic process (blue color). Associations are 
represented by the lines. Thicker lines represent 
stronger associations. (C) Co-IP assays show the 
interaction between desmin and IFITM1, 3.
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Table 2. Overlapped interacted proteins for IFITM1 and IFITM3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

Accession

Q8VDD5
Q61879
P60710
P62737
P20152
P31001
Q3THE2
Q60605
P58774
Q6URW6
P58771
P09405
P21107
Q61937
P05977
P0DP26
Q9ERG0
Q6IRU2
Q9WTI7
P47757
P07724
Q9EP71
P49312
Q6P5H2
P10126
Q61696
Q9CZX8
P67984
P01942
P62908
P62852
Q60598
P62960
Q9JHJ0
P35979
Q91WK0
P20029
P15864
P62862
Q9CR57
P29341
P62270
Q8CI43
Q8VIJ6
P62264
P62301
O88569
P63101
P62806
Q9D8E6
P11499
P61161
P09541
P84089
P47754
P61358
P62751
P19253
O08583
P60867
P53026
P62274
P62245
P02088
Q9CXW4
P46735
Q8BG05

Protein names

Myosin-9
Myosin-10
Actin, cytoplasmic 1
Actin, aortic smooth muscle
Vimentin
Desmin
Myosin regulatory light chain 12B
Myosin light polypeptide 6
Tropomyosin beta chain
Myosin-14
Tropomyosin alpha-1 chain
Nucleolin
Tropomyosin alpha-3 chain
Nucleophosmin
Myosin light chain 1/3, skeletal muscle isoform
Calmodulin-1
LIM domain and actin-binding protein 1
Tropomyosin alpha-4 chain
Unconventional myosin-Ic
F-actin-capping protein subunit beta
Albumin
Ankycorbin
Heterogeneous nuclear ribonucleoprotein A1
Nestin
Elongation factor 1-alpha 1
Heat shock 70 kDa protein 1A
40S ribosomal protein S19
60S ribosomal protein L22
Hemoglobin subunit alpha
40S ribosomal protein S3
40S ribosomal protein S25
Src substrate cortactin
Y-box-binding protein 1
Tropomodulin-3
60S ribosomal protein L12
Leucine-rich repeat flightless-interacting protein 2
Endoplasmic reticulum chaperone BiP
Histone H1.2
40S ribosomal protein S30
60S ribosomal protein L14
Polyadenylate-binding protein 1
40S ribosomal protein S18
Myosin light chain 6B
Splicing factor, proline- and glutamine-rich
40S ribosomal protein S14
40S ribosomal protein S13
Heterogeneous nuclear ribonucleoproteins A2/B1
14-3-3 protein zeta/delta
Histone H4
60S ribosomal protein L4
Heat shock protein HSP 90-beta
Actin-related protein 2
Myosin light chain 4
Enhancer of rudimentary homolog
F-actin-capping protein subunit alpha-2
60S ribosomal protein L27
60S ribosomal protein L23a
60S ribosomal protein L13a
THO complex subunit 4
40S ribosomal protein S20
60S ribosomal protein L10a
40S ribosomal protein S29
40S ribosomal protein S15a
Hemoglobin subunit beta-1
60S ribosomal protein L11
Unconventional myosin-Ib
Heterogeneous nuclear ribonucleoprotein A3

Gene names

Myh9
Myh10
Actb
Acta2
Vim
Des
Myl12b
Myl6
Tpm2
Myh14
Tpm1
Ncl
Tpm3
Npm1
Myl1
Calm1
Lima1
Tpm4
Myo1c
Capzb
Alb
Rai14
Hnrnpa1
Nes
Eef1a1
Hspa1a
Rps19
Rpl22
Hba
Rps3
Rps25
Cttn
Ybx1
Tmod3
Rpl12
Lrrfip2
Hspa5
H1-2
Fau
Rpl14
Pabpc1
Rps18
Myl6b
Sfpq
Rps14
Rps13
Hnrnpa2b1
Ywhaz
H4c1
Rpl4
Hsp90ab1
Actr2
Myl4
Erh
Capza2
Rpl27
Rpl23a
Rpl13a
Alyref
Rps20
Rpl10a
Rps29
Rps15a
Hbb-b1
Rpl11
Myo1b
Hnrnpa3

MW [kDa]

226.23
228.85
  41.71
  41.98
  53.66
  53.47
  19.77
  16.92
  32.82
228.45
  32.66
  76.68
  32.97
  32.54
  20.58
  16.83
  84.01
  28.45
121.87
  31.33
  68.65
108.79
  34.18
207.00
  50.08
  70.04
  16.08
  14.75
  15.08
  26.66
  13.73
  61.21
  35.71
  39.48
  17.79
  47.12
  72.38
  21.25
    6.64
  23.55
  70.63
  17.71
  22.73
  75.39
  16.26
  17.21
  37.38
  27.75
  11.36
  47.12
  83.23
  44.73
  21.15
  12.25
  32.95
  15.79
  17.68
  23.45
  26.92
  13.36
  24.90
    6.67
  14.83
  15.83
  20.24
128.48
  39.63
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mechanisms of IFITMs, we hypothesize that cytoskeletal 
proteins desmin, actin, myosin, vimentin, and nestin 
may function as scaffolds to enroll IFITMs, thereby 
interacting with IFITM1 and IFITM3. Desmin regulates 
myoblast differentiation through its downstream 
myogenic determination factors MyoD, Mrf4, and 
myogenin, which serve as differentiation factors. Our 
results provide insight into the molecular mechanisms 
of Ifitm-mediated myogenic differentiation and may 
facilitate the development of future treatments for 
myotrophic diseases.
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Q7TPW1
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P61514
Q61495
Q9WV32
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Q9QXA5
P27048
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