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Abstract 

Background  Skeletal muscle regeneration is a complex process regulated by many cytokines and growth fac‑
tors. Among the important signaling pathways regulating the myogenic cell identity are these involving SDF-1 
and NOTCH. SDF-1 participates in cell mobilization and acts as an important chemoattractant. NOTCH, on the other 
hand, controls cell activation and myogenic determination of satellite cells. Knowledge about the interaction 
between SDF-1 and NOTCH signaling is limited.

Methods  We analyzed two populations of myogenic cells isolated from mouse skeletal muscle, that is, myoblasts 
derived from satellite cells (SCs) and muscle interstitial progenitor cells (MIPCs). First, microRNA level changes 
in response to SDF-1 treatment were analyzed with next-generation sequencing (NGS). Second, myogenic cells, i.e., 
SC-derived myoblasts and MIPCs were transfected with miRNA mimics, selected on the basis of NGS results, or their 
inhibitors. Transcriptional changes, as well as proliferation, migration, and differentiation abilities of SC-derived myo‑
blasts and MIPCs, were analyzed in vitro. Naive myogenic potential was assessed in vivo, using subcutaneous engrafts 
and analysis of cell contribution to regeneration of the skeletal muscles.

Results  SDF-1 treatment led to down-regulation of miR10a, miR151, miR425, and miR5100 in myoblasts. Interest‑
ingly, miR10a, miR425, and miR5100 regulated the expression of factors involved in the NOTCH signaling pathway, 
including Dll1, Jag2, and NICD. Furthermore, miR10a, miR425, and miR5100 down-regulated the expression of fac‑
tors involved in cell migration: Acta1, MMP12, and FAK, myogenic differentiation: Pax7, Myf5, Myod, Mef2c, Myog, 
Musk, and Myh3. However, these changes did not significantly affect myogenic cell migration or fusion either in vitro 
or in vivo, except when miR425 was overexpressed, or miR5100 inhibitor was used. These two molecules increased 
the fusion of MIPCs and myoblasts, respectively. Furthermore, miR425-transfected MIPC transplantation into injured 
skeletal muscle resulted in more efficient regeneration, compared to control cell transplantation. However, skeletal 
muscles that were injected with miR10a transfected myoblasts regenerated less efficiently.

Conclusions  SDF-1 down-regulates miR10a, miR425, and miR5100, what could affect NOTCH signaling, differentia‑
tion of myogenic cells, and their participation in skeletal muscle regeneration.
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Introduction
Skeletal muscle regeneration is a multistep process that 
allows the reconstruction of skeletal muscle tissue after 
injury. Such damage, caused by exercise, mechanical 
injury or induced under experimental conditions, e.g., 
freezing or cardiotoxin (ctx) injection, leads to a cas-
cade of events resulting in tissue reconstruction [1, 2]. 
Muscle repair covers two main phases: degeneration 
and regeneration. Their course is similar in response to 
different types of injury and also in various species ana-
lyzed [3]. Degeneration involves a loss of stability of the 
sarcolemma, alteration of the shape and size of muscle 
fibers, release of calcium ions that activate cytoskele-
ton-degrading calpains, and release of cytokines and 
growth factors both from damaged fibers and extracel-
lular matrix (ECM). The factors mentioned above lead 
to the activation of tissue resident immune cells and 
act as chemoattractants for cells circulating in blood 
[4–6]. Second regenerative phase covers damaged tissue 
reconstruction. Factors, such as fibroblast growth fac-
tor (FGF), hepatocyte growth factor (HGF), produced by 
immune, endothelial, or interstitial cells (like fibroblasts) 
or released from ECM, activate satellite cells (SCs), i.e., 
muscle-specific stem cells. SCs start to proliferate, dif-
ferentiate into myoblasts, and further fuse to create 
myotubes which finally mature into myofibers [7–9]. 
Eventually, other elements of the skeletal muscles are 
restored, including the ECM, the microvasculature, and 
neuromuscular junctions (NMJs) securing proper inner-
vation [10].

Reconstruction of skeletal muscle tissue occurs prop-
erly due to the presence of SCs. These cells are located 
between the sarcolemma and the basal lamina of mus-
cle fibers and are characterized by the presence of the 
PAX7 transcription factor. When activated, SCs pro-
liferate and follow the myogenic program driven by 
proteins from the myogenic regulatory factors (MRF) 
family. MRFs include MYF5, MYOD, myogenin, and 
MRF4, which sequential expression results in termi-
nal myogenic differentiation of SCs, i.e., myofiber for-
mation [11, 12]. SCs are well known to be crucial for 
proper skeletal muscle reconstruction and their deple-
tion results in inefficient muscle regeneration [13]. 
Although there are many other cell types that support 
the reconstruction of skeletal muscle tissue. Among 
them are endothelial cells, interstitial cells, or immune 
cells, that have been previously mentioned that act 
indirectly by releasing cytokines and growth factors, 

such as insulin-like growth factor 1 (IGF-1), transform-
ing growth factor β (TGF-β), interleukin 6 (IL-6), IL-10, 
vascular endothelial growth factor (VEGF), HGF, or 
FGF that impact SC activation, proliferation, differen-
tiation into myoblasts, and fusion [12, 14]. Moreover, 
some cell types, especially pericytes and mesoangio-
blasts, can contribute to tissue regeneration directly 
by differentiation into myoblasts and the formation of 
new myofibers [15, 16]. Pericytes are not well defined, 
but their markers include NG2, ALP, and PDGFRβ. 
Another marker used for the characterization of peri-
cytes is CD146, which was recently described by Sac-
chetti and coworkers as the so-called MSC marker in 
human tissues, and by us in mouse skeletal muscles 
as the marker of the so-called muscle interstitial pro-
genitor cells (MIPCs) [17–20]. Both human ’MSCs’ and 
mouse MIPCs exhibited characteristics of pericytes. 
These cells were perivascularly located in the interstitial 
space of human and mouse skeletal muscles. Further-
more, mouse MIPCs expressed some pericyte markers, 
such as nestin or NG2. Finally, both human ’MSCs’ and 
mouse MIPCs were clonogenic and myogenic, but not 
osteo- or chondrogenic [18, 19, 21].

One of the factors that promote cell mobilization, 
migration, and participation in skeletal regeneration 
is a stromal cell-derived factor 1 (SDF-1/CXCL12). 
SDF-1 is a cytokine that binds to the CXCR4 or CXCR7 
receptors. The SDF-1/CXCR4 axis leads to activation of 
the PI3K/AKT, phospholipase C, and ERK1/2 MAPK 
pathways. Alternatively, SDF-1/CXCR7 acts through 
β-arrestin and induces the JAK/STAT, ERK1/2 MAPK 
or AKT pathways. We showed previously that SDF-1 
increases MMP activity and expression of adhesion 
proteins, such as CD9, and altered actin organization 
via FAK (focal adhesion kinase), CDC42 (cell division 
control protein 42), and RAC-1 (Ras-related C3 Botu-
linum Toxin Substrate 1) [22–26]. We also documented 
that SDF-1 improves the migration of mouse myoblasts 
and mouse embryonic stem cells through the CXCR4 
receptors. Furthermore, cells treated with SDF-1 par-
ticipated more efficiently in mouse skeletal muscle 
regeneration [23–25]. Thus, many lines of evidence 
connect SDF-1 to various cellular processes; however, 
the knowledge about its interaction with microRNAs 
(miRNAs) is limited.

miRNAs are short noncoding RNAs that have the 
ability to post-transcriptionally regulate gene expres-
sion by binding to 3 ’UTR’ of target mRNAs. Such 
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binding leads to destabilization or degradation of the 
transcript, which results in inhibition of its transla-
tion [27–29]. SDF-1 treatment was shown to induce 
the expression of many miRNAs, including let-7f-5p 
and miR146 in human bone marrow stromal cells [30, 
31]. Let-7f was shown to stimulate the migration of 
human bone marrow-derived stromal cells by promot-
ing MMP9 secretion and ECM proteolysis. Further-
more, the release of let-7f encapsulated in exosomes 
inhibited the growth of a breast cancer [31]. miR146 
was shown to attenuate SDF-1-induced cartilage deg-
radation in human osteoarthritis (OA) chondrocytes. 
The same study identified miR126 as differentially 
expressed in chondrocytes from OA patients. miR126 
is also enriched in endothelial cells and was shown to 
directly down-regulate SDF-1 expression and through 
this migration of Sca1+/Lin1- cells in ischemia [32]. 
Furthermore, miR141 negatively modulates SDF-1 and 
is involved in an age-dependent decrease in SDF-1 
levels in the bone marrow niche [33]. Finally, SDF-1 is 
an important regulator of tumor growth and invasion. 
miR454 was shown to directly target and down-regulate 
SDF-1 in cancer cells. Overexpression of this miRNA 
resulted in inhibition of pancreatic ducal adenocar-
cinoma cell (PDAC) growth, while miR454-depleted 
PDAC cells grew much faster [34].

The aim of present study was to identify microRNA 
involved in SDF-1 signaling. As a result, we show that 
SDF-1 treatment of myoblasts led to down-regulation of 
miR10a, miR151, miR425, and miR5100. Down-regula-
tion of CXCR4, that is, the SDF-1 receptor, on the other 
hand, caused up-regulation of miR10a, miR151, miR425, 
and miR5100 in myoblasts. Interestingly, microarray 
analysis showed that three of these miRNAs, i.e., miR10a, 
miR425, and miR5100, regulated the level of transcripts 
involved in NOTCH signaling. Thus, we suggest that 
these molecules are involved in combing SDF-1 and 
NOTCH signaling in myogenic cells. For this reason, to 
follow the impact of these miRNAs on myogenic iden-
tity, mouse SC-derived myoblasts and MIPCs were trans-
fected with miRNA mimics encoding abovementioned 
miRNAs and their inhibitors, and analyzed in  vitro 
and in  vivo. We confirmed that miR10a, miR425, and 
miR5100 regulated the transcripts involved in NOTCH 
signaling, as well as migration and myogenic differentia-
tion. Thus, SDF-1 acting through miR10a, miR425, and 
miR5100 affects NOTCH signaling, migration, and dif-
ferentiation of myogenic cells.

Methods
Animal studies
Animal studies were approved by the Warsaw Local 
Ethics Committee No. 1 (permit number 668/2018 and 

1186/2021). All details such as animal care and monitor-
ing or experimental procedures were included in the per-
mit. In animal experiments (subcutaneous heterotopic 
transplantation, muscle injury and cell engraftment) in 
each group (control or treated), the experimental unit 
was one animal. In each case, three independent experi-
ments were performed. Total number of animals was 64. 
The 2–3-month-old male C57/BL6 mice were used. No 
additional criteria for including or excluding animals 
were used. The study was randomized.

Satellite cell (SC) isolation and culture
Satellite cells (SCs) were isolated from Gastrocnemius, 
EDL, and Soleus muscles of 2–3-month-old male C57/
BL6 or C57/BL6 mice carrying the LacZ transgene at the 
ROSA26 locus, according to Rosenblatt et al. [35]. Briefly, 
mice were sacrificed by cervical dislocation, muscles were 
isolated, cut into smaller pieces, and incubated in 0.2% 
collagenase type I (Sigma-Aldrich) in Dulbecco’s modi-
fied Eagle medium (DMEM; Thermo Fisher Scientific) at 
37  °C for 2  h. Single fibers were collected using pipette 
tips, purified twice in DMEM containing glucose 1  g/l 
and supplemented with 10% horse serum (HS, Thermo 
Fisher Scientific), 1% penicillin/streptomycin (Thermo 
Fisher Scientific), and 0.5% chicken embryo extract (CEE, 
Thermo Fisher Scientific). The suspension of muscle fib-
ers was passed through the 21G syringe needle and fil-
tered through the 40 µm strainer. The obtained SCs were 
placed directly in culture dishes coated with Matrigel® 
Growth Factor Reduced (GFR) basement membrane 
matrix (Corning) or culture plates containing cover 
slides coated with Matrigel® GFR Basement Membrane 
Matrix. Cells were expanded in DMEM with glucose 
1  g/l supplemented with 10% HS, 20% FBS, 1% penicil-
lin/streptomycin and 0.5% CEE and cultured under 
standard conditions, that is, 37 °C, 5% CO2. The medium 
was replaced every 2  days. Under such conditions, SCs 
started myogenic differentiation and formed SC-derived 
myoblasts.

Isolation, sorting, and culture of muscle interstitial 
progenitor cells (MIPCs)
Muscle interstitial progenitor cells (MIPCs) were 
obtained from Gastrocnemius, EDL, and Soleus mus-
cles of 2–3-month-old C57/BL6 or C57/BL6 male mice 
carrying the LacZ transgene at the ROSA26 locus, as 
described previously [21]. Briefly, mice were sacrificed 
by cervical dislocation, muscles were isolated, cut into 
smaller pieces, and incubated in 0.2% collagenase type 
I in DMEM at 37 °C for 2 h. The digested muscles were 
mechanically fragmented and incubated in dispase (2 U/
ml) in DMEM. After digestion, a homogeneous suspen-
sion of cells was centrifuged. Cells expressing CD146 
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were selected using magnetic columns (MACS; Miltenyi 
Biotec) and antibody against CD146 conjugated with fer-
romagnetic particles, according to the manufacturer’s 
protocol (Miltenyi Biotec). Finally, CD146+ cells were 
suspended in DMEM containing glucose 4.5 g/l, supple-
mented with 15% FBS and 1% penicillin/streptomycin 
and seeded in culture plates or culture plates contain-
ing cover slides coated with 3% gelatin (Sigma-Aldrich) 
in water. Cells were expanded under standard conditions: 
37 °C, 5% CO2. The medium was replaced every 2 days.

Cell transfection, SDF‑1 treatment, and CXCR4 silencing
MIPCs or SC-derived myoblasts were cultured in growth 
medium until at least 50% confluence was reached. One 
hour before transfection, the medium was changed to 
OptiMem (Thermo Fisher Scientific) supplemented with 
15% FBS. SC-derived myoblasts were transfected with 
predesigned Silencer Select siRNA (Life Technologies) 
complementary to CXCR4 encoding mRNA (ID: s64091). 
Appropriate negative control siRNA was used, accord-
ing to the manufacturer’s recommendation. The siRNA 
duplexes were diluted in DMEM to a concentration of 
100 pmol, and Lipofectamine RNAiMAX (Life Technolo-
gies) was added according to the manufacturer’s instruc-
tions. Mouse recombinant SDF-1 (10  ng/µl) was added 
to cell culture 24 h after transfection. The cells were then 
collected and processed 48  h after SDF-1 treatment for 
RNA isolation and RNA sequencing.

MIPCs and SC-derived myoblasts were transfected 
using Lipofectamine 3000 (Thermo Fisher Scientific) 
and 50  nM mirVana miRNA mimics or miRNA inhibi-
tors: miR1 or one of the following: miR10a, miR151, 
miR425, and miR5100 (MC10617, MC12998, MC22449, 
MC10515 Ambion), according to the manufacturer’s 
protocol. Cells transfected with the miR1 mimic were 
considered positive controls and cells transfected with 
the negative control #1 mimic (4464058, Ambion) were 
considered negative controls. Furthermore, cells were 
transfected with miRIDIAN miRNA mimic transfec-
tion control conjugated with Dy547 fluorescent dye 
(CP-004500-01-20, Dharmacon) to evaluate transfection 
efficiency. The transfection procedure lasted for 48  h, 
and then cells were washed with PBS and further cul-
tured in medium that supports myogenic differentiation, 
that is, DMEM supplemented with 2% horse serum (HS; 
Thermo Fisher Scientific) for 5  days. Alternatively, after 
48  h of transfection, cells were suspended in Matrigel® 
and transplanted subcutaneously, or suspended in PBS 
and transplanted into the injured Gastrocnemius muscle.

Cell proliferation assay
SC-derived myoblasts and MIPCs, control or trans-
fected with mimic miRNAs, were incubated in 0.5  µM 

carboxyfluorescein succinimidyl ester (CFSE, Thermo 
Fisher) in PBS at 37  °C for 10 min. Cells were rinsed in 
PBS and cultured for 24  h or 48  h in growth medium 
under standard conditions. Cells were then rinsed in PBS, 
trypsinized, and subjected to flow cytometry analysis 
(CytoFLEX, Beckman Coulter) using CytExpert software. 
Unlabeled cells (negative control) and cells analyzed 
immediately after CFSE labeling (positive control) were 
included in each experiment. Three independent experi-
ments were performed.

Fusion index
SC-derived myoblasts and MIPCs were cultured and 
transfected as described above. After 48  h of transfec-
tion, cells were cultured in medium that supports myo-
genic differentiation for another 5 days. Finally, cells were 
fixed with 3% PFA in PBS for further analysis. The fusion 
index was calculated as a percentage of cell nuclei present 
within the myotubes compared to all visible nuclei. Three 
independent experiments were performed; nuclei were 
counted from 10 random fields of view.

Migration assay—scratch assay
Migration of SC-derived myoblasts and MIPCs, control 
ones  or transfected with mimic miRNAs, was analyzed 
using a scratch wound healing assay. Cells were scratched 
off the plate using a plastic tip to create the ’wound’. The 
wound healing manifested by the ability of cells to fill 
the created gap was observed. Pictures of the ’wound’ 
area were taken at three time points: 0 h, 6 h, and after 
24 h. The scratch area was calculated using ImageJ. Three 
independent experiments were performed.

Subcutaneous heterotopic transplantation
5 × 105 of control or transfected MIPCs or SC-derived 
myoblasts were suspended in 0.5  ml of Matrigel® GFR 
High Concentration (HC) basement membrane matrix 
(Corning). Next, aliquots of approximately 0.4  ml of 
Matrigel® containing cells were injected into the subcu-
taneous connective tissue on the back of C57/BL6 male 
mice. After 21 days, the transplants were isolated for fur-
ther analysis. Three independent experiments were per-
formed for each of the cell populations examined.

Muscle injury and cell engraftment
Mice were anesthetized with isoflurane (2–3% isoflu-
rane, 0.9 L/min oxygen). Gastrocnemius muscles in the 
hind limb were injected with 50 µl of Naja mossambica 
cardiotoxin (CTX) (10 µM in PBS, Sigma-Aldrich), while 
the collateral leg was injected with 0.9% NaCl. After 24 h 
from injury, ~ 5 × 105 of control or transfected MIPCs and 
SC-derived myoblasts carrying the LacZ transgene at the 
ROSA26 locus were suspended in PBS and transplanted 
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into damaged Gastrocnemius muscle. After 14  days of 
regeneration, mice were sacrificed by cervical disloca-
tion, muscles were isolated from both legs, from tendon 
to tendon, and frozen in isopentane cooled with liquid 
nitrogen. Muscles were sectioned using cryostat (Microm 
HM 505N; Microm International GmbH) to obtain 7 μm 
thick cross sections which were then air dried, fixed with 
3% PFA in phosphate buffered saline (PBS), and stored 
for further analyzes. Other samples were ground using 
mortar and pestle cooled with liquid nitrogen, and the 
whole protein was isolated with RIPA buffer (Thermo 
Fisher Scientific) supplemented with protease inhibitors 
(cOmplete; Sigma-Aldrich) and phosphatase inhibitors 
(PhosSTOP; Sigma-Aldrich).

MicroRNA sequencing
RNA was isolated from SC-derived myoblasts transfected 
with siRNA complementary to mRNA encoding CXCR4 
or treated with SDF-1. A total of three independent sam-
ples were collected. RNA was extracted in AROS Applied 
Biotechnology A/S Science Park Skejby (Denmark) with 
the QIAsymphony RNA extraction kit from QIAGEN 
(Germany) using the QIAsymphony SP Biorobot from 
QIAGEN (miRNA CT 400 program). MiRNA was quan-
tified using a Qubit fluorometer, and approximately 
150  bp-long barcode libraries were created. The qual-
ity of the libraries was validated using the Bioanalyzer 
2100 DNA High Sensitivity Kit (Agilent, USA). Libraries’ 
concentrations were measured with the KAPA Library 
Quantification Kit during qPCR. Libraries were pooled 
with a 30% increase in control libraries PhiX (Illumina) 
and hybridized to a sequencing flow cell. Single read 
50 bp sequencing was performed using an Illumina HiSeq 
sequencer with the use of a TruSeq rapid SBS kit (Illu-
mina, USA). The quality assessment of the raw reads was 
performed with the FastQC tool. First, only reads con-
taining adapters were selected for further analysis. Later, 
adapters and low-quality reads were discarded. Then, 
reads with identical sequences were grouped/collapsed 
into one entry and consequently were converted into 
read-count format. The miRNA expression profile was 
performed using Partek Flow v6.0 and Partek Genom-
ics Suite v6.6 software (Partek Inc., St. Louis, MO, USA). 
Briefly, reads were aligned with the mouse reference 
genome (assembly mm10) using Bowtie1. Next, miRBase 
(release 21) was used to provide annotations for RNA 
fragments assigned to the mouse genome. Finally, TMM 
normalized mapped reads were used to infer lists of dif-
ferentially expressed miRNAs between analyzed groups. 
Unsupervised hierarchical clustering was performed 
with the use of the Partek Genomics Suite on normalized 
reads to visualize differentially expressed miRNAs. The 

p-value cut-off point for differentially expressed miRNAs 
between groups was established at the p value ≤ 0.05.

Microarray assay
Total RNA along with the microRNA fraction was 
extracted from control and transfected SC-derived myo-
blasts and MIPCs using the RNAqueous Micro Total 
Isolation Kit (Thermo Fisher Scientific) according to the 
manufacturer’s protocol. Furthermore, the integrity of the 
obtained RNA was analyzed with the 2100 Bioanalyzer 
(Agilent Technologies) using the RNA 6000 Nano Lab 
Chip Kit (Agilent Technologies). All RNA samples had an 
integrity number greater than 8.5. Whole transcriptome 
analysis was performed using the Clariom S Pico Assay 
(Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturing protocol. The prepared samples 
were hybridized with a single Clariom S mouse array and 
incubated for 16 h in the Affymetrix GeneChip Hybridi-
zation Oven 645 at 45 °C, 60 rpm. The arrays were stained 
with an Affymetrix GeneChip Fluidics Station 450, 
according to the specific fluidics protocol, and scanned 
with an Affymetrix GeneChip Scanner 3000 7G. The raw 
intensity CEL files generated by GeneChipTM Command 
ConsoleTM were imported into Transcriptome Analy-
sis Console (TAC) 4.0 (Applied Biosystems). Microarray 
data were normalized and analyzed using Transcriptome 
Analysis Console 4.0 following the TAC user guide. Each 
variance analysis was performed by one-way ANOVA. 
To determine the significance of differentially expressed 
genes (DEGs), a cut-off point was applied for the fold 
change value ± 1.5 and the p value < 0.05 was applied. The 
list of detected differentially expressed transcripts was 
analyzed using Ingenuity Pathway Analysis (IPA, QIA-
GEN Inc.) software to identify significant interactions and 
pathways. All the analysis and the corresponding plots 
were performed following the software guide, limiting the 
IPA database information to molecules and relationships 
where the information was experimentally observed. The 
data obtained were also analyzed with and Transcriptome 
Analysis Console (TAC, Applied Biosystems), miRDB 
[36], and TargetScan [37].

Quantified real‑time PCR and miRNA expression assay 
(qRT‑PCR)
Total RNA, including the miRNA fraction, was extracted 
from the control and mimic miRNA transfected SC-
derived myoblasts and MIPCs using the RNAqueous-
Micro Total Isolation Kit (Thermo Fisher Scientific), 
according to the manufacturer’s protocol. RNA-based 
cDNA was synthesized using the RevertAid First-Strand 
cDNA synthesizer kit (Thermo Fisher Scientific), accord-
ing to the manufacturer’s protocol, under the following 
conditions: 25 °C for 5 min, 42 °C for 90 min, and 70 °C 
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for 5  min. mRNA levels were evaluated using quantita-
tive real-time PCR analysis (qRT-PCR) with TaqMan 
assays (Thermo Fisher Scientific) for the following 
genes: Twf1, Acta1, Ilk, Mmp12, Dll1, Jag1, Jag2, Hes1, 
Hey1, Pax7, Myf5, Myod, Mef2c, Myog, Musk, Myh3 
(Mm00808218_g1, Mm01274281_g1, Mm00500554_m1, 
Mm01279269_m1, Mm00496902_m1, Mm01325629_
m1, Mm01342805_m1, Mm00468865_m1, 
Mm01354484_m1, Mm00435125_m1, Mm00521984_
m1, Mm_01340842_m1, Mm00446194_m1, 
Mm01346929_m1, Mm01332463_m1, Mm_00725968_
s1). The average expression of hypoxanthine phospho-
ribosyltransferase 1 (Hprt1; Mm03024075_m1) and 
glyceraldehyde-3-phosphate dehydrogenase (Gapdh; 
Mm99999915_g1) was used as a reference for further 
calculations. The reaction was carried out with TaqMan 
Gene Expression Master Mix (Thermo Fisher Scien-
tific) using LightCycler96 (Roche) under the following 
conditions: preincubation 2  min,50  °C; preincubation 
10  min, 95  °C; amplification (40 cycles) 15  s, 95  °C and 
1 min, 60 °C. All reactions were performed in duplicates. 
Expression levels were calculated using 2−(ΔCt) formula 
based on the relative expression of the average expression 
of Hprt1 and Gapdh. MiRNA reverse transcription was 
carried out with the TaqMan MiRNA reverse transcrip-
tion kit (Thermo Fisher Scientific) and TaqMan miRNA 
assays (Thermo Fisher Scientific) under the following 
conditions: 30  min, 16  °C; 30  min 42  °C; 5  min, 85  °C. 
MiRNA levels were assessed using quantitative real-time 
PCR analysis (qPCR). RT primers and TaqMan probes 
were used for specific miRNA: miR1 (002222), miR10a 
(002288), miR151 (001190), miR5100 (462702_mat), 
miR425 (001516), U6 (001973). The average expression of 
noncoding U6 snRNA was used as a reference for further 
calculations. The reaction was carried out with TaqMan 
Universal Master Mix II, without UNG (Thermo Fisher 
Scientific) using LightCycler96 (Roche) under the follow-
ing conditions: preincubation 2 min, 50 °C; preincubation 
10  min, 95  °C; amplification (40 cycles) 15  s, 95  °C and 
1 min, 60 °C. All reactions were performed in duplicates. 
Three independent experiments were performed.

Immunocytochemistry and immunohistochemistry
Skeletal muscle frozen sections (7  µm), transplants, or 
SC-derived control/transfected in  vitro cultured myo-
blasts or MIPCs were fixed with 3% PFA in PBS. Next, 
the samples were washed in PBS and permeabilized in 
0.05% Triton X100 (Sigma-Aldrich) in PBS, washed in 
PBS and incubated in 0.25% glycine (Sigma-Aldrich) in 
PBS, followed by incubation in 3% bovine serum albu-
min (Sigma-Aldrich) with 2% donkey serum albumin 
(Sigma-Aldrich) in PBS. The samples were then incu-
bated with primary antibodies anti-cleaved NOTCH1 

(4147S, Cell Signaling), anti-skeletal myosin (M7523, 
Sigma-Aldrich), anti-laminin (L9393, Sigma-Aldrich), 
anti-β-galactosidase (ab9361, Abcam) diluted 1:100 in 3% 
BSA with 2% donkey serum in PBS at 4 °C overnight, fol-
lowed by incubation in appropriate secondary antibod-
ies conjugated with Alexa Fluor 488 or 594 (anti-mouse, 
21203; anti-rabbit 21206; anti-rabbit 21207; anti-chicken, 
11039; Thermo Fisher Scientific) diluted 1: 500 in 1.5% 
BSA in PBS at room temperature for 2 h. Negative con-
trols using secondary antibodies were performed. Cell 
nuclei were visualized by 5-min-long incubation in Hoe-
chst 33342 (Thermo Fisher Scientific) diluted 1:1000 in 
PBS. The actin cytoskeleton was visualized using phal-
loidin conjugated with TRITC (tetramethylrhodamine B 
isothiocyanate). The samples were mounted with fluores-
cent mounting medium (Dako Cytomation) and analyzed 
using the LSM 700 confocal microscope (Zeiss) and ZEN 
software (Zeiss). The proportion of cells expressing the 
examined proteins was calculated from 10 fields of view 
on each slide, and each experiment was performed three 
times.

Histological analysis
Muscle sections were stained with Gill’s hematoxy-
lin (Sigma-Aldrich) and eosin Y (Sigma-Aldrich) and 
mounted in permanent aqueous mounting agent for 
microscopy (Dako). Sections will be analyzed using Axio 
Scan Z1 (Zeiss). Newly formed myofibers with centrally 
located nuclei were counted from 10 fields of view on 
each slide, and each experiment was performed three 
times.

Western blot
Proteins were isolated from control or transfected 
MIPCs, SC-derived myoblasts, or Gastrocnemius mus-
cles, control or injected with cells, using RIPA buffer 
(Thermo Fisher Scientific). Twenty-five micrograms of 
total protein lysate were denatured by boiling in Lae-
mmli buffer, separated using SDS-Page electrophoresis, 
and transferred to PVDF membranes (Roche). The mem-
branes were blocked with 5% milk/Tris buffered saline 
(TBS) for 1  h and incubated with primary antibodies 
diluted 1:1000 in 5% milk/TBS, at 4  °C, overnight, fol-
lowed by secondary antibodies diluted 1:20,000, at room 
temperature, for 2 h. The protein bands were then visual-
ized with the SuperSignal West Dura Extended Duration 
Substrate (Thermo Scientific) and exposed to a chemilu-
minescence positive film (Amersham Hyperfilm ECL, GE 
Healthcare). The film was developed using a developer 
and fixer (Fuji). The density of the examined bands was 
compared with the density of α-tubulin bands. The fol-
lowing primary antibodies were used: mouse monoclonal 
anti-β-actin (sc-47778; Santa Cruz), rabbit monoclonal 
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anti-NICD (4147; Cell Signaling), rabbit polyclonal anti-
FAK (3285; Cell Signaling), rabbit polyclonal anti-phos-
pho FAK (3283; Cell Signaling), mouse monoclonal 
anti-MYOD (554130; BD Biosciences), rabbit polyclonal 
anti-MCK (SAB4500267 Sigma-Aldrich), and mouse 
monoclonal anti-α-tubulin (T5168; Sigma-Aldrich). 
Secondary antibodies used: rabbit anti-mouse IgG con-
jugated with peroxidase (A9044; Sigma-Aldrich) and 
goat anti-rabbit IgG conjugated with peroxidase (A5420; 
Sigma-Aldrich), goat anti-rabbit IgG conjugated with 
peroxidase (sc-2004; Santa Cruz). Three independent 
experiments were performed. Blots were analyzed using 
Gel Doc XR+ and Image Lab 5.1 (BioRad).

Statistical analysis
The Gaussian distribution of values was analyzed with the 
Shapiro–Wilk normality test. The fold change was calcu-
lated by comparing the average values of the nontreated 
samples to those of all samples. Data were analyzed using 
the t-test or the one-way ANOVA test and post hoc with 
Dunnett’s multiple comparisons test. All data were com-
pared to results coming from analyzes of control group, 
i.e., nontreated cells. Differences were considered statis-
tically significant when p < 0.05 (marked with asterisks, 
*p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001). The 
mean value and standard deviation were shown in each 
graph presented. All statistical analyses were performed 
using GraphPad 7 software (Prism).

Results
Changes in miRNA level after SDF‑1 treatment or miRNA 
mimic transfection
In our previous study, we observed that SDF-1 impacts 
satellite cell (SC)-derived myoblast migration and their 
participation in skeletal muscles regeneration [23–26, 
38]. Moreover, it impacts few miRNA expression. How-
ever, little is known about the nature of miRNA interac-
tions with SDF-1 pathway. To select miRNAs involved 
in SDF-1 regulation, next-generation sequencing was 
performed using control, SDF-1 treated, and Cxcr4 
siRNA transfected SC-derived myoblasts (Fig. 1A). As a 
result, we selected 4 molecules which levels differed sig-
nificantly between SDF-1-treated and Cxcr4-down-reg-
ulated myoblasts. The level of miR10a, miR151, miR425, 
and miR5100 increased significantly in myoblasts in 
which Cxcr4 expression was down-regulated, as com-
pared to control or SDF-1 treated cells (Fig. 1A). There-
fore, we decided to analyze the effect of these miRNAs on 
myogenic cell migration and differentiation using miRNA 
mimics or miRNA inhibitors. Recently, we character-
ized the population of mouse interstitial progenitor cells 
(MIPCs), as CD146+ myogenic cells present between 
muscle fibers and different from satellite cells [21]. Such 

cells were described for the first time in human skeletal 
muscles by Sacchetti and coworkers [18]. At first, we 
optimized cell transfection conditions (Fig. 1B, C). To this 
point, SC-derived myoblasts and MIPCs were transfected 
either with 10 nM, or 30 nM, or 50 nM miRDy547, i.e., 
fluorescently labeled control miRNA, and the propor-
tion of transfected cells was evaluated after 24 and 48 h 
(Fig. 1B). The proportion of positive cells was the highest 
when SC-derived myoblasts and MIPCs were transfected 
with 50  nM miRDy547 and analyzed 48  h later. Under 
such conditions 34.8% ± 4.6 of SC-derived myoblasts 
and 86.5% ± 14.1 of MIPCs were successfully transfected. 
Next, we verified whether we were able to achieve down-
regulation of selected miRNA targets. To this point, we 
transfected SC-derived myoblasts and MIPCs with miR1 
mimics (50 nM) and showed that the level of this miRNA 
increased significantly (Fig.  1B). Consequently, the level 
of the miR1 target, that is, Twf1 (Twinfilin Actin Bind-
ing Protein 1), decreased significantly in transfected cells 
(Fig. 1B). After this initial analysis, SC-derived myoblasts 
and MIPCs were transfected with miRNA mimics encod-
ing miR10a, miR151, miR425, and miR5100. In each case, 
a significant increase in miRNA level was observed in 
analyzed cells (Fig. 1C).

Changes in the transcriptome after miRNA mimics 
and inhibitors transfection
The transcriptome of transfected cells was analyzed 
using mRNA microarrays (Fig.  2, Additional file  1: Fig. 
S1, S2). Transfection with miR10a, miR151, miR425, 
miR5100 mimics or appropriate inhibitors targeting 
these miRNAs changed the level of many transcripts 
involved in cell proliferation, adhesion, and migration 
(Additional file 1: Fig. S1). Bioinformatic approach using 
Ingenuity Pathway Analysis (IPA) and Transcriptome 
Analysis Console (TAC) showed that transfection with 
miR10a, miR151, miR425, miR5100 mimics or those 
miRNA inhibitors changed the level of transcripts of few 
canonical signaling pathways, such as, RHO, chemokine-
mediated pathways, CXCR4, NOTCH, HGF, TGFβ, inte-
grin-linked kinase (ILK), as well as those involved in the 
organization of the actin cytoskeleton (Fig. 2A). Further-
more, miR10a, miR425, miR5100 mimics or their inhibi-
tors changed the level of transcripts encoding matrix 
metalloproteinases, myogenic regulatory factors, Ilk, 
and factors involved in NOTCH signaling. Since miR151 
did not regulate expression of proteins involved in 
NOTCH signaling, miR10a, miR425, and miR5100 were 
chosen for further analysis. Using miRDB and TargetS-
can databases, we searched for predicted target genes of 
miR10a, miR425, and miR5100 as well as the transcripts 
which levels changed significantly after transfection with 
these miRNAs, as shown using mRNA microarrays. As 
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Fig. 1  Analyzes of miRNA expression, transfection efficiency and efficacy of SC-derived myoblasts or MIPCs. A miR10a, miR151, miR425, 
and miR5100 expression in SC-derived myoblasts after SDF-1 treatment, down-regulation of CXCR4, and combined SDF-1 treatment 
and down-regulation of CXCR4; B Transfection efficiency of SC-derived myoblasts and MIPCs assessed by the transfection with 10 nM, 30 nM, 
or 50 nM miR-Dy547 and analyzed after 24 or 48 h. Expression level of miR1 in SC-derived myoblasts and MIPCs transfected with 50 nM miR1 mimic 
and analyzed 48 h after transfection. Expression of miR1 direct target—Twf1 in control or miR1 mimic transfected SC-derived myoblasts and MIPCs 
analyzed 48 h after transfection; C Expression of miR10a, miR151, miR425, miR5100 in control or miRNA mimic transfected SC-derived myoblasts 
and MIPCs. Three independent analyses were performed, all reactions were performed in duplicates. Differences were considered statistically 
significant when p < 0.05 (marked with asterisks, *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001)
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the number of transcripts potentially regulated by ana-
lyzed miRNA and those selected as a result of transcrip-
tome analyzes was large, we focused on the transcripts 
that could participate in the regulation of cell adhesion, 
migration, myogenic differentiation, and NOTCH sign-
aling (Fig. 2B, C, Additional file 1: Fig. S2). The miRDB 
and TargetScan databases search showed that miR10a, 
miR425, and miR5100 can potentially recognize some 
transcripts that encode factors involved in abovemen-
tioned processes. Among such mRNAs were Cxcl12 
(encoding SDF1) and Ptk2 (encoding focal adhesion 
kinase; FAK) involved in cell migration and adhesion, 
Mef2b/c/d, Myod, Myf6 (MRF4), and Myh4 involved 
in myogenic differentiation, as well as Jag1 and Dll4 
involved in NOTCH signaling (Fig.  2B). Transcriptome 

analyses revealed that some of these predicted targets, 
such as Mef2c or Jag1, were differentially expressed in 
SC-derived myoblasts and MIPCs after miR10a, miR425, 
or miR5100 overexpression. Furthermore, the level of 
many other transcripts, not included in the miRDB and 
TargetScan databases, has also changed. Among them 
were Acta1, Cxcr4, and Mmp12 involved in cell migra-
tion, Myf5, involved in myogenic differentiation, and 
Dll1, Jag2, Hes1, Hey1 involved in NOTCH signaling 
(Fig. 2C). Next, we performed a STRING analysis which 
allowed us to show that the molecules listed in databases 
and differentially expressed in SC-derived myoblasts or 
MIPCs after miR10a, miR425, and miR5100 transfection 
formed the network of interactions (Fig. 2D).

Fig. 2  Impact of miR10a, miR151, miR425, and miR5100 mimics transfection on SC-derived myoblasts or MIPC transcriptome. A Signaling pathways 
found to be affected in SC-derived myoblasts or MIPCs transfection of miR10a, miR151, mIR425 or miR5100 using IPA and TAC; B Predicted miR10a, 
miR425 or miR5100 targets found by miRDB and TargetScan databases; C Statistically significant differentially expressed genes in SC-derived 
myoblasts and MIPC transfected with mIR10a, miR425, or miR5100 mimics; D STRING analysis of selected predicted targets of miR10a, miR425 
or miR5100 (marked with red circles) and selected differentially expressed genes (marked with black circles) in SC-derived myoblasts and MIPC 
transfected with miR10a, miR425 or miR5100. Three independent analyzes were performed
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Fig. 3  Analysis of selected transcripts in control and miR10a, miR425 or miR5100 mimics or mimics together with inhibitors miRNA transfected 
SC-derived myoblasts or MIPCs. A Control and transfected SC-derived myoblasts analyzed 48 h post transfection; B Control and transfected MIPCs 
analyzed 48 h post transfection; C Control and transfected SC-derived myoblasts transfected for 48 h and cultured for 5 days; D Control and transfected 
MIPCs transfected for 48 h and cultured for 5 days. Three independent analyzes were performed, all reactions were performed in duplicates. Differences 
were considered statistically significant when p < 0.05 (marked with asterisks, *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001)
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Fig. 3  continued
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Fig. 3  continued
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Fig. 3  continued
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The influence of miRNA mimic and inhibitor transfection 
on transcript and protein levels
Changes in the selected transcript levels in cells trans-
fected either with miR10a, or miR425, or miR5100 mim-
ics or mimics together with miRNA inhibitors were 
verified by qPCR (Fig. 3, Additional file 1: Fig. S3). First, 
we focused on transcripts involved in cell adhesion and 
migration, such as skeletal muscle actin α1, (Acta1), 
integrin-linked kinase (Ilk), and matrix metalloprotein-
ase 12 (Mmp12) (Fig. 3). 48h after, transfection, the level 
of Acta1, Ilk, and Mmp12 did not change significantly in 
SC-derived myoblasts, except Ilk, which level decreased 
in miR5100 or mir425 inhibitor transfected cells (Fig. 3A). 
However, a significant decrease in Acta1 and Mmp12 
expression was observed in MIPCs transfected with 
miR10a, miR425, and miR5100 mimics (Fig. 3B). The level 
of Ilk mRNA increased significantly in MIPCs transfected 
with miR10a. Importantly, the level of Acta1, Mmp12, and 
Ilk did not differ between MIPCs transfected with miRNA 
mimics and inhibitors compared to control cells. Then, we 
focused on transcripts connected with NOTCH signaling, 
such as Dll1, Jag1, Jag2, Hes1, and Hey1. Forty-eight hours 
after transfection, no significant changes in analyzed 
gene expression were observed in SC-derived myoblasts 
(Fig.  3A). A significant decrease in Dll1 and Jag2 was 
observed for miR425 and miR5100 mimic and inhibitor 
transfected MIPCs. A similar, but not significant, trend 
in Dll1 and Jag2 was observed for miR10a mimic trans-
fected MIPCs. The levels of Dll1 and Jag2 did not change 
in miR10a, miR425, and miR5100 mimics and inhibitor 
transfected MIPCs, as compared to control cells. Only in 
case of miR425 mimic and inhibitor transfected MIPCs, 
the significant increase in Jag2 level was noticed. The last 
group of transcripts analyzed was these encoding fac-
tors involved in myogenic differentiation. i.e., Pax7, Myf5, 
Myod, Mef2c, myogenin (Myog), muscle-specific kinase 
(Musk), and myosin heavy chain 3 (Myh3). After 48 h, in 
SC-derived myoblasts transfected with selected mimics 
the level of transcripts did not change (Fig.  3A). How-
ever, the Myod level increased in SC-derived myoblasts 
transfected with miR10a and miR5100 mimics and inhibi-
tors. Furthermore, miR10a, miR425, or miR5100 mimics 
significantly reduced levels of Pax7, Myf5, Myod, Mef2c, 
Myog, and Myh3 mRNA in transfected MIPCs (Fig.  3B). 
In MIPCs transfected with selected miRNA mimics and 

inhibitors, the level of Pax7, Myf5, Myod, Mef2c, Myog, 
and Myh3 was the same as in control cells. Only in case 
of miR425 mimic and inhibitor transfected MIPCs the 
significant increase in Pax7 and Myf5 level was noticed. 
Thus, we concluded that in MIPCs the levels of transcripts 
involved in cell adhesion and migration, such as Acta1 
and Mmp12, Notch signaling, i.e., Dll1 and Jag2, and 
myogenic differentiation, i.e., Pax7, Myod, Myf5, Mef2c, 
Myog, and Myh3 were regulated by miR10a, miR425, and 
miR5100. Next, to follow the influence of transfection on 
SC-derived myoblast and MIPC differentiation, these cells 
were transfected (48 h) and cultured for additional 5 days. 
No significant changes were observed in the level of the 
analyzed transcripts (Fig. 3B, D). Only the level of Acta1 
and Mef2c in miR5100 mimics transfected MIPCs, and 
Myf5 in miR425 or miR5100 mimics transfected MIPCs 
was significantly reduced.

To verify our observations, we performed Western 
blotting and immunolocalization of selected proteins 
(Fig.  4, Additional file  1: Fig. S5). Western blot analysis 
showed a significant decrease in the NOTCH intracel-
lular domain (NICD) in MIPCs transfected with miR425 
or miR5100 mimics, compared to control cells (Fig. 4A). 
No such decline was observed in control or transfected 
SC-derived myoblasts. Immunocytochemistry confirmed 
that the level of cells in which NICD was localized in the 
cell nucleus, that is, the NOTCH pathway was active, 
decreased in miR425 or miR5100 mimic transfected 
MIPCs (Fig.  4B). Furthermore, also the level β-actin 
involved in the regulation of cell motility decreased in 
MIPCs transfected with miR10a, miR425 mimics com-
pared to control cells (Fig.  4A). Although the organiza-
tion of actin filaments was not changed in transfected 
SC-derived myoblasts or MIPCs, the density of actin fila-
ments was lower in miR10a, miR425, or miR5100 mimics 
transfected MIPCs, compared to control, i.e., non-trans-
fected cells (Fig. 4C). Thus, overexpression of miR425 or 
miR5100 mimic led to the decrease in Dll1, Jag2, at the 
mRNA level and NICD at the protein level. Furthermore, 
miR10a and miR425 led to drop in β-actin as well as total 
and activated FAK levels, that is, proteins involved in 
cell migration and adhesion. Furthermore, a significant 
decrease in MYOD was observed in miR10a, miR425, 
and miR5100 mimic transfected MIPCs (Fig. 4A).

(See figure on next page.)
Fig. 4  Analysis of the selected proteins in control and miR10a, miR425 or miR5100 mimics transfected SC-derived myoblasts or MIPCs. A Western 
blot analysis of NICD (~ 110 KDa), FAK (~ 120 KDa), pFAK (~ 120 KDa), β-actin (~ 40 KDa), MYOD (~ 45 KDa) and α-tubulin (~ 50 KDa). Full-length blots/
gels are presented in Additional file 1: Fig. S4; B Immunolocalization of NICD in SC-derived myoblasts and MIPCs; NICD—red; cell nuclei—blue; C 
Immunolocalization of the actin (red) in SC-derived myoblasts and MIPCs; actin, red, cell nuclei, blue. Three independent analyzes were performed. 
Differences were considered statistically significant when p < 0.05 (marked with asterisks, *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001). Scale: 
150 µm
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Fig. 4  (See legend on previous page.)
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Fig. 5  Analysis of miR10a, miR425, or miR5100 mimics or inhibitors transfection on migration, proliferation, and fusion of SC-derived myoblasts 
or MIPCs. A Migration of control or transfected SC-derived myoblasts or MIPCs analyzed 6 and 24 h after performing a scratch; B CFSE assay 
of control or transfected SC-derived myoblasts or MIPCs 24 or 48 h after adding CFSE. The proportion of cells that underwent one (d1), two (d2), 
or more (> d2) divisions were shown; C Fusion index of SC-derived myoblasts or MIPCs in control or transfected. Three independent analyzes were 
performed. Differences were considered statistically significant when p < 0.05 (marked with asterisks, *p < 0.05; **p < 0.005)
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The influence of miRNA mimics transfection at SC‑derived 
myoblasts and MIPC migration, proliferation, 
and fusion in vitro, after heterotopic transplantation, 
and during skeletal muscle reconstruction in vivo
To examine whether the observed changes had an impact 
on cell functions, we analyzed migration, proliferation, 
and fusion of SC-derived myoblasts and MIPCs trans-
fected with MiRNA mimics or inhibitors (Fig.  5). The 
only miRNA that increased 6  h after transfection myo-
blast migration was miR10a (Fig.  5A). In case of other 
miRNAs, they did not impact the ability of transfected 
SC-derived myoblasts and MIPCs to migrate, as com-
pared to the control, even 24 h after transfection. Trans-
fection with selected miRNAs did not significantly affect 
cell proliferation (Fig.  5B). Furthermore, 7  days after 
miR10a transfection, the fusion index of SC-derived myo-
blasts and MIPCs decreased significantly. It increased in 
the case of transfection with miR5100 inhibitor. Interest-
ingly, MIPCs fused with each other more efficiently after 
transfection with miR425. Furthermore, in the case of 
SC-derived myoblasts or MIPCs transfected with miR151 
mimic, no significant changes in proliferation and fusion 
were observed (Additional file 1: Fig. S4).

Next, to follow cell differentiation in vivo, in the absence 
of exogenous myoblasts and factors secreted within the 
muscle niche, cells transfected with miR10a, miR425, or 
miR5100 mimics were embedded in Matrigel® and sub-
cutaneously transplanted into mouse (Fig.  6). Matrigel® 
containing either differentiated SC-derived myoblasts or 
MIPCs was isolated and analyzed 21 days after transplan-
tation. The immunodetection of skeletal muscle myo-
sin documented that control SC-derived myoblasts and 
MIPCs followed myogenic differentiation and formed 
myotubes in  vivo (Fig.  6A). Similarly, cells transfected 
with miR10a, miR425, or miR5100 were able to follow 
the myogenic program in  vivo. However, no significant 
changes in Myod, Mef2c, Myog, Musk, and Myh3 levels 
were observed in transfected cells compared to the con-
trol ones. Only in the case of MIPCs transfected with 
miR425, the Mef2c mRNA level was down-regulated 
(Fig. 6B, C).

To analyze the ability of transfected cells to partici-
pate in muscle regeneration, we transplanted them into 
injured Gastrocnemius muscle (Fig.  7). In this experi-
ment, SCs and MIPCs were isolated from mice that car-
ried lacZ transgene at the ROSA26 locus, to distinguish 
them from recipient tissue on the basis of β-galactosidase 

presence or activity of this enzyme. The injured mus-
cle regenerated effectively as was assessed 14  days after 
the injury. No significant changes in muscle mass were 
observed between intact and NaCl injected muscle or 
muscles that were injected with control or transfected 
SC-derived myoblasts or MIPCs (Fig. 7A). Muscle mass 
and architecture did not differ significantly between 
regenerating control muscles and those receiving control 
or transfected SC-derived myoblasts or MIPCs (Fig. 7A). 
The only exception were muscles injected with miR10a 
transfected SC-derived myoblasts. In this case, mus-
cle mass was higher, as compared to those injected with 
control cells. The proportion of new muscle fibers with 
centrally localized nuclei was similar in injured mus-
cle injected with NaCl, control SC-derived myoblasts or 
the those transfected with mir425 or miR5100 mimics 
(Fig. 7B, C). The lower number of new muscle fibers with 
centrally located nuclei was observed in muscles injected 
with miR10a transfected SC-derived myoblasts. Inter-
estingly, transplantation of control MIPCs decreased 
the number of new muscle fibers with centrally located 
nuclei, while in the case of miR425 transfected cells, the 
number of such fibers increased (Fig. 7B, C). Both trans-
planted SC-derived myoblasts and MIPCs were located 
between muscle fibers and participated in the formation 
of new myofibers (Fig.  8A). Furthermore, transplanted 
MIPCs were localized in blood vessel wall. The efficiency 
of muscle regeneration was also confirmed by Western 
blotting (Fig.  8B, Additional file  1: Fig. S6). The level of 
MYOD was higher, and the level of MCK was lower in 
injured muscles transplanted with control MIPCS then 
in those that were NaCl injected (Fig. 8B). Furthermore, 
the level of MYOD was lower and the level of MCK was 
higher in muscles transplanted with miR425 transfected 
MIPCs than in muscles transplanted with control ones 
(Fig.  8B). In addition, the same effect was observed for 
mir5100 overexpressing cells. Summarizing, muscles that 
received miR425 transfected MIPCs regenerated more 
efficiently, as compared to muscles that received control 
cells.

Discussion
SDF-1, known as CXCL12, is one of the crucial factors 
regulating cell migration. SDF-1 signaling is mediated by 
G-coupled protein receptors, i.e., CXCR4 and the atypi-
cal cytokine receptor CXCR7 that acts via β-arrestin not 
via G proteins [39]. In the present study, we noticed that 

(See figure on next page.)
Fig. 6  In vivo myogenic differentiation of control or miR10a, miR425 or miR5100 mimics transfected SC-derived myoblasts or MIPCs 
subcutaneously transplantated in Matrigel® and analyzed 21 days after transplantation. A Immunolocalization of skeletal muscle myosin in sections 
of Matrigel® containing differentiating cells; myosin—green, cell nuclei—blue; C Level of myogenesis associated transcripts in cells transplanted 
within Matrigel®. Three independent analyzes were performed, all reactions were performed in duplicates. Differences were considered statistically 
significant when p < 0.05 (marked with asterisks, *p < 0.05). Scale: 20 µm



Page 18 of 26Mierzejewski et al. Stem Cell Research & Therapy          (2023) 14:204 

Fig. 6  (See legend on previous page.)
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the level of miR10a, miR151, miR425, miR5100 increased 
significantly when SC-derived myoblasts were treated 
with SDF-1 and decreased when Cxcr4 expression was 
down-regulated in these cells. Therefore, we focused on 
these miRNAs to evaluate their role in stem and progeni-
tor myogenic cell migration and differentiation. There is 
some evidence that miR10a, miR151, miR425, miR5100 
could be involved in cell migration [40–43]. However, 
these molecules were mainly studied in cancer cells and 
little is known about their role under physiological condi-
tions in tissue such as skeletal muscle.

miR10a, together with miR10b, is a member of the 
miR10 family. miR10 coding genes are present within 
the Hox gene cluster characterized by the presence of 
the DNA-binding homeobox domain and encoding pro-
teins important in development and cancer [44–46]. 
miR10 was shown to directly regulate several transcripts 
of human HOX genes, such as HOXA1, HOXA3, or 
HOXD10. Furthermore, miR10a level changes in many 
types of cancer, such as glioblastoma, colon cancer, breast 
cancer, or acute myeloid leukemia [47–49]. miR10a pro-
motes gastric cancer cell invasion through repression 
of HOXD10 expression that results in up-regulation of 
RHOC expression and activation of the AKT signaling 
pathway [48]. miR10 also affected KLF11 expression and 
increased TGFβR1 levels in human skin fibroblasts, what 
caused enhancement of cell migration [48]. miR151 is an 
important regulator of cell migration. It is encoded within 
FAK encoding gene [41, 50, 51]. In hepatocellular carci-
noma cells, miR151 down-regulated the Rho GDP disso-
ciation inhibitor α (RhoGDIA) coding transcript, and as 
a result RAC1, CDC42, and RHO were activated and cell 
migration was promoted [50]. Other studies showed that 
miR151 inhibited cell proliferation, tumor growth, and 
invasion by down-regulating the suppressor of cytokine 
signaling 5 (SOCS5) or TWIST1 in breast cancer cells, or 
leading to the suppression of PI3K/AKT phosphorylation 
in prostate cancer cells [51–53]. The overexpression of 
miR151 in breast cancer cells promoted proliferation and 
migration by leading to the inhibition of the phosphatase 
and tensin homolog (PTEN), a known tumor suppressor 
and negative regulator of PI3K/AKT [54]. Furthermore, 
miR425 was shown to promote gastric and bladder can-
cer progression, migration, and invasion through direct 
targeting of mRNA coding Dickkopf-related protein 3 

(DKK3) [55, 56]. miR425 through down-regulation of 
SCAI or forkhead box D3 (FOXD3) promoted prolifera-
tion, migration, and hepatocellular carcinoma cell metas-
tasis [57]. Next, miR5100 stimulated the proliferation 
and migration of oral squamous cell carcinoma cells by 
down-regulation of the suppressor of cancer cell invasion 
(SCAI) mRNA [43]. Interestingly, miR5100 was shown to 
support migration and epithelial-to-mesenchymal transi-
tion (EMT) of lung epithelial cells [58].

In the present study, analysis of the transcriptome 
of SC-derived myoblasts and MIPCs transfected with 
miRNA mimics showed that miR10a, miR151, miR425, 
and miR5100 were involved in RHO and actin signal-
ing, that is, signaling engaged in cell migration [59, 60]. 
We confirmed that miR10a or miR425 overexpression 
led to drop of FAK and activated FAK levels, as well as 
β-actin, and that this reaction was observed mainly in 
MIPCs. Importantly, the changes were immediate, that 
is, observed within 48 h. Interestingly, cell migration was 
not affected by the majority of miRNAs tested, except 
miR10a, which increased SC-derived myoblast migra-
tion. Our previous studies documented SDF-1-induced 
migration of SC-derived myoblasts as well as other stem 
and stromal cells, such as mouse embryonic stem cells 
(ESCs) or BMSCs [25, 26, 61]. Furthermore, SDF-1 treat-
ment altered MMP activity and actin organization via 
FAK, CDC42, and RAC-1 [23, 26]. Thus, we proposed 
that SDF-1 decreased miR10a, miR425, and miR5100 lev-
els and through this mechanism prevented inhibition of 
FAK and actin expression.

Furthermore, we showed that miR10a, miR425, 
and miR5100 were involved in NOTCH signaling and 
changed the expression of NOTCH ligands, as well as 
Hey1, myogenic regulatory factors, and other muscle-
specific proteins. The NOTCH signaling pathway is a very 
important regulator of SC activation and differentiation. 
The NOTCH receptor is activated by binding ligands 
such as DLL1, DLL4, JAG1, JAG2 or JAG4. Activation of 
NOTCH led to proteolysis of its intracellular domain, i.e., 
NICD, which is a transcriptional coactivator translocated 
to nucleus [62]. NICD interact with RBPJ to activate the 
expression of NOTCH-dependent genes such as Hes/Hey 
family [62]. Quiescent satellite cells express high levels of 
NOTCH1, 2, 3, and 4 and HEY1, HEYL, HES1 [62]. How-
ever, using C2C12 Beauchamp and coworkers showed 

Fig. 7  Impact of control or miR10a, miR425 or miR5100 mimics transfected SC-derived myoblasts or MIPCs at regeneration of injured skeletal 
muscles—muscle weight, muscle size, and histology. A Relative muscle mass of intact or injured Gastrocnemius muscle injected either with NaCl, 
or control or transfected SC-derived myoblasts or MIPCs analyzed at 14th day of regeneration; B Proportion of myofibers with centrally located 
nuclei in intact or injured Gastrocnemius muscle injected either with NaCl, or control or transfected SC-derived myoblasts or MIPCs analyzed at 14th 
day of regeneration; C Histological analysis of injected either with NaCl, or control or transfected SC-derived myoblasts or MIPCs; hematoxylin 
staining analyzed at 14th day of regeneration. Three independent analyzes were performed, all reactions were performed in duplicates. Scale: 
100 µm

(See figure on next page.)
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that the expression of NOTCH1, NOTCH3, DLL1, 
DLL4 and JAG1 increased during myogenic differentia-
tion [63]. After 5 days of differentiation, the presence of 
NOTCH1, DLL1, and DLL4 was limited to myotubes and 
the presence of Notch3, Dll1, and Jag1 was characteristic 
for undifferentiated cells [63]. NOTCH activity sustained 

SCs in quiescent state [62, 64, 65]. Upon activation of SCs 
and during proliferation of myoblasts, NOTCH activity 
and Hes/Hey family expression decreases [62]. Consti-
tutive activation of NOTCH, through NICD interaction 
with RBPJ and binding to two consensus sites of the gene, 
up-regulated PAX7 and promoted self-renewal of satellite 

Fig. 8  Impact of control or miR10a, miR425 or miR5100 mimics transfected SC-derived myoblasts or MIPCs at regeneration of injured skeletal 
muscles—localization and myogenic markers expression. A Immunolocalization of laminin and β-galactosidase in intact or injured Gastrocnemius 
muscle injected either with NaCl, or control or transfected MIPCs analyzed at 14th day of regeneration; laminin—red; β-galactosidase—green; cell 
nuclei—blue; Scale: 50 µm; B Western blot analysis of MYOD (~ 45 KDa), MCK (~ 45 KDa) and α-tubulin (~ 50 KDa) in intact or injured Gastrocnemius 
muscle injected either with NaCl, or control or transfected SC-derived myoblasts or MIPCs analyzed at 14th day of regeneration. Full-length blots/
gels are presented in Additional file 1: Fig. S5. Three independent analyzes were performed. Differences were considered statistically significant 
when p < 0.05 (marked with asterisks, *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001)
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cells [66]. Then, activation of NOTCH signaling in myo-
cytes led to their dedifferentiation into PAX7-expressing 
satellite cells [67]. In addition, HES/HEY factors have 
been implicated in NOTCH-dependent repression of 
Myod [66, 68]. Ablation of NOTCH signaling resulted 
in up-regulation of MYOD, premature myogenic dif-
ferentiation, and depletion of satellite cell pool [64, 69–
72]. Myod expression is directly repressed by HES/HEY 
factors [68, 73]. Furthermore, MYOD enhanced and 
HES1 repressed Dll1 expression in satellite cells. Down-
regulation of HES1 increased and ablation of MYOD 
reduced Dll1 expression level [73]. However, activation of 
NOTCH1 in myotubes was accompanied with DLL/JAG 
ligand expression [67]. In activated satellite cells, DLL1, 
HES1, and MYOD were up-regulated and their oscilla-
tory level changed, but in differentiating myoblasts, HES1 
was no longer expressed and the expression of Dll1 and 
Myod was sustained [68, 73]. Similarly, studies focusing 
at mesoangioblasts, that is, the myogenic subset of mus-
cle pericytes, showed that down-regulation of Notch1 and 
Dll1 resulted in NICD decrease [74]. However, NOTCH 
signaling activation by culture of cells in the presence of 
NOTCH ligands: DLL1, DLL4, or JAG1 promoted the 
expansion of human PAX7 + / MYOD- [75]. Treatment 
of cells with NOTCH ligands increased Hes1, Hey1, HeyL 
and Pax7 and decreased Myod expression [75]. However, 
treatment with DLL1, DLL4 or JAG1 did not improve 
the engraftment ability of mouse and human SC-derived 
myoblasts [75]. Furthermore, treatment of mouse and 
human SC-derived myoblasts with DLL4 and PDGF-BB 
increased their self-renewal, trans-endothelial migration 
ability, expression of pericyte markers, and improved 
graft after intra-arterial transplantation to Sgca-null/scid/
beige mice [76].

In our hands, the overexpression of miR10a, miR425, 
and miR5100 decreased the expression of Dll1, Jag2. 
miR425 and miR5100 overexpression resulted in the 
decrease in NICD level. Such phenotype was observed 
mainly in case of MIPCs. miR10a transfection led to 
Hey1 expression increase in MIPC. Importantly, also 
the expression of Pax7, Myf5, Myod, Mef2c, Myog, Musk 
and Myh3, that is, the molecules involved in myogen-
esis, decreased in MIPCs transfected with miR10a, 
miR425, and miR5100. However, these changes did 
not affect myogenic differentiation in  vitro nor in  vivo, 
that is, after heterotopic transplantation. On the other 
hand, the miR5100 inhibitor increased myoblast fusion, 
miR10a decreased myoblast fusion, and miR425 surpris-
ingly increased MIPC fusion. The influence of SDF-1 on 
myogenic differentiation is unclear. Odemis and cow-
orkers reported that SDF-1 inhibited the differentiation 
of C2C12 and SC-derived myoblasts, as evaluated by 

MYOD, myosin heavy chain and/or myogenin expres-
sion [77]. On the other hand, Melchionna and coworkers 
showed that SDF-1 increased myogenic differentiation, as 
judged by myosin heavy chain accumulation and differ-
entiation into myotubes by C2C12 and SC-derived myo-
blasts [78]. In our previous studies, we did not observe 
significant changes in SC-derived myoblast differen-
tiation after SDF-1 treatment [26]. Currently observed 
changes in the transcriptome after miRNA mimic trans-
fection did not improved significantly myogenic differ-
entiation of analyzed cells. However, the role of miR10a, 
miR425, and miR5100 in the interaction of SDF-1 and 
NOTCH signaling in myogenic cells appears to be emerg-
ing. In particular, NOTCH signaling was shown to regu-
late CXCR4 expression in endothelial progenitor cells, 
endothelial cells, and bone marrow stromal cells [79].

Finally, transplantation of SC-derived myoblasts trans-
fected with miR10a or control MIPCs decreased the 
number of new muscle fibers. On the other hand, trans-
plantation of miR425 transfected MIPCs increased the 
number of new muscle fibers, as compared to control 
cells. Importantly, the level of MYOD, in skeletal muscles 
transplanted with miR425 transfected MIPCs, decreased 
what could correspond to lower number of myogenic pre-
cursor cells. Furthermore, in muscles transplanted with 
miR425 transfected MIPCs the level of MCK increased, 
corresponding to a higher number of new muscle fibers. 
These results are in agreement with the in vitro ability of 
miR425 transfected MIPCs and miR10a transfected SC-
derived myoblasts to differentiate. However, the more 
efficient regeneration of muscles that received miR425 
transfected MIPCs could be also a result of injected cells 
paracrine effect. Such impact was described for several 
cell types used to support skeletal muscle regeneration 
[80–83].

Conclusions
We found that SDF-1 treatment of mouse myoblasts led 
to down-regulation of the miR10a, miR151, miR425, 
and miR5100 in CXCR4-dependent manner. miR10a, 
miR425, and miR5100 regulated the level of transcripts 
involved in NOTCH signaling, including Dll1 and Jag2. 
Furthermore, miR10a, miR425, and miR5100 nega-
tively regulated the transcripts involved in cell migra-
tion, as well as myogenic differentiation. We suggest that 
SDF-1 treatment down-regulates miR10a, miR425, and 
miR5100, affecting NOTCH signaling, migration, and dif-
ferentiation of myogenic cells (Fig. 9). Moreover, MIPCs 
transfected with miR425 differentiated with higher effi-
ciency in  vitro. Furthermore, the muscles that received 
miR425 transfected MIPCs regenerated more efficiently, 
as compared to those injected with control cells.
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