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A B S T R A C T

Objective: During growth and differentiation of skeletal muscle, cell types other than canonical myoblasts can be 
recruited to a myogenic fate. Among these, TNAP+ pericytes can differentiate into skeletal or smooth muscle 
cells during postnatal growth and contribute to muscle regeneration. However, their role in muscle development 
has not been investigated. This study aims to characterise pericyte fate choices during embryonic and foetal 
myogenesis, occurring in the second half of gestation.
Approach and results: Using Cre-loxP lineage tracing with multiple reporters including the multifluorescent 
Confetti, we labelled TNAP+ precursors in vivo and assessed the smooth or skeletal muscle differentiation in their 
lineage at a perinatal stage. We found that TNAP+ cells contribute in vivo to skeletal and smooth muscle cells, as 
well as other pericytes, also during pre-natal muscle development. The resulting clones showed that such fate 
choices are likely to depend on distinct unipotent progenitors rather than multipotent progenitors. In addition, 
we isolated and differentiated in vitro foetal cells derived from TNAP+ precursors, which showed that they are 
not spontaneously myogenic unless co-cultured with other skeletal muscle cells.
Conclusions: This work extends our understanding of the differentiative potency of these non- canonical skeletal 
muscle progenitors during prenatal life, with a view to a future application of this knowledge to optimise cell 
therapies for muscle wasting disorders.

1. Introduction

Pericytes are mural cells located at the interface of micro-vasculature 
with surrounding tissues. They maintain vascular stability and perme
ability, and regulate development, maturation and regeneration of the 
vessels [1,2]. Pericytes have been proposed to be the in vivo counterpart 
of mesangioblasts, vessel-associated mesenchymal progenitors forming 
smooth or skeletal muscle in vitro and in vivo [3,4,5]. Indeed, several 
pericyte types have been reported as able to differentiate into other cell 
types of the surrounding mesoderm tissues. For example, pericytes 
expressing Tissue Non-Specific Alkaline Phosphatase (TNAP) [6,7], 
Nestin [8], Neural Glial Factor 2 (NG2) [8,9], or EphA7 [10,11], have 
shown the ability to form cells of mesenchymal lineages, including 

skeletal muscle upon in vivo transplantation. Lack of unique markers 
hampers a definitive characterization of pericytes which would facilitate 
their isolation, in vitro expansion and utilization in cell therapy pro
tocols, given their differentiation potency (especially towards skeletal 
muscle) and their ability to contribute to angiogenesis to support 
regenerating tissues. Unlike other pericyte markers [12,13], TNAP is 
expressed in mouse skeletal muscle by adventitial pericytes and endo
thelial cells only [3,5,7]. Therefore, previous work that used TNAP as a 
marker for the lineage tracing of adventitial pericytes revealed that 
TNAP+ perivascular cells possess skeletal myogenic potency in vitro and 
in vivo after birth, contributing to physiological myofiber growth and to 
regeneration in the context of acute or chronic muscle damage [6,7]. 
However, the wide expression of TNAP in the embryo outside of skeletal 
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muscle [14,15], and the lack of a strategy for limited clonal tracing have 
so far hampered the investigation of the myogenic potency of TNAP+
cells before birth. Here, to explore their role during pre-natal skeletal 
muscle development, we performed lineage tracing in TNAP-CreERT2 

mice at the foetal stage with the use of low doses of Tamoxifen and 
clonal tracing approaches, including the multi-fluorescent Brainbow 2.1 
“Confetti” reporter [16,17,18]. This strategy allowed us to follow low- 
frequency clones of a small number of TNAP+ progenitors and to 
study their fate choices in the developing muscle. Our data show that 
TNAP+ progenitors contribute to the formation of myofibers, vascular 
smooth muscle cells and other pericytes, but show no evidence that 
progenitors are clonally tri-potent or bi-potent during development. In 
addition, we found that foetal TNAP+ progenitors require the proximity 
of skeletal muscle cells to achieve myogenic differentiation, unlike their 
post-natal counterparts.

2. Materials and methods

2.1. Mouse models and tamoxifen treatment

Lineage tracing was performed according to the UK Animals (Sci
entific Procedures) Act (1986), under Home Office Licenses PPL 
PDB0CF0C2 and PPL PP8863485. The employed strains were TNAP- 
CreERT2 [ref. 7], NG2-CreERT2 (Jackson Laboratories), R26R-NZG [ref. 7], 
R26R-tdTomato (Jackson Laboratories) and R26R-Confetti (Jackson 
Laboratories). For prenatal labelling, pregnant females received at E11.5 
or E14.5 one intraperitoneal injection of 1.0 mg of tamoxifen (Sigma 
T5648) with 0.5 mg of progesterone (Sigma P7556) diluted in corn oil. 
Foetuses were then harvested at E17.5. Wild-type foetuses from CD1 
mice were collected for histology at E11.5 and E14.5. As negative con
trols, wild-type mice were crossed to reporter mice: 1 foetus for each 
reporter strain was analysed at E11.5 and E14.5. No reporter gene 
expression was observed as expected. For TNAP-CreERT2: R26R-NZG 
lineage tracing, N = 3 foetuses were used for analysis. The preliminary 
quantitative counts were generally performed on a maximum of 10 
randomly selected sections for each foetus. If deemed necessary 10 
additional sections were examined. For TNAP-CreERT2: R26R-Confetti 
lineage tracing, N = 3 foetuses were used for further analysis, and the 
preliminary quantitative counts were performed as described above. The 
very low fertility of the crosses limited the number of foetuses available. 
For TNAP-CreERT2: R26R-tdTomato foetal lineage tracing, whole litters of 
6–7 foetuses were collected and employed for tissue digestion and cell 
dissociation for subsequent culture (N = 2 experiments). For histological 
analysis, N = 3 foetuses were used as described above. For postnatal 
labelling, mouse pups received subcutaneous injections of 32.5 mg/kg of 
tamoxifen diluted in corn oil, repeated for 3 consecutive days at P6, P7 
and P8 after birth. The mice were then culled at P15 to isolate hindlimb 
and forelimb skeletal muscles. The muscles from 3 mouse pups from the 
same litter were employed for tissue digestion and cell dissociation for 
subsequent culture (N = 2 experiments).

2.2. X-gal staining

TNAP-CreERT2: R26R-NZG foetuses were fixed with para
formaldehyde (PFA) 4% at RT for 5 h. The samples were incubated in X- 
Gal solution (Roche 10745740001) O/N at 37◦C, washed in PBS, 
dehydrated with increasing sucrose concentrations (7–15–30%) and 
finally frozen within OCT with isopentane/liquid nitrogen. Prior to 
freezing, images were acquired with the ZEISS Axio Zoom V16 
stereomicroscope.

2.3. Immunofluorescence

Harvested embryos were fixed with PFA 4% at RT for 3 (E11.5), 4 
(E14.5), or 5 h (E17.5) and then frozen within OCT in isopentane/liquid 
nitrogen. For Pax7 staining, cryosections were permeabilized with 

methanol at − 20◦C for 10 min, then incubated in citrate buffer (10 mM 
citrate, 0.05% Tween, pH 6.0) in boiling water for 15 min. For all other 
staining, cryosections were fixed with PFA 4% for 10 min at RT, then 
permeabilized with PBS-Triton X-100 0.25% for 30 min at RT and 
saturated with 10% goat serum for 1 h at RT. For mouse-on-mouse an
tigen detection, the samples were additionally incubated with Fab goat 
anti-mouse antibody fragments (Jackson ImmunoResearch 
115–007–003) diluted 1:100 in PBS, for 1 h at RT. Primary antibodies 
were incubated O/N at 4◦C in saturation buffer, using the following: 
anti-skMyHC, (1:2, MF20 DSHB), anti-Pax7 (1:3, DSHB), anti-MyoD 
(1:40, Dako M3512), anti-TNAP (1:40, Thermo Fisher PA5–47419), 
anti-NG2 (1:50, R&D MAB6689), anti-laminin (1:200, Sigma L9393), 
anti-β-gal (1:100, MP Biomedicals 0855976), anti-smMyHC (1:100, 
Abcam Ab125884), anti-SM22 (1:200, Abcam Ab14106), anti-CD31 
(1:100, Abcam Ab28364). Sections were then washed and incubated 
for 1 h at RT with secondary antibodies diluted 1:500, with the addition 
of Hoechst 33258 (Thermo Fisher) 1:1000. Samples were then washed 
and mounted, and imaging was performed with ZEISS Axio Imager M2 
fluorescence microscope and Leica TCS SP8 Upright and ZEISS LSM 880 
Airy Upright confocal microscopes. Unless otherwise specified, N = 3 
foetuses were studied for experimental points and a maximum of 10 non 
serial sections from one of these foetuses (we did not observe inter-foetal 
variability) were used to identify and characterise clones.

2.4. Cell isolation from foetuses

After foetuses were isolated in PBS + 1% penicillin/streptomycin 
(Pen-Strep) and finely minced, the resulting pulp was incubated with 1% 
Collagenase D (Roche 11088866001), 10 μl/ml DNAseI (Roche 
11284932001) in Hank Balanced Salt Solution with Ca2+/Mg2+ (HBSS, 
Gibco 14025–050) for 10 min at 37◦C in shaking bath, for 3 repeated 
cycles of digestion. The supernatant was collected and filtered with 100, 
70 and 40 μm cell strainers, and the enzymatic activity blocked with 
recovery buffer composed of 10% BSA (Sigma A2153), 1% Pen-Strep, 1 
mM EDTA (Sigma E7889) in HBSS without Ca2+/Mg2+ (Sigma 
14175–053). Samples were then centrifuged at 500g for 30 min and the 
pellet was resuspended as later described.

2.5. Cell isolation from adult skeletal muscles

Individual hindlimb and forelimb skeletal muscles were dislocated 
by pinching the tendons and longitudinally cutting the muscle fascia. 
Muscles were cleaned and washed in PBS + 1% Pen-Strep, then minced 
to fine pieces of 3 mm3 of size. The resulting pulp was dissociated with 
1% Collagenase D, 2.4 U/ml Dispase II (Gibco 17105–041), 10 μl/ml 
DNAseI, 2 μl/ml EDTA in HBSS with Ca2+/Mg2+ for 45 min at 37◦C in 
shaking bath, for one cycle of digestion. The supernatant was processed 
as above. Samples were then centrifuged at 310g for 6 min at 4◦C and the 
pellet was resuspended as later described.

2.6. Cell sorting

The cells were resuspended in sorting buffer containing 20 mM 
HEPES pH 7.0, 1 mM EDTA, 1% BSA, 1% Pen-Strep, 1:100 DNAseI in 
HBSS without Ca2+/Mg2+ and filtrated again with 40 μm strainer. FACS 
sorting was carried out at 4◦C on Bigfoot Cell Sorter (Invitrogen) or 
Influx Cell Sorter (BD). Sorted cells were collected in PBS with 50% FBS, 
then centrifuged at 1800 rpm for 10 min and used as follows.

2.7. Feeder layer preparation and differentiation assay

Immortalized C2C12 mouse myoblasts were cultured with D10, that 
is DMEM-high glucose (Sigma, D5796) with 10% FBS,1% Pen-Strep, 1% 
sodium pyruvate and kept at 37◦C with 20% O2. For myoblast differ
entiation, C2C12 cells were plated in 48-well plates coated with 
Collagen I (Sigma, C8919), and allowed to reach 70% confluence before 
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changing the medium to DMEM-high glucose with 2% Horse Serum 
(HS), 1% Pen-Strep and 1% sodium pyruvate. Medium was substituted 
fresh every 48 h and kept for 5–6 days before using C2C12 as feeder 
layers. After sorting of primary mouse cells, part of them were resus
pended in D4, that is DMEM-high glucose with 4% HS, 1% Pen-Strep and 
1% sodium pyruvate and seeded at low density (100 cells/well) in the 
plates containing differentiated C2C12. Another part was resuspended 
in D10 and seeded alone in collagen-coated 48-well plates at high 
density (up to 20,000 cells/well). After 24 h, medium was changed to 
D4, substituted fresh every 48 h. All experimental cultures were kept at 
37◦C with 5 % O2 and fixed after 6 days.

2.8. Immunocytochemistry (ICC)

Cultures were washed with PBS, then fixed with PFA 4% for 10 min 
at RT. Immunocytochemistry was carried out as described in Dellavalle 
et al. (2007) [ref. 6]. The primary antibodies used in this work were: 
anti-skMyHC (1:2, MF20 DSHB), anti-smMyHC (1:100, Abcam 
Ab125884).

Fig. 1. Expression of TNAP or NG2 in developing muscle. (A) Analysis performed on wt embryo at E11.5. IF on 10 μm cryosections, at the level of forelimbs, showing 
no co-localisation of MyoD signal (green) with either NG2 (magenta or grey) or TNAP (red), with nuclei counterstained with DAPI (blue). Same staining at higher 
magnification at the bottom. (B) Analysis performed on wt foetus at E14.5. IF on 10 μm cryosections, at the level of forelimbs, showing no co-localisation of MyoD 
signal (green) with either NG2 (magenta or grey) or TNAP (red), with nuclei counterstained with DAPI (blue). Same staining at higher magnification at the bottom, 
with highlight in the framed area in the bottom left corner. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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3. Results

3.1. Embryonic and foetal myoblasts do not express TNAP or NG2

To ensure reliability of lineage tracing and to avoid inadvertently 
labelling of canonical myogenic cells, we investigated the possible co- 
expression of TNAP with the myogenic marker MyoD at E11.5 and 
E14.5. We also examined co-expression of the mural cell marker NG2 
(Neural Glial Factor 2) with MyoD both in limbs and trunk. At E11.5, 
transversal sections of the developing forelimb bud of wild-type em
bryos (from CD1 pregnant females) revealed expression of MyoD in 
clusters of cells that were not labelled by TNAP or NG2 antibodies 
(Fig. 1A). Similar sections obtained from embryos at the later stage of 
E14.5 showed that the clusters of MyoD+ cells were organised in areas 
corresponding to the developing limb flexor and extensor muscles near 
TNAP+ structures such as the bone, which was indeed strongly stained 
(Fig. 1B). At this stage, we did not detect NG2 expression in developing 
skeletal muscles. Instead, TNAP was present in cells scattered 
throughout the muscle, but the TNAP+ cytoplasmic staining did not co- 
localise with MyoD+ nuclei.

3.2. Embryonic TNAP+ progenitors give rise to myogenic progeny in vivo 
also in developing skeletal muscle

TNAP-CreERT2 mice were crossed with either R26R-NZG or R26R- 
Confetti reporter mice to generate TNAP-CreERT2: R26R-NZG and TNAP- 
CreERT2: R26R-Confetti foetuses. We achieved timely expression of the 
reporters by administration of tamoxifen to pregnant mice at time points 
corresponding to primary (E11.5) or secondary myofiber formation 
(E14.5), thus allowing to follow the fate of TNAP+ cells in developing 
skeletal muscles before birth (collection at E17.5). Labelled cells 
expressing either nuclear β-galactosidase reporter (nLacZ), or a random 
combination of CFP, GFP, YFP or RFP, were detected in the collected 
foetal samples by fluorescence microscopy, to assess position and fre
quency, marker expression and differentiation into smooth or skeletal 
muscle in vivo. Following the scheme in Fig. 2A, TNAP-CreERT2: R26R- 
NZG pregnant dams received one intra-peritoneal injection of tamoxifen 
at E11.5, and were culled at E17.5 to analyse the foetuses for the 
expression of β-gal. X-Gal staining allowed to first find cells derived from 
TNAP+ precursors in the skin layer from an early stage of collection 
already (E14.5) (Fig. 2B). At E17.5, the labelled cells appeared widely 
distributed in organs such as kidney and liver, as well as in the cardiac 
muscle and in mesenchymal tissues such as cartilage, bone and dermis, 
with fewer clones detected in vessels and skeletal muscle (Fig. 2C). 
Cryosections of the X-gal+ foetuses revealed abundant localisation of 
labelled nuclei in the upper trunk and forelimbs of the foetus (Fig. 2D), 
with an ordered and aligned distribution within the muscle tissue 
(Fig. 2E). Subsequent immunofluorescence analysis allowed to localise 
many of the aligned labelled nuclei inside myofibers expressing skeletal 
myosin heavy chain (skMyHC, Fig. 2G). Preliminary quantification of 
signal co-localisation indicated that in this model almost 40% of β-gal+
nuclei are located within skMyHC+ differentiated myofibers (Fig. 2F).

3.3. Clonal tracing shows that embryonic TNAP+ progenitors contribute 
to developing myofibers and, sporadically, to Pax7+ myoblasts

To identify possible bi or tri-potent progenitors at the clonal level, we 
administered tamoxifen to TNAP-CreERT2: R26R-Confetti mice using the 
same protocol as previously described (labelling at E11.5 and analysis 
and E17.5) (Fig. 3A). Since the efficiency of recombination is not very 
high [7], we expect a small number of single TNAP+ cells to also express 
one out of four possible fluorescent proteins, originated by Cre random 
recombination in the Confetti reporter transgene inherited by the 
progeny (Fig. 3B). We then screened the resulting foetuses for reporter 
activation, focusing on the detection of nuclear GFP and cytoplasmic 
RFP (Fig. 3C). Screening of organs that are known to robustly express 

TNAP, such as kidney and testis, showed labelling as expected (Fig. 3C). 
In Fig. 3D, Confetti signals such as YFP were found in differentiated 
myofibers expressing skMyHC, confirming the result of the tracing from 
TNAP-CreERT2: R26R-NZG and the myogenic potency of these embryonic 
precursor cells. Myogenic differentiation into multinucleated skMyHC+
cells was detected even when tamoxifen was administered later (E14.5), 
resulting in labelling of foetal but not embryonic TNAP+ precursors 
(Supplementary Fig. S1). At all times analysed, we did not detect 
clones marked by a single fluorochrome that comprise both muscle fi
bres and smooth muscle or other mesoderm cells, suggesting that at the 
time of labelling the majority of TNAP+ cells had already adopted a 
specific fate. It is possible that a minority of cells derived from a bi or tri- 
potent progenitor may have been missed in the analysis because of their 
low frequency. Subsequently, we wondered whether the lineage of 
embryonic TNAP+ cells may contribute to myogenesis by converting 
into Pax7+ myoblasts or satellite cells, canonically involved in the 
generation of new myofibers during foetal and postnatal muscle growth. 
Cryosections of TNAP-CreERT2: R26R-Confetti foetuses were used for 
immunofluorescence staining of Pax7 in foetal skeletal muscle. Fig. 3E 
shows the distribution of Pax7 nuclear expression in a region of the 
E17.5 foetus corresponding to skeletal muscle. It is possible to observe 
sporadic co-localisation of nuclear GFP signal with Pax7, adjacent to 
muscle fibre but outside the basal laminin. Location of double positive 
cells outside of newly formed basal lamina, suggests that these are late 
differentiating foetal myoblasts and not mature satellite cells. Pre
liminary quantification of Pax7+/GFP+ cells indicates that a very 
limited percentage (<4%) of the cells traced in TNAP-CreERT2: R26R- 
Confetti express Pax7 at E17.5 (Fig. 3F).

3.4. Embryonic TNAP+ progenitors contribute to skeletal muscle cells, 
smooth muscle cells and pericytes but from different progenitor cells

The majority of traced cells coming from TNAP+ precursors did not 
contribute to skeletal muscle. In order to understand whether they ac
quire smooth muscle or pericyte alternative fates as they do after birth, 
we used E17.5 TNAP-CreERT2: R26R-Confetti foetuses that received 
tamoxifen at E11.5 (Fig. 4A) to immunostaining for transgelin (SM22, 
smooth muscle marker), Neural Glial Factor 2 (NG2, pericyte marker), 
and CD31 (PECAM, endothelial cell marker). The results showed GFP+
clones in areas corresponding to skeletal muscle, where they were found 
close to the vessels and co-localising with SM22+ smooth muscle cells 
(Fig. 4B) or NG2+ mural cells (Fig. 4C). Indeed, an average of 7% of the 
counted cells expressed SM22, indicating smooth muscle differentiation, 
while an average of 20% of them expressed NG2 (Fig. 4D). However, 
while clones corresponding to skeletal muscle cells, smooth muscle cells 
and other pericytes were found, no mixed clones were observed, sug
gesting that TNAP+ cells have already chosen a smooth or a skeletal 
differentiation pathway at the time of Cre activation (E11.5).

3.5. Foetal NG2+ cells may also undergo myogenic differentiation in 
developing skeletal muscle

NG2 is a typical marker of pericytes whose expression is widely used 
to identify this cell type in vivo [1,12]. During development, other cells 
including neural cells, chondroblasts and osteoblasts [19,20,21] also 
express NG2, but not MyoD+ skeletal myoblasts (Fig. 1). To compare the 
possible fate choices of NG2+ cells with TNAP+ cells in vivo during 
skeletal muscle formation, we additionally traced the lineage of foetal 
NG2+ pericytes in NG2-CreERT2: R26R-tdTomato mice. Precursors 
labelled at E14.5 led to derivatives that, similarly to their TNAP+
lineage counterpart, colonised at E17.5 both pericyte and, to a much 
lower extent, myofiber compartments, suggesting a low myogenic 
contribution of the NG2+ lineage at this stage (Supplementary Fig. 
S2).
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Fig. 2. Lineage tracing in TNAP-CreERT2: R26R-NZG mice. 
(A) Experimental protocol of the study with TNAP-CreERT2 mice. (B) X-gal+ and X-gal- (control) embryos collected at E14.5 for preliminary screening. (C) Front and 
back pictures of E17.5 X-gal+ foetus without skin, with close-ups of hindlimb muscles, liver and heart. (D) Brightfield cryosection of E17.5 X-gal+ foetus, detail of the 
forelimb with β-gal in blue. (E) IF on 10 μm cryosections of TNAP-CreERT2: R26R-NZG foetus at E17.5, highlighting the alignment of β-gal+ nuclei (blue or white) 
inside myofiber basal lamina stained with laminin (magenta). (F) Quantification (%) of β-gal+ nuclei in skMyHC+ myofibers on total number of β-gal+ nuclei per 
field of view. Labelled nuclei were counted from 10 fields of view, N = 3 foetuses, with ImageJ Fiji; data were used for graph creation with GraphPad Prism 10, and 
reported as individual points with mean ± SD. Data points from one representative embryo are shown. (G) IF on 10 μm cryosections of TNAP-CreERT2: R26R-NZG 
foetus at E17.5, staining β-gal (white) and skMyHC (red) with DAPI counterstained nuclei (blue). In (E) and (G), white arrows indicate aligned β-gal+ nuclei. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.6. Foetal TNAP+ progenitors cultured in vitro are not spontaneously 
myogenic, unlike their post-natal counterpart

To investigate whether the myogenic derivatives of the TNAP+
lineage found in vivo are spontaneously myogenic, we examined the in 
vitro cell potency at different stages, in presence or absence of other 
skeletal muscle cells. Using the experimental schemes shown in Fig. 5A 

and B, we induced Cre activation in TNAP-CreERT2: R26R-tdTomato 
foetuses or growing pups, obtained by crossing TNAP-CreERT2 driver 
mice with R26R-tdTomato reporter mice. For the developmental stage of 
analysis, pregnant dams were treated with tamoxifen at E14.5, during 
foetal myogenesis, and foetuses were harvested at E17.5. For the post- 
natal stage, TNAP-CreERT2: R26R-tdTomato pups received tamoxifen at 
P6–7–8 days of age to induce Cre recombination during muscle growth, 

Fig. 3. Lineage tracing of TNAP+ cells in TNAP-CreERT2: R26R-Confetti mice. 
(A) Experimental protocol of the study with TNAP-CreERT2 mice. (B) Scheme representing Cre and reporter mouse crossings, with outcomes of Confetti recombi
nation. (C) Brightfield (BF) and fluorescence (GFP/RFP) pictures of E17.5 Confetti foetus without skin, showing lateral view and close-ups of kidney and testis. (D) IF 
on 10 μm cryosections of TNAP-CreERT2: R26R-Confetti foetus at E17.5, showing YFP+ (yellow) myofibers stained for skMyHC (red), with DAPI counterstained nuclei 
(blue). (E) IF on 10 μm cryosections of TNAP-CreERT2: R26R-Confetti foetus at E17.5, showing Pax7+ nuclei (red) in skeletal muscles co-localising with GFP+ nucleus 
(green), with basal lamina underlined by laminin (grey) and nuclei counterstained with DAPI (blue). (F) Quantification (%) of GFP+ Pax7+ nuclei on total GFP+
nuclei per field of view. Labelled nuclei were counted from 7 fields of view, N = 3 foetuses, with ImageJ Fiji; data were used for graph creation with GraphPad Prism 
10, and reported as individual points with mean ± SD. Data points from one representative embryo are shown. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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and hindlimb and forelimb muscles were harvested at P15. Foetal or 
postnatal samples were then dissociated to obtain a single-cell suspen
sion, then sorted to obtain an enriched population of tdTomato+ cells 
derived from TNAP+ precursors. Both sorted subsets (foetal and 
neonatal) were seeded onto plates containing either a feeder layer of 
differentiated murine skeletal muscle cells (C2C12) or no feeder layer 
and allowed to differentiate for 6 days. Then, all cultures were fixed and 
stained by ICC to reveal the degree of skeletal or smooth muscle dif
ferentiation by expression of the markers skMyHC and smMyHC (skel
etal and smooth myosin heavy chain), respectively. After co-culture with 
C2C12, foetal cells gave rise to tdTomato+ skMyHC+ myotubes 
(Fig. 5C), which from a preliminary quantification resulted in an 
average of 24% of the total tdTomato+ cells (Fig. 5D). On the contrary, 
in the absence of C2C12, foetal cells did not spontaneously form 
skMyHC+ myotubes and mostly adopted a smooth muscle fate, as evi
denced by smMyHC expression (Fig. 5E). Instead, the assay performed 
on the post-natal subset indicated that myogenic differentiation of 
TNAP-derived progenitors after birth does not depend on nearby skeletal 
muscle cells, as tdTomato+ myotubes were detected in both co-culture 

and single culture (Fig. 5F-G).

4. Discussion

In the last twenty years, several cell types, different from 
dermomyotome-derived myoblasts (i.e. Pax- and MRF-) have been 
identified. These cells are capable of undergoing skeletal myogenesis 
and contributing to myonuclei in a permissive environment 
[6,7,8,11,22,23,24]. Among them, TNAP+ pericytes showed myogenic 
and smooth muscle differentiation during postnatal muscle growth and 
regeneration [7], indicating them as non-canonical myogenic cells. 
However, the study of TNAP+ cells lineage during prenatal muscle 
development remained unexplored. It also remained unclear whether 
these cells, associated with the vascular niche, may be multipotent to
wards different mesoderm fates. Independently from TNAP expression, 
previous work showed that clones from the embryonic aorta also colo
nise the myotome at a very early stage [25] while explants of embryonic 
aorta from MLC/1/3F-nLacZ mice opt for a skeletal myogenic fate in the 
presence of skeletal myoblasts, this effect being potentiated by Noggin 

Fig. 4. Smooth muscle and pericyte differentiation of TNAP+ cells. 
(A) Experimental protocol of the study with TNAP-CreERT2 mice. (B) IF on 10 μm cryosections of TNAP-CreERT2: R26R-Confetti foetus at E17.5, showing groups of 
GFP+ nuclei (green) indicated by white arrows corresponding or in association with smooth muscle cells expressing SM22 (magenta) but not with skMyHC+
myofibers (red), with DAPI counterstained nuclei (blue). (C) IF on the same sections showing a group of GFP+ nuclei (green) in close association with a CD31+ vessel 
(magenta), part of which are in the perithelial layer of NG2+ cells (red), with DAPI counterstained nuclei (blue). (D) Quantification (%) of GFP+ SM22+ or GFP+
NG2+ nuclei on the total number of GFP+ nuclei per field of view. Labelled cells were counted from 6 to 8 fields of view, N = 3 foetuses, with ImageJ Fiji; data were 
used for graph creation with GraphPad Prism 10 and reported as individual points with mean ± SD. Data points from one representative embryo are shown. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and inhibited by BMP2 [26]. At the molecular level, a competition be
tween Pax3 and FoxN1 dictates the choice between skeletal and smooth 
muscle [27]. In this work, we used TNAP-CreERT2 mice to follow the 
lineage of TNAP+ cells in developing mouse skeletal muscle, and to 
analyse their fate choices using a clonal approach with the Brainbow2.1 
“Confetti” reporter. Apart from pericytes, TNAP is expressed in other cell 
types in the mouse embryo, including endothelial cells and other 

mesoderm progenitors [14,15], but expression in skeletal muscle had 
not been investigated. After showing that expression of TNAP and NG2 
does not co-localise with MyoD in wild-type embryos and foetuses, we 
proceeded to trace the lineage of these progenitors over the course of 
development. Activation of the multi-fluorescent Confetti reporter was 
achieved with low doses of Tamoxifen [16,18], aiming at tracking clones 
(given the low recombination frequency) originating from a small 

Fig. 5. Effect of skeletal muscle feeder layer on foetal or postnatal TNAP+ precursors. 
(A) Experimental protocol of the study during foetal development with TNAP-CreERT2 mice. (B) Experimental protocol of the study during postnatal growth with 
TNAP-CreERT2 mice. (C) ICC on sorted foetal tdTomato+ (red) cells co-cultured on C2C12, showing DAPI (blue) and skMyHC (green). (D) Quantification (%) of foetal 
tdTomato+ skMyHC+ cells on the total tdTomato+ cells per field of view in co-cultures of sorted cells and C2C12. 12 fields of view were counted with ImageJ Fiji 
from N = 2 experiments; data were used to create the graph with GraphPad Prism 10, and reported as mean ± SD. Data points from one representative experiment 
are shown. (E) ICC on sorted foetal tdTomato+ (red) cells cultured alone, showing DAPI (blue), skMyHC (green) and smMyHC (magenta). (F) ICC on sorted postnatal 
tdTomato+ (red) cells co-cultured on C2C12, showing DAPI (blue) and skMyHC (green). (G) ICC on sorted postnatal tdTomato+ (red) cells cultured alone, showing 
DAPI (blue) and skMyHC (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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number of TNAP+ progenitors. Derivatives of embryonic TNAP+ pre
cursors were found to predominantly colonise foetal mesenchymal tis
sues including cartilage, bone and dermis, consistently with the reported 
expression of TNAP in these tissues [15]. We found cells derived from 
TNAP+ progenitors also in foetal myofibers, smooth muscle cells and 
NG2+ pericytes. Therefore, the results indicate that TNAP+ cells of the 
skeletal muscle can acquire a myogenic fate and enter the myofiber 
compartment already from an embryonic and foetal developmental 
stage. TNAP+ cells contribute to skeletal muscle fibres with approxi
mately 40% of the nuclei from the embryonic TNAP+ lineage found 
within myofibers, though this is still a small percentage of total muscle 
nuclei. Myogenic differentiation was confirmed with Confetti clonal 
labelling, which highlighted the myogenic derivatives with cytoplasmic 
YFP and RFP staining in myofibers and sporadic nuclear GFP staining in 
Pax7+ nuclei. Pax7 is a transcription factor typically expressed during 
development by foetal myoblasts and, later, by satellite cells [28,29]. 
There are no known markers to distinguish foetal myoblasts from sat
ellite cells, but the location of double labelled cells outside the fibre 
basal lamina hints that these cells are not mature satellite cells. Thus, the 
obtained results suggest that embryonic TNAP+ progenitors contribute 
to foetal myoblasts, although to a very limited extent. Skeletal myogenic 
potency is observed both in embryonic and foetal TNAP+ cells, as both 
contribute to myofiber formation. Among the analysed Confetti+
progeny of the studied lineage, it was possible to find derivatives that 
also underwent a smooth muscle or pericyte fate, thus remaining asso
ciated with the vessels. The pericyte fate seems preferred among the 
two, with 7% expressing the SM22+ smooth muscle marker and 20% 
expressing only NG2+ pericyte marker. The presence of smooth muscle 
and pericyte derivatives of TNAP+ precursors was expected in light of 
the anatomical localisation and the known differentiation potency of 
vascular progenitors [30]. Cartilage, dermis, bone are other possible cell 
fates adopted by TNAP+ progenitors that we did not analyse. In all 
cases, we were unable to identify single clones whose components 
adopted all the three fate choices (skeletal muscle/smooth muscle/ 
pericyte) or even skeletal/smooth or skeletal/pericyte bipotent pro
genitors. Therefore, our data suggest that fate choices occur early during 
development. The Waddington lineage landscape [31] postulates a 
progressive restriction of fates with subsequent stages of development. 
However, there is not a general rule on when the fate of a specific 
progenitor becomes restricted to few, or only one, cell types. For 
example, in adult skin a multipotent stem cell in the bulge of the hair 
follicle (generating epidermis, hair and sebaceous glands) coexists with 
interfollicular unipotent stem cells that only generate keratinocytes 
[32]. Also, lineage tracing revealed examples of unipotent progenitors 
such as those of the acinar cells of the pancreas [33].

To compare the differentiative potency of the TNAP+ population 
with another pericyte population, we additionally traced the lineage of 
NG2+ pericytes, which are known to modulate myogenesis in satellite 
cells and directly possess limited myogenic potency in postnatal skeletal 
muscle [8,9, 34]. Recently it was reported that CD146+/NG2+
myogenic progenitors participate to muscle regeneration [35]. In 
agreement with this report, and similarly to TNAP+ pericytes, we found 
that during foetal muscle formation NG2+ cells give rise to other NG2+
pericytes but also undergo limited myogenic differentiation. The 
phenotypic characterization of the three populations is challenging, 
except for skeletal myoblasts that express unique markers such as MyoD 
and Myf5. Pericytes express many markers in common with smooth 
muscle (SM22, calponin, α-SMA, desmin, etc.) and others in common 
with skeletal myoblasts (PDGFRβ, NG2, and again SM22, α-SMA, des
min, etc.). Recently, a detailed study by Betsholtz group identified 
several genes that distinguish pericytes from fibroblasts of different 
types of muscles [36], but unfortunately mature myocytes and smooth 
muscle were not included in the study, leaving a definitive answer to 
further investigations.

Myogenic differentiation is initiated in the embryo in response to 
signals originating from adjacent structures such as neural tube, 

notochord and ectoderm [37,38,39,40,41,42], and continues in an 
environment including Extra-Cellular Matrix (ECM) [43,44,45], 
growing blood vessels [40,46,47,48], and ingrowing nerves [49,50] as 
well as already formed primary or embryonic myofibers [51,52,53]. 
Many reports in the past indicated that developing skeletal muscle may 
release short-range signals that promote myogenesis in adjacent meso
derm cells [4,26,28,54,55,56]. In agreement with these data, the present 
study demonstrates in vitro that the foetal population originating from 
TNAP+ cells, unlike their postnatal counterpart, does not spontaneously 
undergo skeletal muscle differentiation, but it does so in the presence of 
surrounding skeletal muscle cells. Otherwise, the isolated TNAP+ cell- 
derived population mostly adopts a smooth muscle fate, which repre
sents the default pathway for vascular progenitors.

5. Conclusions

TNAP+ cells found in prenatal skeletal muscle contribute to the 
formation of skeletal or smooth muscle cells, or pericytes, during muscle 
development. TNAP+ progenitors do not seem multipotent but rather 
heterogeneous unipotent progenitors. At variance with the post-natal 
derivatives, the foetal derivatives of TNAP+ cells require skeletal 
muscle-specific stimuli to achieve myogenic differentiation. Further 
investigation will allow to identify the signals tuning myogenesis in 
TNAP+ cells. Getting further knowledge on the clonal differentiation of 
these cells may help to get insights on the how their fate choices are 
physiologically modulated spatially and temporally, and how they can 
possibly be tuned for muscle regeneration purposes.
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[22] K.J. Mitchell, A. Pannérec, B. Cadot, et al., Identification and characterization of a 
non-satellite cell muscle resident progenitor during postnatal development, Nat. 
Cell Biol. 12 (3) (2010) 256–266, https://doi.org/10.1038/ncb2025.

[23] N. Liu, G.A. Garry, S. Li, et al., A Twist2-dependent progenitor cell contributes to 
adult skeletal muscle, Nat. Cell Biol. 19 (3) (2017) 202–213, https://doi.org/ 
10.1038/ncb3477.

[24] C.G.K. Flynn, P.R. Van Ginkel, K.A. Hubert, et al., Hox11-expressing interstitial 
cells contribute to adult skeletal muscle at homeostasis, Development 150 (4) 
(2023), https://doi.org/10.1242/dev.201026.

[25] M. Esner, S.M. Meilhac, F. Relaix, J.F. Nicolas, G. Cossu, M.E. Buckingham, Smooth 
muscle of the dorsal aorta shares a common clonal origin with skeletal muscle of 
the myotome, Development 133 (4) (2006) 737–749, https://doi.org/10.1242/ 
dev.02226.

[26] G. Ugarte, O. Cappellari, L. Perani, A. Pistocchi, G. Cossu, Noggin recruits 
mesoderm progenitors from the dorsal aorta to a skeletal myogenic fate, Dev. Biol. 
365 (1) (2012) 91–100, https://doi.org/10.1016/j.ydbio.2012.02.015.

[27] M. Lagha, S. Brunelli, G. Messina, A. Cumano, T. Kume, F. Relaix, M. 
E. Buckingham, Pax3:Foxc2 reciprocal repression in the somite modulates 
muscular versus vascular cell fate choice in multipotent progenitors, Dev. Cell 17 
(6) (2009) 892–899, https://doi.org/10.1016/j.devcel.2009.10.021.

[28] F. Relaix, D. Montarras, S. Zaffran, et al., Pax3 and Pax7 have distinct and 
overlapping functions in adult muscle progenitor cells, J. Cell Biol. 172 (1) (2006) 
91–102, https://doi.org/10.1083/jcb.200508044.

[29] G. Messina, G. Cossu, The origin of embryonic and fetal myoblasts: a role of Pax3 
and Pax7, Genes Dev. 23 (8) (2009) 902–905, https://doi.org/10.1101/ 
gad.1797009.
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