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Fibronectin type III domain-containing 4 promotes the migration and 
differentiation of bovine skeletal muscle-derived satellite cells via focal adhesion 
kinase
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ABSTRACT
FNDC4 is an anti-inflammatory factor that alters the activation state of macrophages; it is used to treat 
colitis in mice. However, its role in muscle formation and mechanism of function remains unknown. 
We found that FNDC4 promotes the bovine MDSCs migration and differentiation. Furthermore, we 
reported that it interacts with integrin β1 (ITGβ1). FAK, mediated by ITGβ1, regulates cell migration. 
Our results found FNDC4 to influence the expression of p-FAK, p-paxillin, and vinculin. Then, over-
expressed or added FNDC4 protein could not influence migration and differentiation any more when 
the activated form of FAK was reduced. Therefore, we concluded that FNDC4 promotes the differ-
entiation and migration of bovine MDSCs via the FAK, mediated by the ITGβ1 receptor.
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Introduction

Bovine muscle-derived satellite cells (MDSCs) are dif-
ferentiation-capable muscle-derived stem cells located 
between the sarcolemma and basement membrane [1]. 
These cells remain inactive under normal conditions 
and can be triggered to differentiate into skeletal mus-
cle cells under certain conditions [2]. The number of 
skeletal muscle cells affects the quality of the meat [3]. 
Activated satellite cells have the ability to proliferate 
and fuse with each other to form myotubes. This pro-
cess needs the long-distance migration of cells involved 
in. And the myoutubes further mature to form muscle 
fibers and participate in the generation of muscles [4]. 
It is well known that cell migration and differentiation 
are an inseparable processes [5] and it were affected by 
many factors, such as some transmembrane protein 
and extracellular matrix [6].

Fibronectin type III domain-containing 4 (FNDC4) 
is a member of the fibronectin type III domain family 
of proteins [7]. FNDC4 is a membrane protein consist-
ing of a C-terminal hydrophobic domain, a type III 
fibronectin domain, and an N-terminal membrane sig-
naling region. The N-terminus (extracellular region) 
can be shredded to release the extracellular portion of 
the protein [8]. The fibronectin type III domain is an 
evolutionary conserved domain in animal proteins [9]. 

FNDC4 is a secreted factor sharing high homology with 
FNDC5, an exercise-induced myokine irisin [8–10]. 
Irisin is secreted as a cleaved form of FNDC5 [11] 
and was identified as a myokine secreted by contracting 
skeletal muscle, possibly mediating some exercise 
health benefits via ‘browning’ of white adipose tissue 
[12]. It has been reported that irisin could target osteo-
blasts and promote osteoblast differentiation [13]. Our 
previous high-throughput sequencing analysis, we 
found that FNDC4 expression increases significantly 
during the differentiation of bovine MDSCs [14]. 
A recent study has attributed the therapeutic effect of 
FNDC4 in colitis to its inhibitory effect on macro-
phages [8]. Lv et al. speculated that FNDC4 could 
suppress osteoclast formation via the NF-κB pathway 
[15,16]. However, there is no research on FNDC4 in 
bovine MDSCs migration and differentiation.

In this study, we show that the FNDC4 expression 
affects the migration and differentiation of bovine 
MDSCs. The results of mass spectrometry and co- 
immunoprecipitation showed that FNDC4, which has 
an Arg-Gly-Asp (RGD) module within the FNIII 
domain [8], can interact with ITGβ1. The spliced 
form of FNDC4 is similar to that of FNDC5; therefore, 
we hypothesized that cleaved FNDC4 is also a factor 
secreted by muscle cells and regulates muscle 
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migration and differentiation via ITGβ1-mediated 
FAK. Our results reveal, for the first time, that the 
cytokine FNDC4 secreted by the muscle promotes the 
migration and differentiation of bovine skeletal mus-
cle-derived satellite cells. Moreover, we had studied its 
mechanism of function. Our research is important for 
further clarification of the molecular mechanisms of 
muscle development and the improvement of animal 
meat quality.

Materials and methods

Experimental cells

Skeletal muscle tissues were collected from newborn 
calves after obtaining approval from the Animal 
Welfare Committee of Northeast Agricultural 
University, Heilongjiang Province, China. Skeletal mus-
cle tissues were pooled and finely minced. 
Subsequently, they were digested by treatment with 
0.2% collagenase XI (Sigma-Aldrich, St. Louis, MO, 
USA) for 2 h, followed by treatment with 0.25% trypsin 
(Sigma) for 30 min. The isolated bovine MDSCs were 
cultured in high-glucose Dulbecco’s Modified Eagle’s 
Medium (DMEM) containing 10% FBS, 100 U/mL 
penicillin, and 100 μg/ml streptomycin at 37°C and 5% 
CO2 in a humidified atmosphere.

MDSCs culture and differentiation

MDSCs were maintained in DMEM (Gibco, Grand 
Island, NY, USA) with 10% FBS (Gibco), 100 U/mlpe-
nicillin (sigma) and 100 μg/ml streptomycin (sigma). 
When cells reached 60–80% confluence, the medium 
was switched to differentiation medium, which con-
sisted of 2% horse serum, 100 U/mlpenicillin and 
100 μg/ml streptomycin in DMEM for 48 h or 72 h.

Antibodies and chemicals

The anti-FNDC4, anti-MYOG and anti-desmin were 
from Bioss Biotechnology. The anti-GAPDH, anti- 
Phospho-paxillin (Tyr118), anti-paxillin, anti-Phospho- 
FAK (Tyr925), anti-FAK, anti-Vinculin and anti-ITGβ1 
were purchased from Cell Signaling. The anti-6× his 
and anti-IgG were from Santa Cruze Biotechnology. 
The secondary antibodies were HRP-labeled and FITC- 
labeled were from Beijing Biosynthesis Biotechnology 
Co., Ltd. PF562271 was from Selleck and used concen-
tration for 10 nM/ml to treat cells.

Constructed and screened plasmid vectors

To examine the effect of FNDC4 on the differentiation 
of bovine MDSCs, an overexpression vector for FNDC4 
was constructed. The primers for FNDC4 were as fol-
lows: Sense, TCCCAGCGGACTCGGT; Anti-sense, 
ATTGATGGATGGTGACTTT. HindIII and EcoRI 
restriction sites on both sides and a ligase to connect 
to pcDNA3.1+ were added. Next, Baml and EcoRl were 
used to digest pcDNA3.1+ + FNDC4 plasmid, and then 
the production was connected to pCMV-his-N to 
obtain pCMV-his-N-FNDC4. MDSCs were plated in 
six-well plates 24 h before transfection with polyethy-
lenimine (PEI) (Sigma-Aldrich). Cells were transfected 
with the pcDNA3.1+ + FNDC4 plasmid (pcDNA3.1+, 
Addgene #V790-20, Middlesex, UK; 2 µg).

Bovine MDSCs were cultured for 24 h and then trans-
fected with 50 nM siRNA for FNDC4 and negative con-
trol by using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA), according to the manufacturer’s recom-
mended protocol. The sense sequences of siRNAs used 
were: Negative control siRNA (siNegative), 5ʹ- 
UUCUCCGAACGUGUCACGUTT-3ʹ; siFNDC4-198: 
5ʹ-UCACUCACCUCAGAGCCAATT-3ʹ; siFNDC4-483: 
5ʹ-GCCCAGGUGACAUCACAGUTT-3ʹ; siFNDC4-589: 
5ʹ-GCUAUUCUGCCGUCAGUAUTT-3ʹ. Protein 
expression was measured 72 h after transfection by 
Western blotting.

Mass spectrometry and co-immunoprecipitation

MDSCs were plated in a 10-cm dish 24 h before trans-
fection with PEI (Sigma-Aldrich). Cells were trans-
fected with the pcDNA3.1+ + FNDC4 plasmid and 
cultured with differentiation medium (2% horse 
serum) for 5 days. After differentiation, cells were 
lysed for 3 h at 4°C in RIPA buffer (150 mM NaCl, 
50 mM Tris, 1 mM EDTA). The lysate was split into 
two equal parts. At least 400 µL of lysate was mixed 
with 2 µg of anti-FNDC4 or anti-ITGβ1 and anti-IgG. 
Immunoprecipitation was performed overnight on 
a rotator at 4°C, followed by 4-times washing with 
40 µL of BSA-blocked protein A-agarose beads 
(Sigma) and RIPA buffer at 12000 xg for 5 min. The 
protein lysates incubated with the antibody overnight 
were combined with protein A-agarose beads and incu-
bated for 4 h on a rotator at 4°C. The final pellet was 
resuspended in Laemmli loading buffer and boiled. 
Samples were analyzed by SDS-page, the whole gel 
was stained with Coomassie blue, and then compared 
with the IgG group. The specific band was cut and sent 
to Zhongke New Life Biotechnology Co., Ltd. 
(Shanghai, China) for mass spectrometry. Moreover, 
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samples were analyzed by western blotting to detect 
protein interaction.

Isolation and purification of FNDC4 extracellular 
protein

MDSCs were transfected with the pCMV-his 
-N-FNDC4 plasmid. Thereafter, the culture solution 
was collected and the secreted FNDC4 protein was 
isolated and purified using a His·Bind Purification Kit 
(Millipore). Next, the protein was concentrated using 
a 15-mL ultrafiltration tube (molecular weight cutoff 10 
kDa) (Millipore) and then the concentration was mea-
sured using a BCA Protein Assay Kit (CWBIO, Beijing, 
China). The protein purity was measured using 
a Coomassie blue stained gel after SDS-PAGE with an 
FNDC4 antibody and histidine-tagged antibody.

Western blot assay

Cellular proteins were extracted from bovine MDSCs, 
separated by 15% SDS-polyacrylamide gel electrophor-
esis (SDS-PAGE), and transferred to a PVDF mem-
brane (Millipore). The PVDF membrane was 
incubated in blocking solution (PBST containing 5% 
skim milk powder) at 37°C for 1 h, followed by incuba-
tion with specific primary antibodies at 37°C for 1 h. 
The proteins were visualized using the Super ECL Plus 
Detection Kit (Applygen Technologies Inc., Beijing, 
China) using the Minichemi Chemiluminescence 
Imaging Instrument (Beijing Sage Creation Science 
Co., Beijing, China) according to the manufacturer’s 
instructions. A densitometry analysis was performed 
using SageCapture™ software (Beijing Sage Creation 
Science Co.).

Immunofluorescence

Cells on coverslips were washed twice with PBS and 
fixed in cold methanol for 20 min. Then, the cells were 
incubated for 1 h with PBST (0.5% Triton X-100 in 
PBS) containing 5% bovine serum albumin (BSA) and 
incubated with a primary antibody specific to desmin 
or FNDC4 at an appropriate dilution for 60 min at 37° 
C. The cells were then rinsed thrice with PBST and 
incubated with the corresponding FITC-conjugated 
secondary antibody for 60 min at 37°C. The cells were 
rinsed thrice with PBST and incubated DAPI for 5 min 
to visualize the nuclei. The cells were again rinsed 
thrice with PBST before observation. The images were 
obtained from random 5 fields of view in each treat-
ment group and counted. The myotubes fusion rate was 
assessed by counting the number of nuclei in 

differentiated myotubes (>2myonuclei) as a percentage 
of the total number (mononucleated).

Cell scratch assays

MDSCs were seeded on 12-well plates (Costar Corning, 
Inc., Corning, NY, USA) at a cell density of 5 × 105 

cells/well in complete media; pcDNA3.1++FNDC4 
transfection was performed using PEI, and siFNDC4- 
589 transfection was performed using Lipofectamine 
2000. At 0 h, a 200-µL pipette tip was used to scratch 
the confluent monolayer. The medium was replaced 
with differentiation medium (2% horse serum). At 
48 h, images of scratches were acquired using an 
Olympus 1 × 71 microscope and Olympus DP72 cam-
era (Olympus America, Inc., Center Valley, PA, USA). 
Using ImageJ (National Institutes of Health, Bethesda, 
MD, USA), the area between cells was measured to 
analyze migration efficiency. Eight measurements 
were completed for each scratch at each time point. 
Four scratches were used for each experiment. The 
experiments were repeated with three separate MDSC 
preparations.

Statistical analyses

Grayscale scanning of protein bands in western blots 
was performed using the ImageJ software (National 
Institutes of Health), All results are expressed as 
means ± SEM. Representative bands were selected 
from independent western blotting experiments. 
Statistical significance was determined by Students' 
t-test and Bonferroni’s post-hoc tests using GraphPad 
Prism (GraphPad Software, La Jolla, CA, USA). 
Statistical analyses were performed using SPSS software 
(IBM Corp., Armonk, NY, USA). Differences were 
regarded as significant at a P-value <0.05.

Results

FNDC4 expression during bovine MDSC 
differentiation

Immunofluorescence staining of FNDC4, which 
appeared as a diffuse signal in the cytoplasm, did not 
reveal any myotubes when bovine MDSCs were culti-
vated in growth medium. After cultivation in differentia-
tion medium for 1, 2, 3, 4, or 5 days (D1, D2, D3, D4, or 
D5, respectively), short myotubes formed gradually, 
multinucleated myotubes were observed, and the fluor-
escent intensity of FNDC4 increased and was localized 
to the cytoplasm of the multinucleated myotubes at D1, 
D3, and D5 (Figure 1a). Protein levels were analyzed at 
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D1, D2, D3, D4, and D5 in MDSCs. The FNDC4 level 
increased gradually with differentiation time (Figure 1b). 
The FNDC4 level increased 1.17-fold at D1 (P < 0.05), 
1.57-fold at D2 (P < 0.01), 1.61-fold at D3 (P < 0.01), 
1.78-fold at D4 (P < 0.01), and 2.05-fold at D5 (P < 0.01) 
compared to the levels observed in undifferentiated 
bovine MDSCs (D0) (Figure 1c). In addition, MYOG 
levels increased gradually during the successive differen-
tiation stages in the same samples (Figure 1d).

Effect of FNDC4 on the migration and 
differentiation of bovine MDSCs

To study the effect of FNDC4 expression on the differ-
entiation of bovine MDSCs, we overexpressed or inhib-
ited FNDC4 expression. The cells were allowed to 

differentiate for 72 h after transfection, and the expres-
sion levels of FNDC4 and MYOG were detected by 
western blot analysis.

Firstly, we screened vectors that inhibited the 
expression of FNDC4 by western blotting. The result 
showed that the expression levels of the FNDC4 protein 
in bovine MDSCs transfected with siFNDC4-198, 
siFNDC483, and siFNDC4-589 plasmid vectors differed 
by 0.82-fold (P < 0.05), 0.52-fold (P < 0.01), and 0.31- 
fold (P < 0.01) from those of the negative control group 
(Figure 2a and b). Therefore, siFNDC4-589 was 
selected for subsequent experiments.

After transfection with pcDNA3.1+ + FNDC4, the 
FNDC4 levels were 6.83-fold (P < 0.01) higher than 
those in the control group. MYOG levels were 2.23-fold 
(P < 0.01) higher at 72 h following the increase in 

Figure 1. Fibronectin type III domain-containing 4 (FNDC4) expression during bovine skeletal muscle-derived satellite cell (MDSC) 
differentiation. (a) MDSCs were induced to differentiate for various lengths of time, and immunofluorescence analyses were 
performed to determine FNDC4 expression and to visualize total DNA (DAPI). (b) FNDC4 and MYOG expression in MDSCs at days 
0 (0D), 1 (1D), 2 (2D), 3 (3D), 4 (4D), and 5 (5D) after the initiation of differentiation. (c–d) Quantification of FNDC4 and MYOG 
expression. ab, P < 0.01, compared with the D0 group (n = 3), magnification, 200×.
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Figure 2. Effect of fibronectin type III domain-containing 4 (FNDC4) on the migration and differentiation of bovine muscle-derived 
satellite cells (MDSCs). (a) FNDC4 expression in MDSCs after transfection with three siRNAs and siRNA with a random sequence 
(siNegative). (b) FNDC4 expression analysis. (c) FNDC4 and MYOG levels in MDSCs after transfection with pcDNA3.1+ + FNDC4; 
pcDNA3.1+ was used as the control group or cells were transfected with siFNDC4-589, and siNegative was used as the control group
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FNDC4 levels. On the contrary, MYOG levels 
decreased by 51% (P < 0.01) at 72 h, following the 
decrease in FNDC4 levels (Figure 2c and d). 
Alterations in the myotube fusion rate during in vitro 
differentiation were observed by desmin immunofluor-
escence staining. Myotube formation was induced; the 
myotube-fusion index increased by 25% (P < 0.01) after 
transfection with pcDNA3.1+ + FNDC4. After inhibi-
tion of FNDC4, the myotube formation was suppressed 
and the myotube-fusion index decreased by 47% 
(P < 0.05) (Figure 2e and f).

A cell scratch assay showed that the remaining area 
between cells was reduced after transfection with the 
FNDC4 overexpression vector and the wound healing 
rate increased significantly. The opposite phenomenon 
occurs after inhibiting the expression of FNDC4 
(Figure 2g and h). These results indicating that 
FNDC4 promotes the migration and differentiation of 
bovine MDSCs.

FNDC4 combines with ITGβ1 and affect FAK

We found that the overexpression and inhibition of 
FNDC4 affected cell differentiation and migration, but 
the mechanism is unclear. We used mass spectrometry 
to analyze proteins that interact with FNDC4. The 
results of mass spectrometry are shown in supplemen-
tary materials 1. We identified ITGβ1 and speculated 
that FNDC4 may act as a ligand for ITGβ1. To confirm 
this, we used co-immunoprecipitation (Co-IP) assay.

Bovine MDSCs were transfected with an FNDC4 
overexpression vector and differentiated in culture. 
After lysing cells with RIPA lysate, they were bound 
overnight to FNDC4 and ITGβ1 antibodies. Western 
blotting showed that FNDC4 can specifically bind to 
ITGB1 using FNDC4 as a control group and that 
ITGβ1 can bind to FNDC4 using ITGβ1 as a control 
group (Figure 3a and b). These results indicated that 
FNDC4 can bind to ITGβ1, and thus, we speculated 
that FNDC4 plays a role in the differentiation of bovine 
MDSCs via FAK that was mediated by ITGβ1.

To evaluate the effect of FNDC4 expression on the 
FAK activity during bovine MDSCs differentiation, we 
detected the expression of p-FAK, p-paxillin and vinculin 

after overexpression or inhibition of FNDC4. The results 
showed that the levels of p-FAK, p-paxillin and vinculin 
in cells which were overexpressed FNDC4 were higher 
than those in the control group significantly. However, 
p-FAK, p-paxillin and vinculin were decreased after 
interference with the expression of FNDC4.

Effect of FAK inhibitor PF562271 on FNDC4 
promoting migration and differentiation of bovine 
MDSCs

In order to detect whether FNDC4 promotes the 
migration and differentiation of bovine muscle satel-
lite cells through FAK, we used PEI to transfect cells 
with an overexpression plasmid vector and control 
plasmid. Then, the FAK inhibitor PF562271 was 
added into the differentiation culture medium to dif-
ferentiate the cultured bovine MDSCs for 72 h, and 
then the related proteins and MYOG were detected. 
The results showed that the expression level of p-FAK, 
p-paxillin vinculin and MYOGdecreased (P < 0.01) 
after added PF562271. After transfection of the over-
expression vector, the levels of the above protein levels 
were elevated (P < 0.01). Addition of PF562271 fol-
lowing transfection of the overexpression vector 
decreased the expression levels of these proteins com-
pared with control group and no significant difference 
with added PF562271 alone (P < 0.01) (Figure 4a and 
b). Immunofluorescence results showed that after the 
addition of PF562271, the myotube fusion rate 
decreased (P < 0.01). However, after overexpression 
of FNDC4, the myotube fusion rate increased. 
Addition of PF562271 following FNDC4 overexpres-
sion decreased the myotube fusion rate (P < 0.01) 
(Figure 4c and d). Cell scratch assay showed that the 
wound healing rate decreased significantly after added 
PF562271 compared with control group. 
Overexpression FNDC4 caused increased wound heal-
ing rate. However, inhibition of FAK after overexpres-
sion of FNDC4 does not increase wound healing rate 
(Figure 4e and f). These result addition of FAK inhi-
bitors block the promotion of FNDC4 on migration 
and differentiation of bovine MDSCs.

for 72 h. (d) Statistical analysis of the results presented in (C). (e) Immunofluorescence detection of desmin expression in MDSCs 
transfected with pcDNA3.1+ + FNDC4; pcDNA3.1+ was used in the control group. Cells were transfected with siFNDC4-589 and 
siNegative was used as control group. (f) Quantitative analysis of myotube fusion index of desmin-positive cells presented in (E). (g) 
Cell scratch assay. MDSCs after transfection with pcDNA3.1+ + FNDC4; pcDNA3.1+ was used as control group. MDSCs were 
transfected with siFNDC4-589, and an irrelevant siRNA (siNegative) was used as control group. 0 h represents cells before migration, 
48 h represents cells that was differentiated after transfected vectors. (h) Quantification of cell migration analysis after overexpress or 
inhibition of FNDC4. **P < 0.01, compared to cells in control group (n = 3), magnification, 100×.
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Effect of extracellular cleaved FNDC4 protein on 
the migration and differentiation of bovine MDSCs

The FNDC4 protein secretion vector pCMV-his 
-N-FNDC4 was transfected into bovine MDSCs for 
5 days. The culture medium was recovered through a Ni- 

resin chromatography column and concentrated by an 
ultrafiltration tube. The purity of the recovered protein 
was detected by SDS-PAGE gel electrophoresis. As 
shown in Figure 5a, we found a band of interest near 
the target protein (21 kDa) and a band around 63 kDa. 
This was detected by FNDC4 antibody and a histidine- 

Figure 3. FNDC4 interact with ITGβ1 and affect FAK. (a) Precipitation of FNDC4 using an ITGβ1 antibody, with ITGβ1 as a control 
group. (b) Precipitation of FNDC4 using an ITGβ1 antibody, with FNDC4 as a control group. (c) FNDC4, p-FAK, p-paxillin and vinculin 
levels in MDSCs after transfection with pcDNA3.1+ + FNDC4; pcDNA3.1+ was used as the control group or MDSCs were transfected 
with siFNDC4-589, and siNegative was used as the control group for 72 h. (d) Statistical analysis of the results presented in (C). 
**P < 0.01, compared to cells in control group (n = 3), magnification, 100×.
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tagged antibody. The proteins were detected by both 
antibodies (Figure 5b). After the addition of FNDC4 
extracellular secretory protein in vitro, the expression of 
phosphorylation level of FAK and paxillin, vinculin and 
MYOG were increased (P < 0.01). Addition of PF562271 
following the addition of FNDC4 protein inhibited the 

expression of the above proteins (P < 0.01) (Figure 5c and 
d). The immunofluorescence results showed that the 
myotube fusion rate increased after the addition of 
FNDC4 protein (P < 0.01); however, the myotube fusion 
rate decreased when PF562271 was added following the 
addition of FNDC4 protein (P < 0.01) (Figure 5e and f).

Figure 4. Effects of inhibit FAK on fibronectin type III domain-containing 4 (FNDC4) promote migration and differentiation of bovine 
MDSCs. (a) MDSCs were transfected with pcDNA3.1+ and treated with DMSO; MDSCs were transfected with pcDNA3.1+ and treated 
with FAK inhibitor (PF562271); MDSCs were transfected with pcDNA3.1+ + FNDC4 and treated with DMSO; MDSCs were transfected 
with pcDNA3.1+ + FNDC4 and added with PF562271. Under these conditions, FNDC4, p-FAK, p-paxillin, vinculin and MYOG levels 
were detected. (b) Statistical analysis of the results presented in (A). (c) The cells under the same conditions with (A). 
Immunofluorescence detection of desmin expression in muscle-derived satellite cells (MDSCs) were detected. Magnification, 100×. 
(d) Quantitative analysis of the myotube fusion index of desmin-positive cells presented in (C). (e) Cell scratch assay. MDSCs under 
the same conditions with (A). 0 h represents cells before migration, 48 h represents cells that was differentiated after transfected 
vectors. (f) Quantification of cell migration analysis in (E). Values represent the mean percentage of nuclei in desmin-positive cells ± 
SEM. *P < 0.05, **P < 0.01, NS: No significant difference compared to cells in control group (n = 3), magnification, 100×.
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Cell scratch assay showed that the wound healing 
rate increased after added FNDC4 protein (Figure 5g 
and h).

Discussion

Skeletal muscle content is an important property in 
animal husbandry. Mononuclear cells will proliferation 

Figure 5. Summary of isolation and purification of extracellular protein of fibronectin type III domain-containing 4 (FNDC4) and the 
effect of FNDC4 addition on muscle-derived satellite cells (MDSC) migration and differentiation in vitro. (a) Coomassie brilliant blue 
staining; cell culture medium was used as a control, and purified FNDC4 protein was isolated as an experimental sample. (b) 
Detection of isolated and purified FNDC4 protein by FNDC4 antibody and histidine-tagged antibody; cell culture medium was used 
as a control. (c) The effect of FNDC4 extracellular domain on FAK, paxillin, vinculin and MYOG in vitro. After adding FNDC4 protein, 
the signal pathway inhibitor PF562271 was added to the experimental group, and DMSO was added to the control group. (d) 
Statistical analysis of the results presented in (C). (e) Immunofluorescence was used to detect the effect of FNDC4 extracellular 
domain on desmin. After adding FNDC4 protein (DMEM as control), the signal pathway inhibitor PF562271 was added to the 
experimental group, and DMSO was added to the control group. (f) Quantitative analysis of the myotube fusion index of desmin- 
positive cells presented in(E). (g) The cells were under the same condition with (E). The rate of cell migration was detected. (h) 
Quantification of cell migration analysis in (E). Values represent the mean percentage of nuclei in desmin-positive cells ± SEM. 
*P < 0.05, **P < 0.01, NS: No significant difference compared to cells in control group (n = 3), magnification, 100×.
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and migrate to form multinucleated cells, which lead to 
cell differentiation, forming multiple hematocles, and 
then forming muscle tissue [17]. Often, these muscle 
cells migrate long distances prior to fusion [18]. These 
processes were regulated by many factors such as 
MYOG [19]. Desmin, the muscle-specific intermediate 
filament protein, is one of the earliest appearing myo-
genic markers in both skeletal and heart muscles [20]. 
Therefore, it is important to find genes that affect 
muscle migration and differentiation. FNDC4 is 
a member of the fibronectin type III domain family of 
proteins and shows high homology with irisin [8]. 
Colaianni et al. showed that irisin secreted from myo-
blasts could directly target osteoblasts and thus enhance 
their differentiation [21]. The research further proved 
that irisin could promote osteoblast proliferation and 
differentiation via the p38/MAPK signaling pathways 
[13]. In our experiment, suggesting that FNDC4 
involved in differentiation of bovine MDSCs 
affects the migration and differentiation of bovine 
MDSCs.

Furthermore, we demonstrated that FNDC4 can 
interact with ITGβ1. Integrins are transmembrane het-
eromeric receptors that mediate interactions between 
cells and the extracellular matrix [22]. ITGβ1 is the 
most abundantly expressed β subunit and is found in 
almost all cell types in the body [23]. It acts as 
a membrane molecule that mediates signal transduction 
via a unique pathway; a large number of cell pheno-
types are regulated by integrins, including cell growth, 
differentiation, migration, invasion, and apoptosis [24]. 
The early stages of cell migration and invasion involve 
ruffling of the plasma membrane into distinct struc-
tures, such as filopodia or lamellipodia, which contain 
bundles of actin filaments and associated proteins [25]. 
The activation of β 1 increases cell traction forces [26]. 
There were reported that β1 integrins in myoblasts 
regulate skeletal muscle fiber development [27]. So we 
detected the FAK which was mediated ITGβ1.

Myosin-mediated contractility regulates adhesion 
through the recruitment of signaling proteins to focal 
adhesions, which are central checkpoints in transform-
ing extracellular mechanical cues into cellular responses 
and in transmitting contractile forces to the extracellu-
lar matrix [28]. FAK is an intracellular tyrosine kinase 
with roles in cell motility, cell migration, and cell sur-
vival [29]. Paxillin mediates cell movement by recruit-
ing cytoskeletal elements and signaling molecules 
involved in cell attachment, spreading, and migration 
[30]. The FAK/paxillin interaction is modulated by the 
cytoskeletal adapter protein vinculin via the extracellu-
lar signal-regulated kinase (ERK) pathway [31]. 

Vinculin-mediated modulation of paxillin-FAK inter-
actions regulates ERK to control survival and motility 
[32]. Signaling downstream of these FA proteins 
impacts proliferation, differentiation, migration, and 
other cellular functions [33–36]. Therefore, FNDC4 
affects the FAK to influence cell migration, thereby 
influencing the differentiation of bovine MDSCs.

Our results provide new ideas for the study of the 
relationship between extracellular secretory proteins 
and membrane receptors. Here, we showed that 
FNDC4 affected the expression levels of p-FAK, p-pax-
illin, and vinculin. Next, to explore whether FNDC4 
works through FAK, FAK inhibitor (PF-562271) was 
used. PF-562271 is a potent, ATP-competitive, reversi-
ble inhibitor of FAK and its Pyk2 catalytic activity [37]. 
Bovine MDSCs were also treated with the FAK signal-
ing pathway inhibitor PF562271; meanwhile, overex-
pression of FNDC4 or in vitro addition of FNDC4 
secretion protein did not increase the expression of 
p-FAK, p-paxillin, vinculin and MYOG. This not only 
demonstrates that FNDC4 promotes differentiation and 
migration of bovine muscle satellite cells via FAK, and 
demonstrates that the extracellular domain of FNDC4 
is functional. Taken together, we demonstrated that 
FNDC4 binds to the integrin β1 and regulates the 
differentiation and migration of bovine MDSCs via 
the FAK (Figure 6).

Additionally, these results provide insight into the 
relationship between cell migration and differentiation. 
The results of this study enrich our knowledge of ske-
letal muscle cell differentiation and regeneration, 

Figure 6. Schematic diagram of the molecular mechanism of 
FNDC4 promoting the migration and differentiation of bovine 
MDSCs. During bovine MDSCs differentiation, the extracellular 
domain of FNDC4 is cleaved and interacts with ITGβ1 which 
was on the cell membrane, affecting the activity of FAK and the 
formation of complexes, which in turn affects cell migration.
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provide an important basis for animal nutrition and 
livestock meat quality improvement, and may also pro-
vide new targets for transgenic beef cattle.
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