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Abstract 

Skeletal muscle formation involves tight interactions between muscle cells and associated connective tissue 
fibroblasts. Every muscle displays the same type of organisation, they are innervated in the middle and attached 
at both extremities to tendons. Myonuclei are heterogeneous along myotubes and regionalised according to these 
middle and tip domains. During development, as soon as myotubes are formed, myonuclei at muscle tips facing 
developing tendons display their own molecular program. In addition to molecular heterogeneity, a subset of tip 
myonuclei has a fibroblastic origin different to the classical somitic origin, highlighting a cellular heterogeneity 
of myonuclei in foetal myotubes. To gain insights on the functional relevance of myonucleus heterogeneity dur-
ing limb development, we used 2D culture and co-culture systems to dissociate autonomous processes (occurring 
in 2D-cultures) from 3D-environment of tissue development. We also assessed the role of muscle contraction in myo-
nucleus heterogeneity in paralysed limb muscles. The regionalisation of cellular heterogeneity was not observed 
in 2D cell culture systems and paralyzed muscles. The molecular signature of MTJ myonuclei was lost in a dish 
and paralysed muscles indicating a requirement of 3D-enviroment and muscle contraction for MTJ formation. Tip 
genes that maintain a regionalized expression at myotube tips in cultures are linked to sarcomeres. The behaviour 
of regionalized markers in cultured myotubes and paralyzed muscles allows us to speculate whether the genes inter-
vene in myogenesis, myotube attachment or MTJ formation.

Highlights 

• The molecular signature of MTJ myonuclei is lost in cultured myotubes and paralysed muscles

• Genes expressed in muscle tips that maintain their regionalised expression in cultured myotubes are linked to sarco-
meric proteins

• Cellular heterogeneity of myonuclei is observed in cultured myotubes but with no regionalisation

• BMP signalling regulates fibroblast nucleus incorporation into cultured myotubes
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Introduction
Skeletal muscle is composed of myofibres that are multi-
nucleated cells. Molecular and cellular heterogeneity of 
myonuclei has been identified in developing and adult 
myofibres. The functional relevance of this myonuclei 
heterogeneity is not fully understood for limb muscle 
development.

Limb muscle development involves different steps lead-
ing to a final specific limb muscle pattern. The develop-
mental programs of muscle and associated connective 
tissues (CT) must be tightly regulated to create a func-
tional musculoskeletal system. In vertebrate limbs, myo-
genic cells and CT fibroblasts have distinct mesodermal 
origins. Limb myogenic cells originate from somites (par-
axial mesoderm), while CT fibroblasts derive from the 
lateral plate mesoderm [1–4]. In early limb buds, myo-
genic cells and fibroblasts are mixed together in dorsal 
and ventral limb regions. During development, myogenic 
cells and associated fibroblasts undergo massive spatial 
re-arrangements and segregate from each other to give 
rise to skeletal muscle and associated muscle attach-
ments [3–5]. These spatial re-arrangements involve mul-
tiple molecular and cellular interactions that are not well 
characterized. Spatial re-arrangements are suspected to 
be driven by mechanical parameters, since modification 
of muscle contraction leads to significant defects in the 
musculoskeletal system formation [6–9].

Although each limb muscle is unique in terms of shape 
and position, every muscle displays the same type of 
organization. They are all attached to tendons at both 
extremities and innervated at the centre of muscle. This 
defines the muscle domains, the central domain being 
where the innervation targets the muscle at the neuro-
muscular junction (NMJ) and the tip domains being at 
both extremities of the muscle at the myotendinous junc-
tion (MTJ). The MTJ is a peculiar structure that links two 
tissues with different biomechanical properties, muscle 
and tendon. The MTJ is mainly composed of matrix pro-
teins produced by muscle fibres and tendon fibroblasts. 
Among MTJ matrix proteins, type XXII collagen is the 
best recognized MTJ marker at developmental, postnatal 
and adult stages, in mouse, zebrafish and human [10–13]. 
COL22A1 is mainly produced by MTJ myonuclei, type 
XXII collagen being deposited at the muscle/tendon 
interface [10, 12, 13]. In addition to being a recognized 
MTJ marker, COL22A1 is required for MTJ formation 
and function in zebrafish [11, 14]. The molecular hetero-
geneity of myonuclei has been highlighted according to 
NMJ and MTJ domains, with the identification of NMJ 
and MTJ myonuclei in postnatal and adult skeletal mus-
cles using single-nucleus RNA-sequencing strategies in 
mice [15–17] and human [13]. In addition to molecular 
heterogeneity, a subset of tip myonuclei has a fibroblastic 

origin different to the classical somitic origin, highlight-
ing a cellular heterogeneity of myonuclei in myofiber at 
the MTJ [18, 19]. Because a fibroblast genetic program 
has been identified in a subset of MTJ myonuclei in [16], 
a possible scenario would be that the newly-incorporated 
fibroblasts into myofiber at muscle tips close to tendons 
participate in MTJ formation.

The heterogeneity of myonuclei is observed as soon as 
muscle fibres are formed, with gene expression regional-
ized in central and tip myonuclei during development [6, 
18, 20–22]. As expected, subsynaptic myonuclei at the 
NMJ were identified in the central domain of developing 
muscles [22]. Similar to NMJ genes, the fusion associ-
ated genes, TMEM8C (myomaker) and MYOG have been 
shown to be regionalised in the middle of limb muscles 
during foetal development [23]; indicative of preferen-
tial fusion events in the middle of foetal muscles close 
to innervation. Several signalling pathways were identi-
fied as being regionalized in tip myonuclei during devel-
opment with associated function in myogenesis or MTJ 
formation. FGF4 transcripts are located in tip myonuclei 
facing developing tendons in chicken limbs and somites 
[20, 24]. The secreted factor, FGF4 has been suggested 
to maintain the expression of tendon markers, indicative 
of a muscle to tendon dialogue [20, 24]. Two transcrip-
tional readouts of YAP signalling, ANKDR1 and CTGF, 
are regionalized in tip myonuclei in foetal muscles, with 
an unknown function related to muscle/tendon interface 
[6]. BMP signalling (assessed with pSMAD1/5/9) in tip 
myonuclei has been suggested to be involved in fibroblast 
incorporation into myotubes at the MTJ and limb muscle 
patterning in chicken and mouse embryos [18, 25].

The cellular and molecular heterogeneity of tip myo-
nuclei is visualized with myonuclei of fibroblast origin 
and with regionalized expression of genes in developing 
limb muscles. Although the functional relevance of this 
molecular and cellular heterogeneity of myonuclei is not 
fully understood, it is suspected to be relevant to the dif-
ferent steps of the muscle program (proliferation, cell 
cycle exit, differentiation and fusion), myotube attach-
ment to tendons and MTJ matrix production. In this 
study, we followed the molecular and cellular heteroge-
neity of myonuclei in cell culture systems overcoming the 
complexity of 3D-spatial environments and in limbs with 
no muscle contraction (paralyzed limbs). The myoblast 
culture system was used to follow myonucleus heteroge-
neity during cell lineage progression along the myogenic 
program. Myoblast/fibroblast co-culture systems com-
bined with the quail/chicken system allow the monitor-
ing of cellular myonucleus heterogeneity i.e. fibroblast 
incorporation into myotubes. Embryo immobilisation 
allows us to assess the influence of muscle contraction 
on myonucleus heterogeneity. The comparison of cellular 
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and molecular heterogeneity of myonuclei in a dish and 
paralyzed limb muscles with that of motile limb mus-
cles allow us to speculate whether the genes intervene in 
myogenesis, myotube attachment or MTJ formation.

Material and methods
Quail and chicken embryos
Fertilized chicken eggs (White Leghorn and JA57 strain) 
and quail eggs (Japanese quail strain) from commercial 
source (EARL Les Bruyères, Dangers, France) were incu-
bated at 37.5 °C in a humidified incubator until appropri-
ate stages. Embryos were staged according to days of in 
ovo development. All experiments with chicken embryos 
were performed before E10 and consequently are not 
submitted to a licensing committee, in accordance with 
European guidelines and regulations.

Monoculture experiments
Quail and chicken myoblast cultures
Primary myoblasts were isolated from limbs of E10 quail 
embryos or E10 chicken embryos. Limbs from quail or 
chicken embryos were sectioned from the main body, 
collected, minced and centrifuged at 1000 RPM for 
1 min. Supernatant was collected and filtered through a 
40  µm sieve to remove debris. Pellet was re-suspended 
with culture medium and centrifuged at 1000 RPM to 
collect the remaining cells; supernatant was collected 
and filtered through a 40  µm sieve. This procedure was 
repeated four times. Cells were distributed into culture 
dishes pre-coated with PBS/0,1% Porcin Gelatin. Pri-
mary myoblasts were cultured with proliferation medium 
(2/3 of MEM Alpha Medium, 1/3 of 199 Medium, 10% 
Foetal calf serum) for two days. When reaching 70% of 
confluence, cells were cultured in differentiation medium 
(MEM Alpha Medium, + 1/3 199 Medium, 2% Foetal calf 
serum).

Quail and chicken fibroblast cultures
Primary fibroblasts were isolated from limbs of E10 quail 
embryos or E10 chicken embryos. Limbs from quail or 
chicken embryos were sectioned from the main body, 
collected and dissociated with trypsine for 20  min and 
then centrifugated for 5 min at 1000 RPM. The pellet was 
resuspended in culture media (DMEM) and plated into 
tissue culture dishes.

C2C12 cells
The mouse muscle cell line, C2C12 was cultured in a pro-
liferation culture medium (DMEM with 4  g/L glucose, 
10% Foetal calf serum) to reach 50% of confluence and 
then in differentiation medium (DMEM with 4 g/L glu-
cose, 1% horse serum).

Human myoblast cell line
The human myoblast cell line AB1079 (provided by 
Myoline facility, Institut de Myologie, Paris) was cul-
tured in a commercial culture medium, Skeletal Muscle 
Cell Growth Medium (C-23160 PROMOCELL).

C3H10T1/2 cells
C3H10T1/2 cells, a multipotent cell line established 
from mouse embryos [26], was cultured in a low glu-
cose fibroblast culture medium (DMEM with 1 g/L glu-
cose, 10% Foetal calf serum).

For monocultures, 125 000 cells were seeded per well 
of 6-well tissue culture plates coated with 0.1% Gelatin 
(approx. 13 020 cells/ cm2).

Co‑culture experiments with myoblasts and fibroblasts
Co‑cultures with quail myoblasts/chicken fibroblasts 
or with chicken myoblasts/quail fibroblasts
For co-culture experiments, cells were seeded at a 
ratio of 80% myoblasts and 20% fibroblasts per well. 
Cells were cultured in proliferation medium (50/50 of 
medium of each cell type) for two days and switched to 
differentiation medium for another three days. At day 
5, cells were fixed for further analysis.

Co‑culture experiments with human myoblasts
Human myoblasts were cultured with mouse myo-
blasts of C2C12 cells (50% of each cell type) in 50/50 
of medium of each cell type. Co-cultures with human 
myoblasts/C3H10T1/2 and with human myoblasts/
chicken fibroblasts were performed with 80% of myo-
blasts and 20% of fibroblasts at Day 0 of co-culture 
and cultured in 50/50 of medium of each cell type for 
another 5 days.

Co‑culture experiments with quail myoblasts 
and BMP‑treated chicken fibroblasts
BMP gain- and loss-of-function experiments in chicken 
fibroblasts were prepared as previously described 
[18, 21]. Briefly, primary fibroblasts from E10 chicken 
embryos (White Leghorn) were transfected with the fol-
lowing RCAS-BP(A) constructs: Empty/RCAS (control), 
BMP4/RCAS (containing mouse Bmp4), BMPR1Aca/
RCAS (containing human BMPR1Aca, a constitutive 
form of BMPR1A), NOGGIN/RCAS (containing chicken 
NOGGIN) and BMPR1Adn/RCAS (containing human 
BMPR1Adn, a dominant negative form of BMPR1A) at 
60% of confluence using the Calcium Phosphate Trans-
fection Kit (Invitrogen, France). Transfected fibroblasts 
were cultured for 5 to 7 days to allow virus spread. The 
transfected fibroblasts were then mixed with quail myo-
blasts that are not receptive to the RCAS-BP(A) virus 
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[27], with the following proportions, 80% of myoblasts 
and 20% of BMP-treated fibroblasts at day 0. Co-cultures 
were then fixed after five days of cultures and processed 
for in  situ hybridization or/and immunohistochemis-
try. Each co-culture experiments were performed. in 
duplicates with BMP4- (N = 5), BMPR1Aca- (N = 3), 
Noggin-(N = 3) and BMPR1Adn-(N = 3) treated chicken 
fibroblasts.

Embryo immobilization
Decamethonium bromide (DMB) (Sigma) solution was 
freshly prepared before each experiment at 12 mM, in 
Hank’s solution (Sigma) with Penicillin–Streptomycin 
at 1% (Gibco). The control solution was prepared using 
Hank’s solution with 1% of Penicillin–Streptomycin. 
100 µl of DMB or control solutions were administrated 
in chicken embryos at E7.5 and E8.5. Embryos were 
fixed at E8.5 (24 h of immobilization) or E9.5 (48 h of 
immobilization). In  situ hybridization was performed 
on three different paralyzed and control embryos.

In situ hybridization to limbs and cell cultures
Normal or immobilized embryos were fixed in 4% para-
formaldehyde (Sigma-Aldrich) overnight at 4°C, then 
processed in 7.5%/15% gelatin/sucrose (Sigma-Aldrich) 
for cryostat sections. Limbs were cut in 12-µm trans-
verse or longitudinal sections and processed for in situ 
hybridization (three-times on different limbs for each 
probe). Alternating serial sections were hybridized with 
probe 1, probe 2 and probe 3 to allow comparison of 
expression domains on adjacent sections of the same 
limb.

Cell cultures were fixed in 4% paraformaldehyde 
(Sigma-Aldrich) overnight at 4°C. Fixed cell cultures 
were hybridized with one probe followed by immuno-
histochemistry with different antibodies (two wells from 
three to four independent experiments).

Digoxigenin-labelled or Fluorescein-labelled mRNA 
probes were prepared as described for MYOD, MYOG, 
TMEM8C, FGF4, SCX probes [23], for ANKRD1 [6], 
MEF2C [28]. NES probe was generated from a cDNA 
EST probe (cambridge bioscience). COL22A1 plasmid 
was provided by Manual Koch, (Center for Biochemis-
try, Cologne, Germany). Colorimetric in  situ hybridiza-
tion was performed as described [23] using an antibody 
against Digoxigenin labelled with alkaline phosphatase. 
Fluorescence in  situ hybridization was performed as 
described [29], using antibodies (against Digoxigenin 
or Fluorescein) labelled with POD. Fluorescence was 
revealed with the TSA + Cyanin 3 or 5 system (AKOYA 
biosciences).

Immunohistochemistry
In situ hybridization to limb sections or to cells was fol-
lowed with immunohistochemistry using the MF20 
monoclonal antibody (DSHB cat. # MF20, undiluted 
supernatant), which recognized sarcomeric myosin heavy 
chains. Muscle progenitors were detected using the 
monoclonal PAX7 antibody (DSHB cat # PAX7, 1/200). 
The monoclonal antibodies, PAX7 and MF20 developed 
by D.A. Fischman and A. Kawakami, respectively were 
obtained from the Developmental Studies Hybridoma 
Bank developed under the auspices of the NICHD and 
maintained by the University of Iowa, Department of 
Biology Iowa City, IA 52242, USA.

Differentiating myoblasts were detected using the 
MYOG antibody. The MYOG antibody was provided by 
Christophe Marcelle (INMG, Lyon, France). Quail nuclei 
were detected using the QCPN antibody (DSHB cat. 
# QCPN, undiluted supernatant). Active BMP signal-
ling was detected using the polyclonal pSMAD antibody 
recognizing the complex BMP-activated receptor-phos-
phorylated SMAD1/5/9 (Cell Signalling, Ref: 9516S). 
Secondary antibodies were conjugated with Alexa 488, 
Alexa 555 or Alexa 647 (Invitrogen). Nuclei were visual-
ized with DAPI (Sigma-Aldrich) staining.

Image capture
After in situ hybridization and/or immunohistochemistry 
experiments images were obtained using an Apotome.2 
epifluorescence microscope (Zeiss) or a Nikon eclipse 
E800 microscope, with the possibility to combine colori-
metric and fluorescence labeling, or a Leica DMR micro-
scope for colorimetric images only.

Image analyses and quantification
In myoblast monocultures, the fusion index is the number 
of nuclei within MF20 + myotubes (containing at least 2 
myonuclei) divided by the total number of DAPI + nuclei 
per surface unit. Mononucleated MF20 + cells were 
excluded from the counting. In quail myoblast / chicken 
fibroblast co-cultures, the fusion index is the number of 
QCPN + myonuclei within MF20 + myotubes (contain-
ing at least 2 myonuclei) divided by the total number of 
QCPN + nuclei.

In quail myoblast / chicken fibroblast co-cultures, 
the percentage of chicken fibroblast myonuclei is the 
number of chicken myonuclei (QCPN-negative) within 
MF20 + myotubes (containing at least 2 myonuclei) 
that were divided per the total number of myonuclei or 
divided per the total number of chicken nuclei (QCPN-
negative). In chicken myoblast / quail fibroblast co-
cultures, the percentage of quail fibroblast myonuclei is 
the number of QCPN + nuclei within MF20 + myotubes 
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(containing at least 2 myonuclei) that were divided per 
the total number of myonuclei or divided per the total 
number of QCPN + nuclei.

The myotube area per surface unit was calculated as 
the MF20 + area (green area) per surface unit in quail 
myoblast cultures and quail myoblast / chicken fibroblast 
co-cultures.

The percentage of MYOD-, MYOG- and TMEM8C-
positive myonuclei was calculated as the number of 
MYOD-, MYOG- and TMEM8C-positive myonuclei 
among the total number of myonuclei in the cultures 
per surface unit. The percentage of NES-, ANKRD1- and 
MEF2C-positive myotubes was calculated as the num-
ber of NES-, ANKRD1- and MEF2C-positive myotubes 
among the total number of myotubes per surface unit.

In BMP gain- and loss-of-function experiments, the 
percentage of chicken fibroblast myonuclei is the number 
of chicken nuclei (QCPN-negative) within MF20 + myo-
tubes that were divided per the total number of myonu-
clei in quail myoblast / chicken fibroblast (control), quail 
myoblast / BMPR1Aca chicken fibroblast, quail myoblast 
/ BMP4 chicken fibroblast, quail myoblast / BMPR1Adn 
chicken fibroblast, quail myoblast / NOGGIN chicken 
fibroblast co-culture systems.

All the described quantifications were performed using 
the Cell counter plug-in of the free software Image J / Fiji 
[30].

Statistics
GraphPad Prism 9.5.1 software was used for statistical 
analysis. The non-parametric test, Mann Whitney was 
used to determine statistical significance, which was set 
at p values < 0.05.

Results
To study the heterogeneity of myonuclei in different con-
texts, we developed 2D culture and co-culture systems 
and an immobilisation model in chicken embryo leading 
to paralyzed limb muscles.

The fusion‑associated genes do not display a central 
location in cultured myotubes
The fusion associated genes, TMEM8C and MYOG were 
expressed in the middle of muscles away from tendons 
labelled with SCX expression, in chicken limb muscles 
(Fig. 1A-D, Fig. S1A-D) [23]. To monitor cell lineage pro-
gression along the myogenic program, we cultured pri-
mary quail myoblasts isolated from E10 quail limbs. After 
five days of culture, quail myoblasts differentiated into 
myotubes (Fig.  1E,F). PAX7 + and MYOG + nuclei were 
present in the culture assessing the myogenic progression 
from PAX7 + muscle progenitors (47% of all nuclei) to 
MYOG + differentiated cells (25.4% of all nuclei) (Fig. 1E-
G). In five day myoblast cultures, the fusion index was 
of 48.7% (Fig. 1G). The differentiation gene, MYOD and 
fusion associated genes, MYOG and TMEM8C were 
expressed in differentiating myoblasts and myonuclei of 
plurinucleated myotubes of five day myoblast cultures 
(Fig.  1H-M, Fig. S1E-J). In contrast to limb muscles 
(Fig. 1A,B, Fig. S1A,B), MYOG and TMEM8C transcripts 
did not display any central location in quail and chicken 
cultured myotubes (Fig.  1H-M, Fig. S1E-J). TMEM8C, 
MYOG transcripts did not show any obvious regionali-
zation and were enriched in zones with high density of 
myonuclei: at contact points between myotubes and 
at myotube tips (Fig.  1H-M,K’,L’,M’). The percentage of 
TMEM8C-, MYOG- and MYOD-positive myonuclei (ver-
sus total myonuclei) were approximatively equivalent 
around 38 to 41% (Fig. S1K-M).

We conclude that the fusion-associated genes do not 
display a central location in cultured myotubes.

The presence of fibroblasts favours all steps of the muscle 
program and does not change the TMEM8C expression 
pattern in cultured myotubes
To assess the effect of fibroblasts for muscle differen-
tiation, we monitor cell lineage progression along the 
myogenic program differentiation in quail myoblast / 
chicken fibroblast co-cultures (Fig.  2). To follow quail 
myoblasts and chicken fibroblasts, we used the QCPN 
antibody that recognized quail nuclei and not chicken 

Fig. 1  Loss of regionalisation of fusion-associated genes in cultured myotubes. A-D Fluorescent in situ hybridization to adjacent transverse muscle 
sections from E10 chicken embryos with TMEM8C (A), MYOG (B), MYOD (C) and SCX (D) probes (red), followed by an immunolabelling of myosins 
(green) (D), combined with DAPI staining (nuclei, blue). White dashed lines correspond to the muscle/tendon interface. E-J Primary cultures of limb 
myoblasts from E10 quail embryos. E,F Myoblasts and myotubes labelled with PAX7 (muscle progenitors, red) and MF20 (myosins, green) antibodies 
(E), or with MYOG (red) and MF20 (myosins, green) antibodies (F), combined with DAPI staining (nuclei, blue). G Percentage of PAX7-positive 
nuclei versus total nuclei. Percentage of MYOG-positive nuclei versus total nuclei. Fusion index. Graphs show mean ± s.d. H-J Fluorescent in situ 
hybridization to quail myoblast cultures with TMEM8C (H), MYOG (I) and MYOD (J) probes (red) followed by an immunolabelling of myosins 
(green) combined with DAPI staining (nuclei, blue). K-M Fluorescent in situ hybridization to chicken myoblast cultures with TMEM8C (K), MYOG 
(L) and MYOD (M) probes (red) followed by an immunolabelling of myosins (green) combined with DAPI staining (nuclei, blue). (K’-M’) are high 
magnification of squared regions in (K-M)

(See figure on next page.)



Page 6 of 21Nicolas et al. Skeletal Muscle           (2024) 14:27 

Fig. 1  (See legend on previous page.)
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Fig. 2  Fibroblasts promote myoblast differentiation in fibroblast/myoblast co-cultures. A Percentage of quail myoblasts and chicken fibroblasts 
in co-cultures after five days of cultures. Representative field of quail nuclei (QCPN antibody, red) and chicken nuclei (DAPI, blue). B Quail myoblast 
/ chicken fibroblast co-cultures immunolabelled to PAX7 (PAX7 antibody, red) and myosins (QCPN antibody, green) combined with DAPI staining 
(blue). C Quail myoblast / chicken fibroblast co-cultures immunolabelled to MYOG (red) and myosins (QCPN antibody, green) combined with DAPI 
staining (blue). D,E Percentage of PAX7-positive nuclei (D) and of MYOG-positive nuclei (E) versus total nuclei in fibroblast/myoblast co-cultures. 
F Fusion index of quail cells in co-cultures. Graphs show mean ± s.d. G,H Myoblast cultures (G) and myoblast/fibroblast co-cultures (H) labelled 
with the MF20 antibody (myosins, green), combined with DAPI staining (nuclei, blue). I Quantification of myotube area per surface unit in myoblast 
cultures and myoblast/fibroblast co-cultures. Graph shows mean ± s.d. J,K Fluorescent in situ hybridization to quail myoblast cultures (J) and to quail 
myoblast / chicken fibroblast co-cultures (K) with TMEM8C probe (red) followed by an immunolabelling of myosins (green) combined with DAPI 
staining (nuclei, blue)
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nuclei [18]. After 5  days of culture (initially plated 
with a ratio of 80% myoblasts and 20% fibroblasts), we 
observed an average ratio of 54% myoblasts and 46% 
fibroblasts in co-cultures (Fig.  2A); indicating that 
fibroblasts proliferate faster than myoblasts. 41.7% of 
PAX7 + cells and 16.5% of MYOG + nuclei versus all 
nuclei (including both quail and chicken nuclei) were 
observed in the co-cultures (Fig. 2B-E). Because PAX7 
and QCPN were both monoclonal mouse IgG1 anti-
bodies, we could not follow PAX7 + quail nuclei. How-
ever, because there are 54% quail nuclei in co-cultures, 
we could estimate that the percentage of PAX7 + quail 
nuclei to be 90% and that of MYOG + quail nuclei to be 
36% versus quail nuclei (by excluding chicken nuclei). 
Thus, the presence of fibroblasts induced an increase 
in the proportion of PAX7 + cells (p = 6,3 10–12) and 
MYOG + nuclei (p = 0,024) (reported to quail nuclei) in 
co-cultures versus mono-cultures (47% for PAX7 + cells 
and 25,4% for MYOG + nuclei, Fig.  1G). The fusion 
index was slightly increased in co-cultures (57.5%, 
p = 1,05 10–5) versus myoblast mono-cultures (48.7%) 
(Fig. 2F versus Fig. 1G). We also observed an increase 
of myotube area (23,8%) in co-cultures compared to 
myoblast mono-cultures (12%) (Fig. 2G-I). The increase 
in the percentage of PAX7 + cells, MYOG + nuclei, 
fusion index (versus quail nuclei) and myotube area/
unit area in co-cultures versus mono-cultures converge 
to the idea that the presence of fibroblasts favours the 
progression of all steps of the muscle program, con-
sistent with previous studies [31]. Consistent with the 
increase of MYOG + nuclei, fusion index and myotube 
area/unit area, the fusion gene (Fig. 2C,E-I), TMEM8C 
is highly expressed in co-cultures (Fig.  2J,K). How-
ever, TMEM8C displayed the same expression pattern 
in myotubes of co-cultures and mono-cultures, being 
expressed in zones with high density of myonuclei: at 
contact points between myotubes and at myotube tips 
(Fig. 2J,K).

We conclude that the presence of fibroblasts promotes 
all steps of the muscle program and does not modify the 

TMEM8C expression pattern in myotubes of fibroblast/
myoblast co-cultures.

Fibroblast nuclei are incorporated into myotubes 
in myoblast/fibroblast co‑cultures with no obvious 
regionalisation
We recently identified a cellular heterogeneity of tip 
myonuclei with the incorporation of fibroblast nuclei 
into myotubes with a preferential location at muscle/
tendon interface in foetal limb muscles [18]. We first 
wanted to assess if fibroblast nucleus incorporation 
occurred in myotubes in vitro. To address this question, 
we set myoblast/fibroblast co-culture systems using the 
quail/chicken system that singles out quail and chicken 
nuclei independently to their differentiation status. We 
performed myoblast/fibroblast-co-culture experiments 
with quail primary myoblasts and chicken primary fibro-
blasts from E10 limbs, initially plated with a ratio of 80% 
myoblasts and 20% fibroblasts, and left for five days of 
cultures. Primary chicken fibroblasts isolated from foe-
tal limbs did not express PAX7 or MYOG (Fig. S2A,B). 
Chicken fibroblasts express the SMA myofibroblast 
marker, the COL12A1 connective tissue marker, and the 
SCX (coding for a bHLH transcription factor) and TNMD 
(coding for a transmembrane protein) tendon markers 
(Fig. S2C-F), suggestive of a fibroblast/tendon progeni-
tor phenotype [32]. Using the QCPN antibody that rec-
ognized quail nuclei and not chicken nuclei, we followed 
myoblasts and fibroblasts independently of their molecu-
lar statuses along the cultures. In quail myoblast / chicken 
fibroblast co-cultures, we appreciated a small population 
of myonuclei that were not of quail origin (Fig.  3A-B). 
Chicken fibroblast myonuclei represented 11% of the 
myonuclei, and 6% of fibroblast nuclei were recruited 
into myotubes after 5 days of culture (Fig. 3B). To exclude 
any potential bias regarding the labelling of quail myo-
nuclei with the QCPN antibody, we performed the con-
verse co-culture experiments with chicken myoblasts 
and quail fibroblasts. Similarly to the chicken fibroblast 
nucleus incorporation into quail myotubes, we observed 

Fig. 3  Recruitment of fibroblast nuclei into myotubes in fibroblast/myoblast co-cultures. (A,A’,A”) Quail myoblast and chicken fibroblast 
and co-cultures immunolabelled to quail nuclei (QCPN antibody, red) and myosins (MF20 antibody, green), combined with DAPI staining (nuclei, 
blue). A Left panel shows quail nuclei/Myosins/DAPI, while right panels (A’,A”) are high magnification squared in A, showing quail nuclei/Myosins/
DAPI staining (A’) and quail nuclei/Myosins (A”). Arrows point to chicken fibroblast myonuclei. B Percentage of chicken fibroblast myonuclei 
versus quail and chicken myonuclei and versus total chicken nuclei. Graph shows mean ± s.d. (C,C’,C”) Chicken myoblast and quail fibroblast 
and co-cultures immunolabelled to quail nuclei (QCPN antibody, red) and myosins (MF20 antibody, green), combined with DAPI staining (nuclei, 
blue). C Left panel shows quail nuclei/Myosins/DAPI, while right panels (C’,C”) are high magnification squared in C, showing quail nuclei/Myosins/
DAPI staining (C’) and Myosins/DAPI (C”). Arrows point to quail fibroblast myonuclei. D Percentage of quail fibroblast myonuclei versus chicken 
and quail myonuclei and versus total quail nuclei. Graph shows mean ± s.d. (E,E’,E”,F,F’,F”) Fluorescent in situ hybridization to quail myoblast / chicken 
fibroblast co-cultures with MYOG (E,E’,E”) or TMEM8C (F,F’,F”) probes (red) followed by an immunolabelling of myosins (green) and of quail cells (grey) 
combined with DAPI staining (nuclei, blue). Arrows point to chicken fibroblast myonuclei expressing MYOG (E,E’,E”) and TMEM8C (F,F’,F”)

(See figure on next page.)
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Fig. 3  (See legend on previous page.)



Page 10 of 21Nicolas et al. Skeletal Muscle           (2024) 14:27 

an incorporation of quail fibroblast nuclei within chicken 
myotubes (Fig. 3C-C”). We quantified 20% of quail fibro-
blast myonuclei out of all myonuclei into myotubes and 
around 8% of quail fibroblast nuclei were recruited into 
myotubes (Fig. 3D). The fibroblast-derived myonuclei did 
not appear to be regionalized along the myotubes in both 
types of avian co-culture experiments (Fig. 3A-A”,C–C”), 
while fibroblast nuclei are incorporated with a preferen-
tial location at muscle/tendon interface in foetal limbs 
muscles [18] and postnatal muscles [19].

In order to test if fibroblast recruitment was con-
served in co-cultures between species, we performed co-
cultures with a human myoblast cell line (line AB1079) 
(Fig. S3A-A”) associated with mouse or chicken fibro-
blasts. We first verified that myoblast fusion was pos-
sible between human and mouse myoblasts. Human 
myoblasts did fuse with mouse C2C12 myoblasts to form 
heterogeneous myotubes with human and mouse myo-
nuclei (Fig. S3B-B”). Co-cultures with human myoblasts 
and mouse C3H10T1/2 fibroblasts [26] show sporadic 
events of incorporation of mouse fibroblast nuclei into 
human myotubes (Fig. S3C-C”). We also performed co-
cultures of human myoblasts with primary chicken fibro-
blasts and observed no or very rare events of chicken 
fibroblast nuclei into human myotubes (Fig. S3D-D”). 
The presence of heterologous fibroblasts did not change 
the fusion index of human muscle cells (Fig. S3E-H). We 
conclude that fibroblast nucleus recruitment to myotubes 
is observed within homologous and not heterologous 
species.

In order to assess if fibroblast myonuclei expressed 
the fusion-associated genes, we sought for MYOG and 
TMEM8C expression in fibroblast myonuclei of quail 
myoblast /chicken fibroblast co-cultures. We found that 
fibroblastic myonuclei expressed the fusion-associated 
genes, MYOG and TMEM8C (Fig. 3E-E”,F-F”), indicating 
a reprograming of fibroblast myonuclei towards the myo-
genic program.

We conclude that fibroblast nuclei are recruited into 
myotubes in myoblast/fibroblast co-cultures, similarly to 

fibroblast recruitment into foetal limb muscles, although 
with no regionalisation and that the fibroblast-derived 
myonuclei are reprogrammed into the myogenic 
program.

BMP signalling regulates the incorporation of fibroblast 
nuclei into myotubes in cultures
BMP signalling has been shown to regulate fibroblast 
nucleus incorporation into myotubes preferentially at 
muscle tips during limb development consistent with 
active BMP signalling at muscle/tendon interface [18, 21]. 
BMP4 ligand was produced by tendon cells (visualized 
with BMP4 transcripts in tendons) (Fig. 4A, arrow), while 
BMP-responsive nuclei, visualized with pSMAD1/5/9, 
were located in tendon cells (Fig.  4B,B’, arrow) and in a 
subpopulation of myonuclei close to tendon, in chicken 
limb muscles (Fig.  4B,B’,C). The tip regionalisation of 
BMP-responsive nuclei observed in limb muscles was lost 
in myoblast cultures since pSMAD1/5/9 was observed in 
all myonuclei of cultured myotubes (Fig. 4D-D”). In order 
to assess the effect of BMP signalling in fibroblast nucleus 
incorporation into myotubes, we performed BMP gain-
and-loss of function experiments in chicken fibroblasts 
and then cultured them with quail myoblasts (Fig. 4E-J). 
Using the RCAS-BP(A) retroviral system, we were able 
to infect chicken fibroblasts and not quail myoblasts 
[27]. BMP gain-of-function experiments were performed 
with BMPR1Aca/RCAS and BMP4/RCAS [21], while 
BMP loss-of-function experiments were performed with 
BMPR1Adn/RCAS and NOGGIN/RCAS [3, 21]. The 
BMP-treated fibroblasts were then associated with quail 
myoblasts as co-cultures. When BMP signalling path-
way was up-regulated in chicken fibroblasts, an increase 
of fibroblast nucleus incorporation into myotubes was 
observed from 11.5% to 13.3% for BMPR1Aca and from 
11.5% to 14.3% for BMP4 (Fig.  4G), while the blockade 
of BMP signalling in fibroblasts decreased fibroblast 
nucleus incorporation into myotubes from 8% to 4.4% for 
BMPR1Adn and from 8% to 5.5% for NOGGIN (Fig. 4J). 
We did not observe any obvious regionalisation of 

(See figure on next page.)
Fig. 4  BMP signalling regulates the incorporation of fibroblast nuclei into myotubes. A Fluorescent in situ hybridization to longitudinal sections 
of limb muscles with BMP4 probe (red) followed by an immunohistochimistry with the MF20 antibody (myosins, green) combined with DAPI 
staining (nuclei, blue). B,B’ Immunohistochemistry to adjacent longitudinal sections of limb muscle sections with pSMAD1/5/9 (red) and MF20 
(myosins, green) antibodies combined with DAPI staining (nuclei, blue). C Immunohistochemistry to transverse sections of limb muscles 
with pSMAD1/5/9 (red) and MF20 (myosins, green) antibodies). D,D’,D” Immunohistochemistry to quail myoblast cultures with pSMAD1/5/9 (red), 
PAX7 (grey) and MF20 (myosins, green) antibodies combined with DAPI staining (nuclei, blue). E-J BMPR1Aca-transfected chicken fibroblasts 
(E), BMP4-transfected chicken fibroblasts (F), BMPR1Adn-transfected chicken fibroblasts (H) or NOGGIN-transfected chicken fibroblasts (I) were 
co-cultured with quail myoblasts; and labelled with the QCPN (quail nuclei, red), MF20 antibody (myosins, green) combined with DAPI staining 
(nuclei, blue). G Percentage of chicken fibroblast myonuclei within myotubes in control-, BMPR1Aca-, BMP4-transfected chicken fibroblasts cultured 
with quail myoblasts, (BMP gain-of-function experiments). J Percentage of chicken fibroblast myonuclei within myotubes in control-, BMPR1Adn-, 
NOGGIN-transfected chicken fibroblasts cultured with quail myoblasts, (BMP loss-of-function experiments). (G,J) Graphs shows mean ± s.d
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Fig. 4  (See legend on previous page.)
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fibroblast myonuclei along the myotubes in BMP treated 
co-cultures (Fig. 4E,F,H,I).

We conclude that BMP signalling regulate the incor-
poration of fibroblasts into myotubes in  vitro, as 
observed in limb muscles [18], although with no obvious 
regionalisation.

Genes expressed in tip myonuclei of limb muscles behave 
differently in cultured myotubes
BMP-responsive myonuclei lost their tip regionalisation 
in cultured myotubes (Fig. 4); this prompted us to analyse 
in a dish, the expression of genes known to be expressed 
in tip myonuclei of limb muscles. We first analysed the 
expression of the main MTJ marker, COL22A1 [10, 11] 
with that of the secreted factor, FGF4 also expressed in 

tip myonuclei of developing chicken muscles [20]. Con-
sistent with these studies, COL22A1 and FGF4 tran-
scripts were located in myonuclei at muscle ends close 
to tendons visualized with SCX expression on trans-
verse and longitudinal muscle sections of E10 chicken 
limbs (Fig. 5A-F). The expression of COL22A1 and FGF4 
was lost in chicken cultured myotubes (Fig.  5G-H). No 
COL22A1 expression was observed in quail cultured 
myotubes (Fig.  5I), while being expressed in tip myo-
nuclei of quail limb muscles (Fig. S4). The presence of 
chicken fibroblasts did not induce COL22A1 expression 
in quail myotubes in co-culture experiments (Fig. 5I,J).

We next analysed the expression of three other 
genes in cultured myotubes, genes identified as being 
expressed in the tip domains of muscles and involved 

Fig. 5  The COL22A1 and FGF4 expression in tip myonuclei of limb muscles is lost in cultured myotubes. A-F Gene expression for muscle tip genes 
(COL22A1, FGF4) and tendon gene (SCX) in adjacent transverse (A-C) and longitudinal (D-F) muscle sections from E10 chicken limbs with fluorescent 
in situ hybridization with COL22A1 (A,D), FGF4 (B,E) and SCX (C,F) probes (red), followed by an immunohistochemistry with the MF20 antibody 
to label myosins (green) combined with DAPI staining (blue). Arrows point to tendons and muscle/tendon interface. G-J Fluorescent in situ 
hybridization to chicken myoblast cultures (G,H), quail myoblast cultures (I) and quail myoblast / chicken fibroblast co-cultures (J) with COL22A1 
(G,I,J) and FGF4 (H) probes (red) followed by an immunolabelling of myosins (green) combined with DAPI staining (nuclei, blue)
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in the skeletal muscle program. NES, coding for the 
cytoskeletal intermediate filament Nestin, contributes 
to skeletal muscle homeostasis and regeneration in 
mice [33]; Nestin being located at muscle tips in limb 
muscles of newborn mice and adult rats [34, 35]. The 
Nestin protein has been shown recently to be accumu-
lated at the myotendinous junction in human and horse 
muscles [36]. ANKRD1 (ANKyrin repeat Domain 1) 
coding for a muscle-ankyrin repeat protein has been 
described as being expressed in tip myonuclei during 
chicken foetal development [6] and is a marker of the 
MTJ Col22a1 + nucleus cluster of adult mouse mus-
cles [15]. MEF2C (Myocyte enhancer factor 2C) codes 
for a transcription factor at the crossroad of transcrip-
tional regulations in the skeletal muscle program dur-
ing muscle development, homeostasis and regeneration 
[37]. MEF2C labels the muscle/tendon interface in axial 
somites during larval Xenopus development [38] and 
zebrafish development [39]. NES, ANKRD1 and MEF2C 
transcripts were regionalized in tip myonuclei of foetal 

limb muscles of chicken embryos (Fig. 6A-C), close to 
SCX transcripts in tendon (Fig.  6D). NES transcripts 
were also regionalized in tip myonuclei of limb muscles 
of quail embryos (Fig. S4). In contrast to COL22A1 and 
FGF4, the 3 tip genes, NES, ANKRD1, MEF2C, were 
expressed in cultured myotubes and displayed a region-
alized expression pattern at myotube tips, while MYOG 
was distributed along myotubes (Fig.  6E-H). The per-
centages of myotubes displaying NES (83%), ANKRD1 
(80%) and MEF2C (67%) expression were similar for 
the three genes. An interesting point is that these three 
genes were located in zones of low myosin expression, 
while MYOG transcripts were located in zones of myo-
sin expression in cultured myotubes (Fig. 6E’-H’).

In order to assess if the presence of fibroblasts 
affects the regionalisation of tip genes in myo-
tubes, we analyse the expression of NES, ANKRD1 
and MEF2C in co-culture experiments with quail 
myoblasts and chicken fibroblasts. The presence 
of fibroblasts did not modify the tip expression of 

Fig. 6  The regionalized expression of NES, ANKRD1 and MEF2C in tip myonuclei of limb muscles is maintained in cultured myotubes. A-D Gene 
expression for muscle tip genes (NES, ANKRD1, MEF2C) and tendon gene (SCX) in transverse muscle sections from E10 chicken limbs with fluorescent 
in situ hybridization for NES probe (A) and with colorimetric in situ hybridization for ANKRD1 (B), MEF2C (C) and SCX (D) probes (dark grey), followed 
by an immunohistochemistry with the MF20 antibody to label myosins (green). E Fluorescent in situ hybridization to quail myoblast cultures 
with NES probe (red) followed by an immunolabelling of myosins (green) combined with DAPI staining (nuclei, blue). F-G Fluorescent in situ 
hybridization to chicken myoblast cultures with ANKRD1 (F), MEF2C (G), MYOG (H) probes (red) followed by an immunolabelling of myosins (green) 
combined with DAPI staining (nuclei, blue). E’-H’ are high magnifications of squared areas in (E–H). Arrows point to NES (E’), ANKRD1 (F’) and MEF2C 
(G’) expression at myotube tips in low myosins-expressing zones, while MYOG transcripts (F’) are expressed in myosins-positive zones
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NES, ANKRD1 and MEF2C transcripts in cultured 
myotubes (Fig.  7A-C). Thanks to the quail/chicken 
system, we could assess NES expression in fibroblast-
derived myonuclei. The fibroblast-derived myonu-
clei did or did not express NES, consistent with the 
absence of regionalization of fibroblast recruitment 
and the persistent NES expression in myotube tips of 
co-cultures (Fig. 7D,D’,E, F-F”).

We conclude that the tip markers display three types of 
behaviours in cultured myotubes: loss of regionalisation 
(pSMAD1/5/9), loss of expression (COL22A1, FGF4), or 
maintenance of regionalized expression (NES, ANKRD1, 
MEF2C). The presence of fibroblasts does not modify the 
expression pattern of tip markers in cultured myotubes.

Inhibition of muscle contraction affects gene expression 
in tip myonuclei of limb muscles
Mechanical parameters are recognized to be an impor-
tant regulator of the musculoskeletal system [8]. Mus-
cle contractions have been shown to regulate the steps 
of the muscle program during foetal myogenesis [6, 23]. 
The absence of muscle contraction reduces the pool of 
muscle progenitors, while increasing their propensity to 
differentiate and fuse during foetal myogenesis. In order 
to assess the behaviour of genes expressed in tip myo-
nuclei in absence of mechanical signals, we analysed the 
expression of tip genes in an unloading model during foe-
tal myogenesis. We used the decamethonium bromide 
(DMB), which blocks muscle contractions and leads to 
limb muscle paralysis [40]. Two days after the inhibition 

Fig. 7  The regionalized expression of NES, ANKRD1 and MEF2C in cultured myotubes is not changed in the presence of fibroblasts. A-C Fluorescent 
in situ hybridization to quail myoblast / chicken fibroblast co-cultures with the NES (A), ANKRD1 (B) and MEF2C (C) probes (red), followed 
by an immunohistochemistry with the MF20 antibody to label myosins (green) combined with DAPI staining (blue). D,D’ High magnification 
of the area squared in A, showing in the top panel, (NES transcripts, red, myosins, green) and DAPI staining, blue) combined with immunolabelling 
of quail nuclei (grey) (D), and in the bottom panel, immunolabelling of quail nuclei (grey) combined with DAPI staining, (blue) (D’). Arrowheads 
point to chicken fibroblast myonuclei expressing NES, while arrows point to point to chicken fibroblast myonuclei not expressing NES. E Fluorescent 
in situ hybridization to quail myoblast / chicken fibroblast co-cultures with NES probes (red) followed by an immunolabelling of myosins (green) 
and of quail nuclei (grey), combined with DAPI staining (nuclei, blue). F,F’,F” High magnification of the area squared in E, showing NES transcripts, 
(red), myosins, (green) and DAPI staining (blue) combined with immunolabelling of quail nuclei (grey) (F), showing myosins, (green) and DAPI 
staining (blue) combined with immunolabelling of quail nuclei (grey) (F’) and showing NES transcripts, (red), DAPI staining (blue) combined 
with immunolabelling of quail nuclei (grey) (F”). (F,F’,F”) Arrows points to a chicken fibroblast myonuclei with low/residual levels of NES incorporated 
into a quail myotube
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of muscle contraction, the expression of COL22A1 and 
FGF4 was lost in limb muscles (Fig.  8A-D), reminis-
cent of the loss of COL22A1 and FGF4 expression in 
myotube cultures (Fig.  5G-I). The regionalisation of 
pSMAD1/5/9 in tip myonuclei in foetal limbs was lost in 
limbs of immobilized embryos (Fig. S5); reminiscent of 
pSMAD1/5/9 location in all myonuclei of cultured myo-
tubes (Fig.  4D-D’’). Lastly, the regionalised expression 
of NES was maintained in limb muscles in the absence 
of muscle contraction (Fig. 8E,E’,F,F’), reminiscent of the 
regionalized expression of NES in cultured myotubes 
(Fig.  6E,E’), while the expression of ANKRD1 [6] and 
MEF2C (Fig. S6) was lost in limbs immobilized embryos.

We conclude that the mechanical signals affect the 
molecular heterogeneity of myonuclei in limb foetal 
muscles.

Discussion
Myonucleus heterogeneity is altered in a dish and para-
lyzed limb muscles versus (motile) limb muscles. This 
shows the requirement of 3D-environment and muscle 
contraction for myonucleus heterogeneity. The different 
behaviours of regionalised markers in the absence of 3D 
and mechanical environments also allow us to speculate 
whether the genes intervene in myogenesis, myotube 
attachment or MTJ formation.

The regionalisation of myonuclei within myotubes 
is dependent of 3D environment and muscle contraction
Cellular heterogeneity of myonuclei is assessed with the 
regionalization of myoblast fusion in the middle and 
fibroblast incorporation at the tips during muscle devel-
opment. The regionalized expression of the fusion asso-
ciated genes, TMEM8C and MYOG in limb muscles is 
indicative of a preferential location of myoblast fusion 
in central domains of limb foetal muscles [23]. The cen-
tral regionalisation of TMEM8C and MYOG transcripts 
along myotubes was not observed in cultures (Fig. 1, Fig. 
S1). This indicates that the regionalisation of TMEM8C-
dependent myoblast fusion is dependent of a 3D-envi-
ronment not present in a dish. The presence of fibroblasts 
in co-culture experiments did not change the absence of 
regionalization of the fusion genes along myotubes, but 

increased myoblast fusion (Fig.  2J,K). Interestingly, the 
absence of muscle contraction also leads to an increase 
of myoblast fusion and to a loss of TMEM8C and MYOG 
regionalized expression in paralyzed limb muscles [6, 
23]. It was recently shown that TGFβ inhibition pro-
motes myoblast fusion in vivo and in vitro [41]. Although 
TGFβ ligands are expressed in limb muscles with no clear 
specific regionalisation [7], we cannot exclude a region-
alization of TGFβ activity within muscles using the heter-
odimer receptor complementation mechanism [41].

In addition to be supportive actors of myogenesis, 
fibroblasts contribute to myotube formation. A con-
tribution of fibroblast nuclei to myotubes has been 
recently highlighted during myogenesis during foe-
tal development and postnatal life [18, 19, 42, 43]. We 
recapitulated the incorporation of fibroblast nuclei 
into myotubes in avian co-culture experiments; con-
sistent with the incorporation of Prrx1 lineage into 
myotubes in mouse co-culture experiments [19]. This 
indicates that fibroblast incorporation into myotubes 
is a robust phenomenon independent of any 3D-envi-
ronment. Fibroblast nuclei incorporate myotubes at a 
ratio of about 12% of all myonuclei in avian co-culture 
experiments. This is very similar to the ratio observed in 
developing chicken and mouse limb muscles [18]. The 
fact that fibroblast myonuclei expressed the TMEM8C 
and MYOG genes (Fig.  3E,F) suggests that fibroblast 
myonuclei are reprogrammed into the myogenic pro-
gram. In contrast to limb muscles, the incorporation 
of fibroblast nuclei was not regionalized in cultured 
myotubes and BMP signalling was active in all myonu-
clei of cultured myotubes. As in foetal limb muscles, 
BMP signalling regulates the incorporation of fibro-
blast nuclei in co-culture experiments (Fig. 4). There is a 
striking correlation between active BMP signalling and 
fibroblast incorporation, with no regionalisation along 
myotubes in culture experiments and regionalisation 
at the tips of myotubes within foetal muscles, strength-
ening BMP function in the incorporation of nuclei of 
fibroblast origin into myotubes in vitro and in vivo. The 
regionalisation of BMP signalling was lost in paralyzed 
muscles, indicating a requirement of mechanical input 
for fibroblast incorporation in foetal limbs.

(See figure on next page.)
Fig. 8  Inhibition of muscle contraction modified the expression of genes expressed in tip myonuclei of foetal muscles. Chicken embryos were 
treated with DMB at E7.5 to block muscle contraction and analysed 48 h after treatment at E9.5 (N = 3). A-D In situ hybridization to transverse limbs 
sections at the level of the zeugopod of control (A,C) and DMB-treated (B,D) E9.5 chicken embryos, with COL22A1 (A,B) and FGF4 (C,D) probes (blue) 
followed by immunostaining with the MF20 antibody to label myosins (light brown). The expression of COL22A1 and FGF4 was lost in paralyzed 
muscles (B,D) compared to control muscles (A,C). Note that COL22A1 expression is maintained in cartilage and perichondrium in paralyzed 
limbs (B) as in control limbs (A). E, E’, F,F’ Fluorescent situ hybridization to transverse limbs sections at the level of the zeugopod of control (E,E’) 
or DMB-treated (F,F’) E9.5 chicken embryos, with NES probe (red) followed by immunostaining with the MF20 antibody to label myosins (green) 
and stained with DAPI (blue). (E’,F’) are high magnification of the FCU muscles of E (control) and F (DMB-treated) limbs. u, ulna, r, radius
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We conclude that the regionalisation of fibroblast myo-
nuclei within myotubes was not observed in 2D-culture 
systems and paralysed limb muscles.

MTJ myonuclei lose their molecular signature in 2D‑culture 
systems and immobilisation conditions
COL22A1 the recognized marker of MTJ myonuclei, 
involved in MTJ formation and homeostasis [11, 14] is 
a powerful proxy for the MTJ. COL22A1 expression was 
not observed in cultured myotubes and not induced in 
myonuclei of myoblast/fibroblast co-cultures, indicative 
of an absence of MTJ in 2D-culture systems. COL22A1 
was also lost in tip myonuclei of foetal limb muscles of 
immobilized embryos. The similar absence of FGF4 
expression in cultured myotubes and paralyzed muscles 
is consistent with the identified function for FGF4 to 
regulate the expression of tendon collagen genes down-
stream of mechanical forces [7, 20]. Based on COL22A1 
and FGF4 behaviour in paralyzed limbs and culture sys-
tems, we conclude that 3D-environment and muscle 
contraction are required to generate a muscle/tendon 
interface at the origin of MTJ. This is consistent with the 
requirement of muscle contraction for MTJ formation in 
mice [44]. We speculate that a 2D- or 3D-environment 
with controlled mechanical parameters will be more suit-
able to engineer a muscle/tendon interface that resemble 
to MTJ.

Genes that maintain expression in tip myonuclei 
in cultured myotubes are linked to sarcomeres
In addition to COL22A1, which has a recognized function 
in MTJ formation, we identified other genes expressed in 
tip myonuclei during foetal myogenesis. We identified 
three tip markers (MEF2C, ANKRD1, NES) of limb foe-
tal muscles, which kept their regionalized tip expression 
in cultured myotubes. In contrast to the COL22A1 MTJ 
marker, the expression of these genes is independent of 
a 3D-environment. The proteins coded by these three 
genes are a priori unrelated in term of structure, one 
transcription factor (MEF2C), one thick-filament-binding 
protein shuttling from cytoplasm to nucleus (ANKRD1), 
and one intermediate filament (Nestin). However, these 
three proteins have in common being linked to sarcom-
eric proteins in muscle fibres. MEF2C has been shown to 
be required for the assembly of myosin-containing thick 
filaments in nascent muscle fibres [45]. ANKRD1 acts as 
a junctional adhesion protein maintaining the integrity 
of striated muscle sarcomeres through its connection 
with two myofilaments: titin and myopalladin [46–48]. 
Lastly, Nestin location is modified in a defective myofibril 
assembly mouse model [35]. Interestingly, the enzyme 

LoxL3, expressed in tip myonuclei in limb muscles and 
cultured myotubes, is involved in the anchoring of myo-
tubes to tendon matrix at the MTJ in mice [49]. We spec-
ulate that the tip genes that maintain their expression 
in a dish could be involved in the process of attachment 
of myotubes to the culture dish. Because culture plates 
have been plated with gelatin (a denatured collagen), it is 
tempting to speculate that during development these tips 
genes are the bridging link in the attachment of sarcom-
eres at myotube tips to matrix components produced by 
tendon fibroblasts in limb muscles.

In addition to being linked to sarcomeric proteins of 
skeletal muscles, ANKRD1and MEF2C are also linked 
to mechanical stress inherent to sarcomere contractile 
function. ANKRD1 functions as a mechano-sensing pro-
tein along the titin protein for skeletal muscle remodel-
ling [50] and regulates passive forces by locking titin to 
thin filaments, protecting sarcomere from mechanical 
damage [51]. MEF2C translation has been shown to be 
controlled by muscle activity to regulate myofibrillogen-
esis [39]. Consistent with this mechano-sensing func-
tion, the ANKRD1 and MEF2C expression is lost in 
paralysed muscles of immobilized embryos [6] (Fig. S6). 
The maintenance of ANKRD1 and MEF2C expression 
in tips of cultured myotubes can be explained by their 
additional functions in physical attachment of myotubes 
to the culture dish. In contrast to ANKRD1 and MEF2C, 
the regionalized expression of NES was still observed in 
paralyzed muscles, suggesting an expression independ-
ent of the loss of mechanical signals during foetal myo-
genesis. However, the NES mRNA levels were increased 
at the MTJ after exercise, while those of COL22A1 were 
unaffected in human mature MTJ [52]. The NES mRNA 
level increase after exercise is to be related to the increase 
of sarcolema length at the MTJ in rat muscles in trained 
conditions [53, 54].

Conclusion
In the absence of 3D-environment (in a dish) and mus-
cle contraction, we observed different types of behav-
iour for the regionalized markers of myonuclei. These 
different behaviours provide us with clues to speculate 
on gene functions. A first behaviour was the absence 
of regionalisation of myonucleus markers in a dish and 
paralysed limbs. This concerns the fusion-associated 
genes, TMEM8C, MYOG, and the regulator of fibroblast 
incorporation, pSMAD1/5/8. Because these regionalized 
markers are linked to cellular heterogeneity, i.e. myoblast 
fusion in the middle domain and fibroblast incorpora-
tion in the tip domains, we conclude that the regionaliza-
tion of cellular heterogeneity of myonuclei is dependent 
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on a 3D-environment. A second behaviour was a com-
plete loss of gene expression in cultured myotubes and 
paralyzed muscles for the MTJ markers, COL22A1 and 
FGF4, assessing the absence of MTJ in 2D culture sys-
tems (Fig.  9). A third behaviour was the maintenance 
of regionalized expression in tip myonuclei of cultured 
myotubes with the intermediary filament nestin (NES), 
the thick-filament-binding protein, ANKRD1 and the 
transcription factor MEF2C (regulating thin filament 
transcription) (Fig.  9). The common denominators of 
these tip genes may reflect a function in myotube attach-
ment to matrix.

These results highlight the importance of 3D-environ-
ment and muscle contraction for the molecular and cel-
lular heterogeneity of myonuclei and shed light about the 
relevance of this heterogeneity for myogenesis, myotube 
attachment and/or MTJ formation.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13395-​024-​00359-x.

Supplementary Material 1: Figure S1. Expression of fusion-associated 
genes in limbs and cultured myotubes. (A-D) Fluorescent in situ hybridiza-
tion to adjacent limb muscle sections from E10 chicken embryos with 
TMEM8C (A), MYOG (B), MYOD (C) and SCX (D) probes (red), followed by 
an immunolabelling of myosins (green) (A,B,C), combined with DAPI stain-
ing (nuclei, blue). (A-D) Panels are the same panels shown in (Fig. 1A,D), 
with different channels. (E-J) Fluorescent in situ hybridization to quail 
myoblast cultures with TMEM8C (E), MYOG (F) and MYOD (G) probes 
(red) combined with DAPI staining (nuclei, blue). (H-J) Fluorescent in situ 
hybridization to chicken myoblast cultures with TMEM8C (H), MYOG (I) 
and MYOD (J) probes (red) combined with DAPI staining (nuclei, blue). 
(H’-J’) are high magnification of squared regions in (H-J). Panels (E-J’) are 
the same panels shown in (Fig. 1H-M’), without myosin labelling. (K-M) 
Percentage of TMEM8C-, MYOG-, MYOD- positive myonuclei among total 
myonuclei in chicken and quail myoblast monoculture. Figure S2. Primary 
cultures of limb fibroblasts from E10 chicken embryos. (A,B) Representa-
tive fields of fibroblasts labelled with PAX7 antibody (green, A) or with 
MYOG antibody (green, B) combined with Phalloidin (red) and DAPI (Blue) 

Fig. 9  Schematic of molecular and cellular heterogeneity of myonuclei in a dish. In foetal limb muscles, COL22A1, FGF4, NES, ANKRD1 and MEF2C 
transcripts are located in tip myonuclei. In a dish, the expression of COL22A1 and FGF4 is lost, while the expression of NES, ANKRD1 and MEF2C 
is maintained in tips of cultured foetal myotubes. In limb muscles, fibroblast incorporation is observed preferentially at muscle tips, while there 
is no regionalisation of fibroblast incorporation in myotubes in fibroblast/myoblast co-cultures. Myotubes are in pink and tendons in green. Tip 
gene expression is schematized in purple. Myoblast nuclei and myonuclei are in red and fibroblast nuclei are in green
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staining. (C,C’) Representative fields of fibroblasts labelled with SMA 
antibody (green) combined with DAPI (Blue) staining (C), or with SMA 
antibody (green) combined with Phalloidin (red) (C’). (D,E,F) Representa-
tive fields of fibroblasts labelled with fluorescent in situ hybridization to 
COL12A1 (D), SCX (E) or TNMD (F) probes (red). (D-F) Note the nuclear 
location of SCX transcripts (E) and the cytoplasmic location of COL12A1 (D) 
and TNMD (F)transcripts in fibroblasts. Figure S3. Human myoblast / fibro-
blast co-cultures (A,A’,A”) Cultures of human myoblasts immunolabelled 
with the LaminA antibody (red) and the MF20 antibody to label myosins, 
combined with DAPI staining to label nuclei (blue). Panel A shows LaminA 
(red), myosin (green) and DAPI (blue) staining. Panel A’ shows LaminA 
(red) and myosin (green) staining. Panel A” is a high magnification of 
squared in (A,A’). (B,B’,B”) Co-cultures of human myoblasts and mouse 
C2C12 myoblasts immunolabelled with the LaminA antibody (red) and 
the MF20 antibody to label myosins, combined with DAPI staining to label 
nuclei (blue). Panel B shows LaminA (red), myosin (green) and DAPI (blue) 
staining. Panel B’ shows LaminA (red) and myosin (green) staining. Panel 
B” is a high magnification squared in (B,B’). Arrows point to mouse C12C12 
myonuclei, LaminA negative myonuclei (blue). (C,C’,C”) Co-cultures of 
human myoblasts and mouse C3H10T/1/2 fibroblasts immunolabelled 
with the LaminA antibody (red) and the MF20 antibody to label myosins, 
combined with DAPI staining to label nuclei (blue). Panel C shows LaminA 
(red), myosin (green) and DAPI (blue) staining. Panel C’ shows LaminA 
(red) and myosin (green) staining. Panel C” is a high magnification squared 
in (C,C’). Arrows point to a fibroblast myonucleus, LaminA negative 
myonuclei (blue). (D,D’,D”) Co-cultures of human myoblasts and chicken 
fibroblasts immunolabelled with the LaminA antibody (red) and the MF20 
antibody to label myosins, combined with DAPI staining to label nuclei 
(blue). Panel D shows LaminA (red), myosin (green) and DAPI (blue) stain-
ing. Panel D’ shows LaminA (red) and myosin (green) staining. Panel D” is 
a high magnification squared in (D,D’). (E,F,G,H) show the fusion index of 
human myoblasts in mono-cultures (E), of human myoblasts and mouse 
C2C12 cells in human myoblasts/ mouse C2C12 co-cultures (F), of human 
myoblasts in human myoblast / mouse C3H10T1/2 co-cultures (G) and of 
human myoblasts in human myoblasts / chicken fibroblasts co-cultures 
(H). Figure S4. Tip gene expression in quail limbs. (A,A’) Fluorescent in situ 
hybridization to transverse limb sections of E10 quail embryos with the 
COL22A1 probe (red), followed by an immunohistochemistry with the 
MF20 antibody to label myosins (green), combined with DAPI stain-
ing (blue). A’ is the same photograph as A and shows the COL22A1 and 
DAPI staining. (B,B’) Fluorescent in situ hybridization to transverse limb 
sections of E10 quail embryos with the NES probe (red), followed by an 
immunohistochemistry with the MF20 antibody to label myosins (green), 
combined with DAPI staining (blue). B’ is the same photograph as B and 
shows the NES and DAPI staining. Figure S5. BMP signalling in limbs in the 
absence of muscle contraction. (A,B) In situ hybridization to transverse 
limbs sections with BMP4 (blue) followed by immunostaining with the 
MF20 antibody to label myosins (light brown) for control (A, N=3) and 
DMB-treated limbs treated for 48 hours (B, N=3). BMP4-tendon expres-
sion is downregulated in paralyzed muscles (A,B). (C,C’,D,D’) Transverse 
muscle sections were immunostained with the pSMAD1/5/9 antibody 
(red), the MF20 antibody to label myosins (green) and stained with DAPI 
to visualized nuclei (blue) in control (N=3, C,C’) and DMB-treated limbs 
for 48 hours (N=3, D,D’). White dashed lines delineate muscles. (E,E’,F,F’) 
Transverse muscle sections were immunostained with the pSMAD1/5/9 
antibody (red), the MF20 antibody to label myosins (green) and stained 
with DAPI to visualized nuclei (blue) in control (N=3, E,E’) and DMB-treated 
limbs for 24 hours (N=3, F,F’). Figure S6. MEF2C expression in the absence 
of muscle contraction. (A,B) Colorimetric in situ hybridization to transverse 
(A) and longitudinal (B) limb sections with MEF2C probe (blue) followed 
with immunostaining with the MF20 antibody (light brown) of E8.5 and 
E9.5 chicken embryos. (C,C’,D,D’) Fluorescent in situ hybridization to trans-
verse muscle sections with MEF2C (red) followed by immunostaining with 
the MF20 antibody to label myosins (green) and stained for DAPI (blue) for 
control limbs (N=3, C,C’) and DMB-treated limbs for 48 hours (N=3, D,D’). 
(C,D) show the MEF2C/Myosins/DAPI staining. (C’,D’) show the same sec-
tions (C,D) with MEF2C only-staining. (C’,D’) The white dashed lines deline-
ate muscle shapes. u ulna, r, radius. (C,C’,D,D’) Arrows point to tip MEF2C 
expression in control muscles (C,C’) and to loss of MEF2C expression (D,D’) 
in paralyzed muscles.
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Biologie Paris Seine, CNRS, Inserm U1156, Paris 75005, France. 2 University 
Paris Est Creteil, Inserm, EnvA, EFS, AP-HP, IRMB, Creteil 94010, France. 3 UMR 
CNRS 7338 Biomechanics & Bioengineering, Université de Technologie de 
Compiègne, Sorbonne Universités, Compiegne 60203, France. 

Received: 12 July 2024   Accepted: 31 October 2024

References
	1.	 Chevallier A, Kieny M, Mauger A. Limb-somite relationship: origin of the 

limb musculature. J Embryol Exp Morphol. 1977;41:245–58.
	2.	 Christ B, Jacob HJ, Jacob M. Experimental analysis of the origin 

of the wing musculature in avian embryos. Anat Embryol (Berl). 
1977;150:171–86.

	3.	 Nassari S, Duprez D, Fournier-Thibault C. Non-myogenic Contribution to 
Muscle Development and Homeostasis: The Role of Connective Tissues. 
Front Cell Dev Biol. 2017;5:22.

	4.	 Helmbacher F, Stricker S. Tissue cross talks governing limb muscle devel-
opment and regeneration. Semin Cell Dev Biol. 2020;104:14–30.

	5.	 Kardon G. Muscle and tendon morphogenesis in the avian hind limb. 
Development. 1998;125:4019–32.

	6.	 Esteves de Lima J, Bonnin M-A, Birchmeier C, Duprez D. Muscle contrac-
tion is required to maintain the pool of muscle progenitors via YAP 
and NOTCH during fetal myogenesis. Buckingham M, editor. eLife. 
2016;5:e15593.

	7.	 Havis E, Bonnin M-A, Esteves de Lima J, Charvet B, Milet C, Duprez D. TGFβ 
and FGF promote tendon progenitor fate and act downstream of muscle 
contraction to regulate tendon differentiation during chick limb develop-
ment. Development. 2016;143:3839–51.

	8.	 Felsenthal N, Zelzer E. Mechanical regulation of musculoskeletal system 
development. Development. 2017;144:4271–83.

	9.	 Murphy P, Rolfe RA. Building a Co-ordinated Musculoskeletal System: The 
Plasticity of the Developing Skeleton in Response to Muscle Contractions. 
Adv Anat Embryol Cell Biol. 2023;236:81–110.

	10.	 Koch M, Schulze J, Hansen U, Ashwodt T, Keene DR, Brunken WJ, 
et al. A Novel Marker of Tissue Junctions. Collagen XXII J Biol Chem. 
2004;279:22514–21.



Page 20 of 21Nicolas et al. Skeletal Muscle           (2024) 14:27 

	11.	 Charvet B, Guiraud A, Malbouyres M, Zwolanek D, Guillon E, Bretaud 
S, et al. Knockdown of col22a1 gene in zebrafish induces a muscular 
dystrophy by disruption of the myotendinous junction. Development. 
2013;140:4602–13.

	12.	 Karlsen A, Gonzalez-Franquesa A, Jakobsen JR, Krogsgaard MR, Koch M, 
Kjaer M, et al. The proteomic profile of the human myotendinous junc-
tion. iScience. 2022;25:103836.

	13.	 Karlsen A, Yeung C-YC, Schjerling P, Denz L, Hoegsbjerg C, Jakobsen 
JR, et al. Distinct myofibre domains of the human myotendinous 
junction revealed by single-nucleus RNA sequencing. J Cell Sci. 
2023;136:jcs260913.

	14.	 Malbouyres M, Guiraud A, Lefrançois C, Salamito M, Nauroy P, Bernard L, 
et al. Lack of the myotendinous junction marker col22a1 results in pos-
ture and locomotion disabilities in zebrafish. Matrix Biol. 2022;109:1–18.

	15.	 Dos Santos M, Backer S, Saintpierre B, Izac B, Andrieu M, Letourneur F, 
et al. Single-nucleus RNA-seq and FISH identify coordinated transcrip-
tional activity in mammalian myofibers. Nat Commun. 2020;11:5102.

	16.	 Kim M, Franke V, Brandt B, Lowenstein ED, Schöwel V, Spuler S, et al. 
Single-nucleus transcriptomics reveals functional compartmentalization 
in syncytial skeletal muscle cells. Nat Commun. 2020;11:6375.

	17.	 Petrany MJ, Swoboda CO, Sun C, Chetal K, Chen X, Weirauch MT, et al. 
Single-nucleus RNA-seq identifies transcriptional heterogeneity in multi-
nucleated skeletal myofibers. Nat Commun. 2020;11:6374.

	18.	 Esteves de Lima J, Blavet C, Bonnin M-A, Hirsinger E, Comai G, Yver-
nogeau L, et al. Unexpected contribution of fibroblasts to muscle 
lineage as a mechanism for limb muscle patterning. Nat Commun. 
2021;12:3851.

	19.	 Yaseen W, Kraft-Sheleg O, Zaffryar-Eilot S, Melamed S, Sun C, Millay DP, 
et al. Fibroblast fusion to the muscle fiber regulates myotendinous junc-
tion formation. Nat Commun. 2021;12:3852.

	20.	 Edom-Vovard F, Schuler B, Bonnin M-A, Teillet M-A, Duprez D. Fgf4 Posi-
tively Regulates scleraxis and Tenascin Expression in Chick Limb Tendons. 
Dev Biol. 2002;247:351–66.

	21.	 Wang H, Noulet F, Edom-Vovard F, Tozer S, Le Grand F, Duprez D. Bmp 
signaling at the tips of skeletal muscles regulates the number of fetal 
muscle progenitors and satellite cells during development. Dev Cell. 
2010;18:643–54.

	22.	 Ohkawara B, Kurokawa M, Kanai A, Imamura K, Chen G, Zhang R, et al. 
Transcriptome profile of subsynaptic myonuclei at the neuromuscular 
junction in embryogenesis. J Neurochem. 2024;168:342–54.

	23.	 Esteves de Lima J, Blavet C, Bonnin M-A, Hirsinger E, Havis E, Relaix F, 
et al. TMEM8C-mediated fusion is regionalized and regulated by NOTCH 
signalling during foetal myogenesis. Development. 2022;149:dev199928.

	24.	 Edom-Vovard F, Duprez D. Signals regulating tendon formation during 
chick embryonic development. Dev Dyn. 2004;229:449–57.

	25.	 Asfour H, Hirsinger E, Rouco R, Zarrouki F, Hayashi S, Swist S, et al. Inhibi-
tory SMAD6 interferes with BMP-dependent generation of muscle pro-
genitor cells and perturbs proximodistal pattern of murine limb muscles. 
Development. 2023;150:dev201504.

	26.	 Reznikoff CA, Brankow DW, Heidelberger C. Establishment and char-
acterization of a cloned line of C3H mouse embryo cells sensitive to 
postconfluence inhibition of division. Cancer Res. 1973;33:3231–8.

	27.	 Hughes SH. The RCAS vector system. Folia Biol (Praha). 2004;50:107–19.
	28.	 Bonnet A, Dai F, Brand-Saberi B, Duprez D. Vestigial-like 2 acts down-

stream of MyoD activation and is associated with skeletal muscle dif-
ferentiation in chick myogenesis. Mech Dev. 2010;127:120–36.

	29.	 Wilmerding A, Bouteille L, Rinaldi L, Caruso N, Graba Y, Delfini M-C. HOXB8 
Counteracts MAPK/ERK Oncogenic Signaling in a Chicken Embryo Model 
of Neoplasia. Int J Mol Sci. 2021;22:8911.

	30.	 Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of 
image analysis. Nat Methods. 2012;9:671–5.

	31.	 Mackey AL, Magnan M, Chazaud B, Kjaer M. Human skeletal muscle fibro-
blasts stimulate in vitro myogenesis and in vivo muscle regeneration. J 
Physiol. 2017;595:5115–27.

	32.	 Hirsinger E, Blavet C, Bonnin M-A, Bellenger L, Gharsalli T, Duprez D. Limb 
connective tissue is organized in a continuum of promiscuous fibroblast 
identities during development. iScience; 2024; 27:7;110305.

	33.	 Lindqvist J, Torvaldson E, Gullmets J, Karvonen H, Nagy A, Taimen P, et al. 
Nestin contributes to skeletal muscle homeostasis and regeneration. J 
Cell Sci. 2017;130:2833–42.

	34.	 Vaittinen S, Lukka R, Sahlgren C, Hurme T, Rantanen J, Lendahl U, et al. The 
expression of intermediate filament protein nestin as related to vimentin 
and desmin in regenerating skeletal muscle. J Neuropathol Exp Neurol. 
2001;60:588–97.

	35.	 Wang Z, Cui J, Wong WM, Li X, Xue W, Lin R, et al. Kif5b controls the 
localization of myofibril components for their assembly and linkage to 
the myotendinous junctions. Development. 2013;140:617–26.

	36.	 Jakobsen JR, Schjerling P, Svensson RB, Buhl R, Carstensen H, Koch M, 
et al. RNA sequencing and immunofluorescence of the myotendinous 
junction of mature horses and humans. Am J Physiol Cell Physiol. 
2021;321:C453–70.

	37.	 Black BL, Olson EN. Transcriptional control of muscle development by 
myocyte enhancer factor-2 (MEF2) proteins. Annu Rev Cell Dev Biol. 
1998;14:167–96.

	38.	 della Gaspera B, Armand A-S, Sequeira I, Lecolle S, Gallien CL, Char-
bonnier F, et al. The Xenopus MEF2 gene family: evidence of a role for 
XMEF2C in larval tendon development. Dev Biol. 2009;328:392–402.

	39.	 Yogev O, Williams VC, Hinits Y, Hughes SM. eIF4EBP3L acts as a gatekeeper 
of TORC1 in activity-dependent muscle growth by specifically regulating 
Mef2ca translational initiation. PLoS Biol. 2013;11: e1001679.

	40.	 Nowlan NC, Sharpe J, Roddy KA, Prendergast PJ, Murphy P. Mechanobiol-
ogy of embryonic skeletal development: Insights from animal models. 
Birth Defects Res C Embryo Today. 2010;90:203–13.

	41.	 Melendez J, Sieiro D, Salgado D, Morin V, Dejardin M-J, Zhou C, et al. TGFβ 
signalling acts as a molecular brake of myoblast fusion. Nat Commun. 
2021;12:749.

	42.	 Yan R, Zhang H, Ma Y, Lin R, Zhou B, Zhang T, et al. Discovery of Muscle-
Tendon Progenitor Subpopulation in Human Myotendinous Junction at 
Single-Cell Resolution. Research. 2022;2022:1–16.

	43.	 Flynn CGK, Ginkel PRV, Hubert KA, Guo Q, Hrycaj SM, McDermott AE, et al. 
Hox11-expressing interstitial cells contribute to adult skeletal muscle at 
homeostasis. Development. 2023;150:dev201026.

	44.	 Lipp SN, Jacobson KR, Colling HA, Tuttle TG, Miles DT, McCreery KP, 
et al. Mechanical loading is required for initiation of extracellular matrix 
deposition at the developing murine myotendinous junction. Matrix Biol. 
2023;116:28–48.

	45.	 Hinits Y, Hughes SM. Mef2s are required for thick filament formation in 
nascent muscle fibres. Development. 2007;134:2511–9.

	46.	 Bang M-L, Mudry RE, McElhinny AS, Trombitás K, Geach AJ, Yamasaki R, et al. 
Myopalladin, a Novel 145-Kilodalton Sarcomeric Protein with Multiple Roles 
in Z-Disc and I-Band Protein Assemblies. J Cell Biol. 2001;153:413–28.

	47.	 Miller MK, Bang M-L, Witt CC, Labeit D, Trombitas C, Watanabe K, et al. 
The muscle ankyrin repeat proteins: CARP, ankrd2/Arpp and DARP as 
a family of titin filament-based stress response molecules. J Mol Biol. 
2003;333:951–64.

	48.	 Ling SSM, Chen Y-T, Wang J, Richards AM, Liew OW. Ankyrin repeat 
domain 1 Protein: A functionally pleiotropic protein with cardiac bio-
marker potential. Int J Mol Sci. 2017;18:1362.

	49.	 Kraft-Sheleg O, Zaffryar-Eilot S, Genin O, Yaseen W, Soueid-Baumgarten 
S, Kessler O, et al. Localized LoxL3-Dependent Fibronectin Oxidation 
Regulates Myofiber Stretch and Integrin-Mediated Adhesion. Dev Cell. 
2016;36:550–61.

	50.	 Koskinen SOA, Kyröläinen H, Flink R, Selänne HP, Gagnon SS, Ahtiainen 
JP, et al. Human skeletal muscle type 1 fibre distribution and response 
of stress-sensing proteins along the titin molecule after submaximal 
exhaustive exercise. Histochem Cell Biol. 2017;148:545–55.

	51.	 van der Pijl RJ, van den Berg M, van de Locht M, Shen S, Bogaards SJP, 
Conijn S, et al. Muscle ankyrin repeat protein 1 (MARP1) locks titin to the 
sarcomeric thin filament and is a passive force regulator. J Gen Physiol. 
2021;153: e202112925.

	52.	 Jakobsen JR, Schjerling P, Kjær M, Mackey AL, Krogsgaard MR. Nestin and 
osteocrin mRNA increases in human semitendinosus myotendinous 
junction 7 days after a single bout of eccentric exercise. Histochem Cell 
Biol. 2022;158:49–64.



Page 21 of 21Nicolas et al. Skeletal Muscle           (2024) 14:27 	

	53.	 Rissatto Sierra L, Fávaro G, Cerri BR, Rocha LC, de Yokomizo de Almeida 
SR, Watanabe I-S, et al. Myotendinous junction plasticity in aged 
ovariectomized rats submitted to aquatic training. Microsc Res Tech. 
2018;81:816–22.

	54.	 Rocha LC, Barbosa GK, Pimentel Neto J, Jacob CDS, Knudsen AB, Watan-
abe I-S, et al. Aquatic Training after Joint Immobilization in Rats Promotes 
Adaptations in Myotendinous Junctions. Int J Mol Sci. 2021;22:6983.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	3D-environment and muscle contraction regulate the heterogeneity of myonuclei
	Abstract 
	Highlights 
	Introduction
	Material and methods
	Quail and chicken embryos
	Monoculture experiments
	Quail and chicken myoblast cultures
	Quail and chicken fibroblast cultures
	C2C12 cells
	Human myoblast cell line
	C3H10T12 cells

	Co-culture experiments with myoblasts and fibroblasts
	Co-cultures with quail myoblastschicken fibroblasts or with chicken myoblastsquail fibroblasts
	Co-culture experiments with human myoblasts

	Co-culture experiments with quail myoblasts and BMP-treated chicken fibroblasts
	Embryo immobilization
	In situ hybridization to limbs and cell cultures
	Immunohistochemistry
	Image capture
	Image analyses and quantification
	Statistics

	Results
	The fusion-associated genes do not display a central location in cultured myotubes
	The presence of fibroblasts favours all steps of the muscle program and does not change the TMEM8C expression pattern in cultured myotubes
	Fibroblast nuclei are incorporated into myotubes in myoblastfibroblast co-cultures with no obvious regionalisation
	BMP signalling regulates the incorporation of fibroblast nuclei into myotubes in cultures
	Genes expressed in tip myonuclei of limb muscles behave differently in cultured myotubes
	Inhibition of muscle contraction affects gene expression in tip myonuclei of limb muscles

	Discussion
	The regionalisation of myonuclei within myotubes is dependent of 3D environment and muscle contraction
	MTJ myonuclei lose their molecular signature in 2D-culture systems and immobilisation conditions
	Genes that maintain expression in tip myonuclei in cultured myotubes are linked to sarcomeres

	Conclusion
	Acknowledgements
	References


