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A B S T R A C T   

MOTS-c (mitochondrial open reading frame of the 12 S rRNA-c) is a newly discovered peptide that has been 
shown to have a protective role in whole-body metabolic homeostasis. This could be a consequence of the effect 
of MOTS-c on muscle tissue. Here, we investigated the role of MOTS-c in the differentiation of human (LHCN-M2) 
and murine (C2C12) muscle progenitor cells. Cells were treated with peptides at the onset of differentiation or 
after myotubes had been formed. We identified in silico a putative Src Homology 2 (SH2) binding motif in the 
YIFY region of the MOTS-c sequence, and created a Y8F mutant MOTS-c peptide to explore the role of this region. 
In both cellular models, treatment with wild-type MOTS-c peptide increased myotube formation whereas 
treatment with the Y8F peptide did not. MOTS-c wild-type, but not Y8F peptide, also protected against 
interleukin-6 (IL-6)-induced reduction of nuclear myogenin staining in myocytes. Thus, we investigated whether 
MOTS-c interacts with the IL-6/Janus kinase/ Signal transducer and activator of transcription 3 (STAT3) 
pathway, and found that MOTS-c, but not the Y8F peptide, blocked the transcriptional activity of STAT3 induced 
by IL-6. Altogether, our findings suggest that, in muscle cells, MOTS-c interacts with STAT3 via the putative SH2 
binding motif in the YIFY region to reduce STAT3 transcriptional activity, which enhances myotube formation. 
This newly discovered mechanism of action highlights MOTS-c as a potential therapeutic target against muscle- 
wasting in several diseases.   

1. Introduction 

MOTS-c (mitochondrial open reading frame of the 12 S rRNA-c) is a 
16 amino acid peptide encoded in the 12 S ribosomal RNA region of 
human mitochondrial DNA. The peptide has been detected in human 
and murine plasma and in multiple murine tissues [20]. The first re
ported effect of MOTS-c was in regulating insulin sensitivity and meta
bolic homeostasis through the 5’-adenosine monophosphate-activated 
protein kinase (AMPK) pathway in a murine model [20]. Through an 
effect on muscle tissue, MOTS-c has been proposed to play an important 
role in maintaining metabolic balance and healthy aging [1]. Subse
quently, MOTS-c was shown to translocate to the nucleus and regulate 
gene expression under stress conditions [16]. These findings highlight 
MOTS-c as a mitochondrion-derived signal that can directly influence 
nuclear gene expression, which updates the paradigm for mitochon
drial–nuclear communication [3]. 

To date, a number of published studies have implicated MOTS-c in a 
variety of cellular and physiological processes, including mitochondrial 
network dynamics [21], autoimmune diabetes [17], thermogenic gene 

expression [23], metabolic dysfunctions [17,20] or aging [9,25], among 
others. 

The apparent expansive regulatory effects of MOTS-c on metabolism 
might indicate that the peptide has an important role in skeletal muscle. 
Indeed, MOTS-c expression in human skeletal muscle is increased as a 
result of high-intensity exercise, and exogenous treatment with MOTS-c 
improves aerobic capacity in a murine model [25]. Moreover, MOTS-c is 
released into the circulation and freely traverses cellular membranes 
[16]. Therefore, MOTS-c could have an autocrine function regulating 
the adaptability of skeletal muscle to exercise and other physiological 
stimuli. 

Here, we investigated the effect of MOTS-c on skeletal muscle tissue 
growth and repair. We used in vitro cellular models of human and 
murine myoblasts and analyzed the effect of MOTS-c on muscle differ
entiation and myotube formation. We show that MOTS-c enhances 
myotube formation and that this effect depends on the presence of 
tyrosine residue 8 in a putative Src Homology 2 (SH2) binding motif of 
the peptide. Also, we found that MOTS-c interacts via its putative SH2 
motif with the interleukin-6 / Janus Kinase / Signal transducer and 
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activator of transcription 3 (IL-6/JAK/STAT3) pathway, down- 
regulating the transcriptional activity of STAT3 induced by IL-6. 

2. Materials & methods 

2.1. Cell lines 

The LHCN-M2 cell line of immortalized myoblasts was obtained from 
Evercyte GmbH (CkHT-040-231-2, Austria). This cell line was derived 
from muscle tissue of a healthy male donor and immortalized by 
constitutive expression of the telomerase catalytic subunit and cyclin 
dependent kinase 4 [35]. LHCN-M2 myoblasts were cultured in tissue 
culture flasks coated with 0.1 % pig gelatin (Sigma-Aldrich, Germany) in 
basal medium: 4:1 high-glucose DMEM/M199 (Biowest, France), 4 mM 
L-glutamine (Biowest), 20 mM HEPES (Biowest), 0.03 μg/mL ZnSO4 
(Sigma-Aldrich), 1.4 μg/mL vitamin B12 (Sigma-Aldrich), 55 ng/mL 
dexamethasone (Sigma-Aldrich), 2.5 ng/mL hepatocyte growth factor 
(Merck-Millipore, MA, USA) 10 ng/mL fibroblast growth factor 
(PeproTech, NJ, USA) and 15 % fetal bovine serum (FBS, Biowest). 
LHCN-M2 cultures were allowed to grow until 50–60 % confluence 
before splitting. LHCN-M2 myoblasts were differentiated by allowing 
the culture to reach 100 % confluence and switching to differentiation 
medium: 4:1 high-glucose DMEM/M199 (Biowest), 4 mM L-glutamine 
(Biowest), 20 mM HEPES (Biowest), 0.03 μg/mL ZnSO4 (Sigma-Aldrich), 
1.4 μg/mL vitamin B12 (Sigma-Aldrich), 50 μg/mL apo-transferrin 
(Sigma-Aldrich and 0.5 % FBS (Biowest). 

The C2C12 cell line of immortalized murine myoblasts was obtained 
from the American Type Culture Collection (ATCC, CRL-1772). This cell 
line was cultivated in tissue flasks in high-glucose DMEM (Biowest), 2 
mM L-glutamine (Biowest) and 15 % FBS (Biowest). C2C12 cultures 
were allowed to grow until 60–70 % confluence before splitting. C2C12 
myoblasts were differentiated by reducing the FBS to 1 % when the 
cultures reached 90–100 % confluence. 

The HeLa cell line (cervix adenocarcinoma) was obtained from ATCC 
(CCL-2). These cells were cultured in tissue flasks in high-glucose DMEM 
(Biowest), 1 mM pyruvate (Biowest), 2 mM L-glutamine (Biowest) and 
10 % FBS (Biowest). 

2.2. Peptides and treatments 

Three different peptides were designed and obtained from Genscript 
(the Netherlands): MOTS-c wild-type peptide (WT, MRWQEMGYI
FYPRKLR), a peptide substituting tyrosine-8 for a phenylalanine residue 
(Y8F, MRWQEMGFIFYPRKLR) and a scrambled MOTS-c peptide 
(MQGLYKRWMYREPFIR). The purities of the purchased peptides were 
higher than 96.0 %, and the peptides were fully soluble in water. Pilot 
experiments showed that 10 μM peptide concentration saturate the ef
fects on the recorded variables, thus the peptide concentration used in 
the culture medium was 10 μM for all experiments. Water was used for 
the vehicle control. The scrambled peptide was designed using the 
protein shuffle tool in Gene Infinity (http://www.geneinfinity.org/) and 
screened for lack of homology to known peptides/proteins using BLAST 
[2]. Where indicated, cells were also treated with 25 ng/mL interleukin 
6 (IL-6, Gibco, MA, USA) from a 0.5 mg/mL stock in 100 mM acetic acid. 
In the control condition, the same amount of solvent was added. 

2.3. Immunofluorescence 

For the immunofluorescence experiments, LHCN-M2 and C2C12 
cells were seeded and differentiated in 35 mm polymer chambers treated 
for tissue culture (81156, Ibidi, Germany). Cells were fixed with 4 % 
formaldehyde (Thermo Scientific, MA, USA) for 15 min at 37º C and 
permeabilized with 0.2 % Triton X-100 (Sigma-Aldrich) for 15 min in 
phosphate-buffered saline (PBS). After washing twice with PBS supple
mented with 0.05 % Tween-20 (Sigma-Aldrich), the cells were blocked 
with 1 % bovine serum albumin (BSA, Sigma-Aldrich), 0.1 % Tween-20 

in PBS. Then the cells were incubated overnight at 4º C with mouse 
monoclonal primary antibodies at 1000 ng/mL to stain all heavy-chain 
myosin isoforms (clone MF-20, 14–6503–82, Themo Scientific) and to 
stain myogenin transcription factor (clone F5D, 14–5643–82, Thermo 
Scientific). After washing, secondary antibody (Alexa Fluor 568, A- 
11004, Thermo Scientific) was added for 1 h at 500 ng/mL at room 
temperature in the dark. Nuclei were stained with DAPI (4’,6-diamidino- 
2-phenylindole, Thermo Scientific). Images were acquired with a BX41 
fluorescence microscope (Olympus, Japan) coupled to a digital camera 
(DP74, Olympus) using a 10 × (differentiation experiments, 5 fields 
acquired per chamber) or a 40 × (myogenin expression, 10 fields ac
quired per chamber) objective lens. 

2.4. Image analysis and myogenic index calculations 

The immunofluorescence images were analyzed using ImageJ soft
ware [26]. In the differentiation experiments, we recorded the total 
number of nuclei per field and the number of nuclei in each MF-20 
positive cell as well as its area. We considered a myotube as a 
MF-20-positive cell with at least two nuclei in its cytosol. For the myo
genin expression experiments, we recorded the number of 
myogenin-positive nuclei and the total number of nuclei, per field. 

We calculated the myogenic index (MI) as follows: 

MIn = 100 ×

∑∞
i=nnuclei in MF − 20+ cells with i nuclei

∑
All nuclei 

Each MI was calculated by field or accumulating all the observations 
in each condition across technical replicates. 

2.5. Western blot 

Protein lysates from murine myotube and HeLa cultures were ob
tained with RIPA buffer (Thermo Scientific) and were separated elec
trophoretically in denaturant polyacrylamide 4–12 % gradient gels 
(Thermo Scientific). Then samples were blotted to a 0.45 µm poly
vinylidene difluoride membrane (Thermo Scientific). Blocking was 
achieved with 5 % BSA in Tris-buffered saline containing 0.05 % Tween- 
20 (Thermo Scientific). After washing, blots were incubated overnight 
with agitation at 4º C with primary antibodies against: STAT3 (clone 
124H6, 9139, Cell Signaling Technologies, CST, MA, USA, dilution: 
1:1000), phospho-STAT3 Tyr705 (clone D3A7, 9145, CST, dilution: 
1:1000) and alpha tubulin (clone TU-02, sc-8035, Santa Cruz Biotech
nology, CA, USA, concentration: 500 ng/mL). Then, blots were incu
bated with suitable horseradish peroxidase (HRP)-labeled secondary 
antibodies (40 ng/mL). Membranes were visualized by chem
iluminescence detection (Las4000, GE Health Care, IL, USA) and band 
intensity was measured using ImageJ software [26]. 

2.6. Luciferase assays 

We constructed a STAT3 luciferase reporter vector by cloning in a 
pGL4.11 plasmid (Promega, WI, USA) four sis-inducible element (SIE, 
5’-TTCCCGTAAA-3’) sites that are actioned by STAT3 in response to IL-6 
treatment [32], along with a minimal promoter sequence upstream of 
the luciferase ORF. The pGL4.11 plasmid was digested with KpnI/HindIII 
and ligated with the 5’-phosphorylated hybridized oligonucleotides 
listed in Table S1. 

HeLa cells were seeded in 6-wells plates and transfected (Fugene HD, 
Promega) the next day with the STAT3 luciferase reporter. After an 
additional 24 h, the transfected cells were reseeded in 24-well plates and 
further cultured for 24 h. Subsequently, the cells were treated with 
peptides (10 μM) and/or IL-6 (25 ng/mL) for 3 h. Then, the cells were 
washed with PBS, and luciferase assays were performed in triplicate 
using the Rapid Detection Firefly Luciferase Activity assay system 
(Promega) following the manufacturer’s instructions with a plate reader 
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(Victor X5, PerkinElmer, MA, USA). 

2.7. Statistical analysis 

The normality of the distributions of continuous variables was 
analyzed by using the Kolmogorov-Smirnov test. Since all variables 
showed non-normal distributions, data were expressed as medians 
[25th-75th percentiles]. The effect of peptide treatments was analyzed 
by using the Kruskal-Wallis test. Post hoc comparisons were made with 
Dunn’s correction. The effect of IL-6 treatment was assessed by applying 
the Mann-Whitney test. The statistical analysis was performed using 
GraphPad Prism 8.0.2 for Windows (GraphPad, CA, USA). 

3. Results 

3.1. MOTS-c contains a possible SH2 binding motif 

Previously published reports have shown that alterations of the 
MOTS-c amino acid sequence can modify the biological properties of the 
peptide [9,33]. In particular, the internal YIFY region (amino acids 

8–11) is necessary for MOTS-c to translocate to the nucleus [16]. We 
used the eukaryotic linear motif (ELM) prediction tool (http://elm.eu. 
org/) [19] to further explore the presence of functional motifs in the 
amino acid sequence of MOTS-c. We found a significant probability that 
the YIFY motif could constitute an SH2 binding motif (p = .003). Pro
teins that contain SH2 domains often participate in the transduction of 
cellular signals [22]. To be recognized, SH2 binding motifs need to be 
phosphorylated on a tyrosine residue [14]. Therefore, to further explore 
the functionality of the YIFY motif, we tested in silico whether tyrosine-8 
(Y8) or tyrosine-11 (Y11) of MOTS-c could be phosphorylated, by using 
the NetPhos 3.1 (https://services.healthtech.dtu.dk/service.php?NetPh 
os-3.1) [4] and KinasePhos 2.0 (https://bio.tools/kinasephos_2.0) [31] 
bioinformatic tools. Both programs yielded a significant probability for 
Y8 to be phosphorylated in vivo. These results suggested that the YIFY 
motif may constitute a functional SH2 binding motif. We considered this 
information when designing subsequent experiments to establish 
whether the YIFY region plays a role in the biological effects induced by 
MOTS-c. 

Fig. 1. Effects of MOTS-c treatment on human myotube formation. LHCN-M2 human myoblasts were differentiated for 4 days in the presence of 10 μM peptides 
(scrambled, WT, Y8F) or vehicle. A) Representative immunofluorescence images of cell cultures stained with MF-20 antibody to visualize myosin heavy chain as a 
differentiation marker and DAPI to visualize nuclei. B) Myogenic index (MI) representing the number of myotubes containing n = 2 to > 100 nuclei per myotube (all 
replicates accumulated). C) MI for myotubes with at least 2, 5 or 10 nuclei (per field). D) Nuclei number per myotube. E) Myotube area. Data from three independent 
experiments (vehicle: 545 myotubes, 13,403 nuclei; scrambled: 504 myotubes, 11,868 nuclei; WT: 590 myotubes, 15,925 nuclei; Y8F: 530 myotubes, 13,044 nuclei). 
Scale bar = 100 µm. Bars and horizontal lines show median values, symbols represent all replicates. * p < .05, ** p < .01, *** p < .001 in post-hoc comparisons using 
the Kruskal-Wallis test. 
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3.2. MOTS-c treatment increases myotube formation 

Several reports have shown that MOTS-c can regulate cellular 
metabolism, but little is known about the effect of MOTS-c on muscle 
tissue growth/regeneration. Thus, we examined whether the in vitro 
differentiation of muscle progenitor cells is affected by MOTS-c. We 
differentiated both human and murine myoblasts for 4 days in the 
presence of: wild-type MOTS-c peptide (WT); mutant peptide, in which 
Y8 was replaced by phenylalanine (Y8F); and, as controls, a peptide 
containing a scrambled sequence of MOTS-c amino acids, and a vehicle 
treatment. After 4 days, myosin heavy chain proteins as well as nuclei 
were detected by immunofluorescence (Fig. 1A). Then the myogenic 
indexes (MIs) were calculated and represented for all the nuclei amounts 
found in myotubes (Fig. 1B). The MIs were higher in WT-treated cultures 
in comparison to control cultures, for both human (Fig. 1B,C) and mu
rine myotubes (Fig. S1B,C). In contrast, the Y8F peptide did not show a 
myogenic effect. Along the same line, the number of nuclei per myotube 
was higher in WT-treated (human: 5.0[2.0–11.0], murine: 6.0 
[3.0–13.0]) than in scrambled-treated (human: 4.0[2.0–8.0], p = .022; 
murine: 4.0[2.0–9.0], p < .001) or Y8F-treated cultures (human: 4.0 

[2.0–9.0], p = .044; murine: 4.0[2.0–9.0], p < .001) (Fig. 1D). Despite 
the myogenic effect of the WT peptide, we found no differences in 
myotube area among the four treatment groups in both human (Fig. 1E) 
and murine cells (Fig. S1E). 

Next, we checked whether the myogenic effect of MOTS-c in vitro 
could also be observed at a late differentiation stage. Thus, myoblast 
cultures that had been differentiated for 4 (human) or 3 (murine) days 
were treated with peptides for a further 48 h. As in the previous 
experiment, the WT peptide increased the MIs in both species whereas 
the Y8F peptide had no effect (Fig. 2 and Fig. S2). Similarly, the number 
of nuclei per myotube was higher in the WT-treated cultures (Fig. 2D 
and Fig. S2D). 

3.3. MOTS-c enhances early myogenin expression and protects against IL- 
6 effects 

Expression of the myogenin transcription factor at the onset of dif
ferentiation triggers the formation of myotubes [30]. Thus, myogenin is 
paramount for driving muscle differentiation. We aimed to explore 
whether MOTS-c treatment influenced myogenin expression after 24 h 

Fig. 2. Effects of MOTS-c treatment on late human myotube formation. LHCN-M2 human myoblasts were differentiated for 4 days and then treated with 10 μM 
peptides (scrambled, WT, Y8F) or vehicle for an additional 48 h. A) Representative immunofluorescence images of cell cultures stained with MF-20 antibody to 
visualize myosin heavy chain as a differentiation marker and DAPI to visualize nuclei. B) Myogenic index (MI) representing the number of myotubes containing n = 2 
to > 100 nuclei per myotube (all replicates accumulated). C) MI for myotubes with at least 2, 5 or 10 nuclei (per field). D) Nuclei number per myotube. E) Myotube 
area. Data from two independent experiments (vehicle: 334 myotubes, 7925 nuclei; scrambled: 292 myotubes, 8020 nuclei; WT: 301 myotubes, 9438 nuclei; Y8F: 
365 myotubes, 7812 nuclei). Scale bar = 100 µm. Bars and horizontal lines show median values, symbols represent all replicates. * p < .05, ** p < .01, *** p < .001 
in post-hoc comparisons using the Kruskal-Wallis test. 
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of differentiation. Moreover, the lack of myogenic effect of the Y8F 
peptide points to a possible interaction of MOTS-c with a partner con
taining an SH2 binding domain. A suitable candidate could be a 
component of the IL-6/JAK/STAT3 pathway which, upon activation by 
IL-6, triggers atrophic mechanisms in muscle cells [12]. Thus, we com
bined peptide treatments with IL-6 treatment to explore a possible 
interaction between MOTS-c and the IL-6/JAK/STAT3 pathway in the 
regulation of myogenin expression during myoblast differentiation.  
Fig. 3 shows the effects of treatments on the proportion of 
myogenin-positive nuclei after 24 h of differentiation. The WT peptide 
increased the level of myogenin expression whereas the Y8F peptide did 
not, in both human (Fig. 3B) and murine cells (Fig. 3C). Higher levels of 
myogenin at an early differentiation stage could explain the myogenic 
effects of MOTS-c observed in our previous experiments. Interestingly, 

IL-6 treatment reduced significantly the level of myogenin expression in 
all cultures except those treated with WT peptide (human: p = .067; 
murine: p = .197; Fig. 3B,C). 

3.4. MOTS-c interaction with the STAT3 pathway 

We sought to explore further the interaction of MOTS-c with the IL- 
6/JAK/STAT3 pathway. First, we checked the effect of MOTS-c on 
STAT3 phosphorylation on tyrosine-705 (STAT3-pTyr705), which is 
required for STAT3 homodimerization and subsequent activation [8, 
34]. Thus, we differentiated murine myoblasts for 24 h in the presence 
of peptides and IL-6 and assayed by western blot the levels of 
STAT3-pTyr705. We found no effect of peptides on STAT3 phosphory
lation in C2C12 cells. Moreover, the increase in STAT3-pTyr705 induced 

Fig. 3. Effects of MOTS-c and IL-6 on myogenin expression at an early differentiation stage. Human (LHCN-M2) and murine (C2C12) myoblasts were differentiated 
for 24 h in the presence of 10 μM peptides (vehicle, scrambled, WT or Y8F) and/or IL-6 (25 ng/mL). A) Representative immunofluorescence images of human cell 
cultures stained for myogenin (MYOG) and nuclei (DAPI). Images of murine cells are not shown. B) Proportion of MYOG+ nuclei in human cell cultures. Data from 
two independent experiments (nuclei per condition, ranging from 1670 to 2690 per condition). C) Proportion of MYOG+ nuclei in murine cell cultures. Data from one 
independent experiment (nuclei per condition, ranging from 957 to 1498 per condition). Scale bar = 20 µm. Bars show median values, symbols represent all rep
licates. * p < .05, ** p < .01, *** p < .001 in post-hoc comparisons using the Kruskal-Wallis test. # p < .05, ## p < .01, ### p < .001 using the Mann-Whitney test. 
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by IL-6 was similar in all the peptide conditions tested (Fig. 4A). 
We switched to the human HeLa cell line that allows higher trans

fection efficiency to examine whether MOTS-c affects the STAT3 tran
scriptional activity induced by IL-6. First, we checked the effect of 
peptide treatments on STAT3 activation. We treated HeLa cells with 
peptides and IL-6 for 3 h and then quantified STAT3-pTyr705 by western 
blot. We found that STAT3 phosphorylation was slightly increased in the 
cultures treated with the WT peptide (1.38[1.22–1.43]) in comparison 
to the vehicle (p = .043) or the cells treated with the Y8F peptide (0.86 
[0.72–1.14], p = .007). However, no effect of peptides was found in the 
IL-6 treated cells and the effect of IL-6 on STAT3-pTyr705 was similar in 
all conditions (Fig. 4B). 

To investigate the transcriptional activity of STAT3, we constructed a 
STAT3 luciferase reporter containing four SIE sites (5’-TTCCCGTAAA- 
3’) that are bound by STAT3 in response to IL-6 [32]. We transfected the 
reporter into HeLa cells and, after 24 h, the culture medium was sup
plemented with the various peptides in combination with IL-6 for 3 h. 
No significant increase in reporter activity was observed when cells were 
treated with peptides only (Fig. 4C). However, addition of IL-6 increased 
the luciferase activity only in the vehicle (135.0[119.8–145.7] %, 
p = .008) and Y8F (136.6[123.8–143.0] %, p = .008) conditions 
(Fig. 4C). Cells treated with WT peptide along with IL-6 did not show an 
increase in reporter activity (p = .0310), which indicates that the tran
scriptional activity of STAT3 is impaired by MOTS-c. Surprisingly, the 
scrambled peptide showed results similar to those of the WT peptide, 
possibly due to off-target effects. 

4. Discussion 

We aimed to examine the effect of MOTS-c on muscle differentiation 
in vitro and found that MOTS-c increases myotube formation in both 
human and murine muscle cells. Commitment, activation and differen
tiation of skeletal muscle progenitor cells is a well-known process 
controlled by a cascade of muscle-specific transcription factors [30]. In 
particular, myogenin expression at the onset of myoblast differentiation 
is needed for proper myotube formation [11,24]. Therefore, the effect of 
MOTS-c on myotube formation might be linked to changes in myogenin 
expression. Our findings support that idea, since we found that MOTS-c 
increased myogenin expression in both human and murine myoblasts. 

We also found that MOTS-c protected against the deleterious effect 
on myogenin caused by IL-6 supplementation. Elevated levels of in
flammatory cytokines, including IL-6, are associated with muscle- 
wasting conditions [10]. The effect of IL-6 on skeletal muscle is driven 
by STAT3, which, when activated by JAK proteins, switches on the 
expression of atrophic proteins like the muscle-specific E3-ubiquitin li
gases MAFbx and MuRF1 [12]. Signal transduction in the 
IL-6/JAK/STAT3 pathway relies on SH2 binding domains and SH2 
binding motifs that are recognized upon tyrosine phosphorylation. Thus, 
a plausible hypothesis might be that MOTS-c interacts with some protein 

(caption on next column) 

Fig. 4. Effects of MOTS-c on STAT3 activation and transcriptional activity. A) 
C2C12 murine myoblasts were differentiated for 24 h in the presence of 10 μM 
peptides (vehicle, scrambled, WT or Y8F) and/or IL-6 (25 ng/mL). Activation of 
STAT3 (phosphorylation on tyrosine 705) was assessed by western blot. Data 
are expressed as percentage of the vehicle, from 3 independent biological 
replicates and 6 western blots. B) Activation of STAT3 in HeLa cells incubated 
for 3 h with 10 μM peptides (vehicle, scrambled, WT or Y8F) and/or IL-6 
(25 ng/mL). Data are expressed as percentage of the vehicle, from three inde
pendent biological replicates and six western blots. C) HeLa cells were trans
fected with the STAT3 reporter, reseeded and treated for 3 h with 10 μM 
peptides (vehicle, scrambled, WT or Y8F) and/or IL-6 (25 ng/mL), then lucif
erase activity was recorded. Data from five independent biological replicates 
are shown. Data are expressed as percentage of the vehicle non-IL-6 condition. 
Bars show median values, symbols represent all replicates. * p < .05, ** 
p < .01, *** p < .001 in post-hoc comparisons using the Kruskal- Wallis test. # 

p < .05, ## p < .01, ### p < .001 using the Mann-Whitney test. 
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in the IL-6/JAK/STAT3 pathway via the putative SH2 binding motif (i.e. 
YIFY motif), thereby reducing pathway activity and thus 
down-regulating the atrophic processes in muscle. A recently published 
paper in that the authors showed an interaction between MOTS-c and 
STAT3 binding to chromatin in murine hypothalamic proopiomelano
cortin (POMC) neurons [15], supports this hypothesis. Our results sug
gest that MOTS-c, via its YIFY motif, decreases the activity of the 
IL-6/JAK/STAT3 pathway. STAT3 activation was not affected by pep
tide treatments. Thus, the proposed interaction of MOTS-c with the 
IL-6/JAK/STAT3 pathway might take place downstream of JAK-induced 
STAT3 phosphorylation. In fact, MOTS-c decreased the transcriptional 
activity of STAT3, being the YIFY motif needed for this effect. Upon 
phosphorylation of its tyrosine residue on the SH2 binding motif, STAT3 
homodimerizes and the complex is translocated to the nucleus to exert 
its transcriptional activity on target genes [8,34]. Our findings might 
suggest that MOTS-c interferes with STAT3 homodimerization, thus 
reducing its transcriptional activity. However, this compelling hypoth
esis should be tested experimentally. 

A recent study showed the effects of MOTS-c on myotube formation 
in C2C12 murine cells. In that report, no significant effect of MOTS-c on 
the number of myotubes per field or their diameter was found, although 
no MI data were provided [18]. However, MOTS-c protected against 
atrophy induced by palmitic acid in C2C12 cells, and its administration 
to obese mice reduced myostatin expression by activating the 
mTORC2-AKT-FOXO1 pathway [18]. This mechanism could partly 
contribute to the myogenic effect of MOTS-c, although, we did not find 
an effect of MOTS-c activating insulin signaling in our experimental 
models (data not shown). Nevertheless, the protective effect of MOTS-c 
against IL-6-induced reduction of myogenin and IL-6-induced STAT3 
transcriptional activity prove that MOTS-c interacts with the 
IL-6/JAK/STAT3 pathway to reduce its impact on myotube formation. 
Furthermore, the ineffectiveness of the Y8F peptide indicates that the 
putative SH2 binding motif in MOTS-c is needed for the peptide’s 
function. Nevertheless, it should be noted that we did not assay exper
imentally the phosphorylation of tyrosine-8 in MOTS-c or whether the 
YIFY motif binds to the SH2 binding domain in STAT3. Future projects 
should engage these experiments. 

Constitutive activation of STAT3 has been previously described as an 
oncogenic mechanism since it plays a role in cell survival, proliferation, 
angiogenesis, metastasis, and cell protection against the body’s immune 
response [6]. Hematopoietic disorders such as myeloma and others are 
linked with STAT3 over-activation [7]. Moreover, continuous 
cytokine-mediated STAT3 stimulation has been reported in many cases 
of solid tumors [27]. STAT3 overexpression or hyperactivation in can
cers is commonly associated with poor prognosis. Thus, pharmacolog
ical inhibitors of STAT3 are currently in development, several of them 
aiming to bind the SH2 domain [13]. The properties of MOTS-c we 
showed here suggest that MOTS-c might be a suitable pharmacological 
target to counter the neoplastic role of STAT3. 

The IL-6/JAK/STAT3 pathway has pleiotropic effects on skeletal 
muscle. A basal level of STAT3 activity is necessary for skeletal muscle 
satellite cells to develop properly [28,36]. On the other hand, 
highly-activated STAT3 in skeletal muscle caused by IL-6 in inflamma
tory contexts drives increased muscle turnover [5,29]. Our findings 
indicate that MOTS-c might counter the muscle-wasting effects of STAT3 
hyperactivation, as well as the pro inflammatory states linked to aging. 
Further studies using primary cultures and/or murine models could 
tackle these issues in the future. 

In conclusion, MOTS-c has a myogenic effect on myoblast differen
tiation. The internal hydrophobic YIFY motif of MOTS-c, a putative SH2 
binding motif, is key to its interaction with the IL-6/JAK/STAT3 
pathway to reduce the transcriptional activity of STAT3 induced by IL- 
6. This mechanism of interaction opens a range of therapeutic possi
bilities for MOTS-c to fight against pathologies linked to muscle wasting. 
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