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SUMMARY

Mechanisms governing muscle satellite cell withdrawal from cell cycle to enter into quiescence 

remain poorly understood. We studied the role of angiopoietin 1 (Ang1) and its receptor Tie-2 in 

the regulation of myogenic precursor cell (mpc) fate. In human and mouse, Tie-2 was 

preferentially expressed by quiescent satellite cells in vivo and reserve cells (RCs) in vitro. Ang1/

Tie-2 signaling, through ERK1/2 pathway, decreased mpc proliferation and differentiation, 

increased the number of cells in G0, increased expression of RC-associated markers (p130, Pax7, 

Myf-5, M-cadherin), and downregulated expression of differentiation-associated markers. 

Silencing Tie-2 had opposite effects. Cells located in the satellite cell neighborhood (smooth 

muscle cells, fibroblasts) up-regulated RC-associated markers by secreting Ang1 in vitro. In vivo, 

Tie-2 blockade and Ang1 overexpression increased the number of cycling and quiescent satellite 
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cells, respectively. We propose that Ang1/ Tie-2 signaling regulates mpc self-renewal by 

controlling the return to quiescence of a subset of satellite cells.

INTRODUCTION

Adult skeletal muscle has a remarkable regenerative potential, which is mainly attributable 

to a population of precursors called satellite cells. In normal adult muscle, satellite cells are 

quiescent (Hawke and Garry, 2001). The ability of satellite cells to respond to both the 

routine turnover of myonuclei and muscle regeneration indicates that mechanisms must be 

in place to maintain a viable satellite cell pool throughout adult life span (Zammit et al., 

2006). In vivo evidence of satellite cell self-renewal was obtained using grafts of intact 

single isolated myofibers into muscle (Collins et al., 2005) or fresh isolated quiescent 

satellite cells (Montarras et al., 2005). Ex vivo studies on isolated myofibers showed that 

after activation and proliferation, a small number of myogenic precursor cells (mpcs) do not 

undergo terminal differentiation, but retain the ability to restore the reserve pool of quiescent 

progenitor cells by a direct self-renewal (Zammit et al., 2004), probably involving 

asymmetric division (Kuang et al., 2007; Shinin et al., 2006). In cultures of myogenic cells, 

a subpopulation also constitutes the “reserve cells” (RCs); these noncycling undifferentiated 

cells may further give rise to both differentiated and new RCs, sharing many characteristics 

with muscle satellite cells (Beauchamp et al., 2000; Carnac et al., 2000; Friday and Pavlath, 

2001; Kitzmann et al., 1998). Activated proliferating satellite cells/mpcs coexpress Pax7 and 

MyoD transcription factors. At time of differentiation, while the majority of mpcs exits the 

cell cycle to enter terminal myogenic differentiation and fuses into myotubes, the RC pool 

downregulates MyoD expression, maintains high levels of Pax7 expression, and is in the Go 

phase (Kitzmann et al., 1998; Zammit et al., 2004). Consequently, satellite cells, or at least a 

subset of them, are now considered as myogenic stem cells (Collins et al., 2005; Kuang et 

al., 2007; Perez-Ruiz et al., 2008).

The mechanisms controlling the withdrawal of myoblasts from the cell cycle to enter into 

terminal differentiation have been studied, while exit from the cell cycle to enter in the 

quiescence state remains poorly understood. In mice, several markers have been associated 

with quiescent satellite cells, including M-cad-herin (Beauchamp et al., 2000; Irintchev et 

al., 1994), syndecan 3 and 4 (Cornelison et al., 2001), CD34 (Beauchamp et al., 2000), 

calcitonin receptor (Fukada et al., 2007), and Myf5 (Beauchamp et al., 2000), although 

Myf5 negative satellite cells have been described to be even more capable of self-renewal 

than Myf5+ cells (Kuang et al., 2007). A large number of effectors have been shown to be 

involved in the regulation of proliferation and differentiation of myogenic cells, but few 

have been identified as direct regulators of quiescence and self-renewal of satellite/

myogenic cells: in human cultures, p130 from the Rb family is involved in the RC pool 

constitution by blocking cell-cycle progression and differentiation (Carnac et al., 2000). In 

mice, Pax7 transcription factor is required for satellite cell maintenance and acquisition of a 

quiescent undifferentiated state (Olguin and Olwin, 2004; Oustanina et al., 2004). Calcium 

signaling, via calcineurin and NFAT, upregulates Myf5 expression in quiescent RCs at time 

of fate choice between self-renewal and myogenic differentiation (Friday and Pavlath, 

2001). Wnt and Notch signalings are crucial regulators of mpc proliferation and 

Abou-Khalil et al. Page 2

Cell Stem Cell. Author manuscript; available in PMC 2015 October 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differentiation that are finely regulated with time (Brack et al., 2008). Their role in 

myogenic cell self-renewal is not yet deciphered, although Notch activation alters RC 

recruitment into myotubes (Kitzmann et al., 2006) and β-catenin promotes self-renewal of 

satellite cells, likely through wnt pathway (Perez-Ruiz et al., 2008).

In adult normal skeletal muscle, satellite cells are located close to capillaries (Christov et al., 

2007). In vitro, we have shown that endothelial cells (ECs) and mpcs have privileged 

interactions and may act in a paracrine way (Christov et al., 2007). One of the main 

molecular systems regulating vascular homeostasis is the angiopoietin (Ang)/Tie system 

(Shim et al., 2007). Ang1 binding to its tyrosine kinase Tie-2 endothelial receptor is required 

to maintain vascular integrity while Ang2 behaves as a context-dependent agonistic or 

antagonistic Tie-2 ligand (Shim et al., 2007). Ang1/ Tie-2 system is a pleiotropic system 

because it has been involved in various biological activities, including cell survival, 

proliferation, migration, chemotaxis, and quiescence (Fiedler and Augustin, 2006; Shim et 

al., 2007). It is involved in the quiescence of hematopoietic stem cells (HSCs): osteoblast-

secreted Ang1 binds to Tie-2 borne by HSCs to promote their survival and maintenance in 

G0 (Arai et al., 2004). In migrating ECs, matrix-Ang1 bound to Tie-2 induces cell-matrix 

contacts involving ERK signaling, while in contacting ECs, Ang1/Tie-2 forms homotypic 

cell:cell interactions involving Akt signaling (Fukuhara et al., 2008; Saharinen et al., 2008). 

This indicates that signaling triggered by Ang1/Tie-2 may differ in the same cell according 

to the status of the cell and its environment.

Here, we explored the role of Ang1/Tie-2 signaling in the regulation of myogenic cell fate 

by using human cell culture system, in vivo labeling analyses, and murine strains allowing 

the tracing of specific cell lineages. We showed that Ang1 and Tie-2 are strongly expressed 

in quiescent undifferentiated RCs. We used several strategies to alter Ang1/Tie-2 signaling, 

and further analyzed myogenic cell fate (differentiation versus quiescence) to identify a new 

role for Ang1/Tie-2 interaction in the self-renewal of myogenic cells that proceeds in vitro 

and ex vivo on isolated myofibers. Ang1 binding to Tie-2 induces myogenic cells toward the 

RC status and is expressed by the most quiescent satellite cells in skeletal muscle in vivo. 

Finally, in vivo loss- and gain-of-function studies confirmed the role of Ang1/ Tie-2 in the 

regulation of satellite cell quiescence in skeletal muscle.

RESULTS

Ang1 and Tie-2 Are Expressed by RCs and Quiescent Cells in Human Myogenic Cultures 
and by Human Satellite Cells In Vivo

Expression of Angs and Tie-2 was analyzed in cultured human mpcs at various stages of 

differentiation (Chazaud et al., 2003) and, in differentiated cultures, in multinucleated 

myotubes (MTs) and RCs (that accounted for about 15%–20% of the cells and did not 

express MyoD) (Figure S1C). As expected, Pax7 expression decreased as cells differentiated 

and was higher in RCs compared to MTs (38-fold more, p <0.05) (Figure 1A and Figure 

S1A). Ang1 expression decreased with differentiation (p < 0.05) and was upregulated in RCs 

(4.2-fold more than in MTs, p < 0.05) (Figure 1A and Figure S1A). Tie2 expression 

increased with differentiation (p < 0.05) and was more expressed in RCs compared to MTs 

(2.5-fold more, p < 0.05) (Figure 1A and Figure S1A). Ang2 was expressed at a very low 
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level at all stages (Figure S1A), while Tie-1 was not expressed by human mpcs (data not 

shown). Flow cytometry experiments confirmed the expression of Tie-2 at the surface of 

human mpcs: at day 4, 42.3 ± 10.3% of cells expressed Tie-2 while in RCs, 80.9 ±9.3% of 

cells expressed Tie-2 (p <0.01) (example is shown in Figure 1B).

Cultured human mpcs were sorted based on their cell-cycle status (Figure 1C). Compared to 

G2/M fraction, G0 cells expressed higher levels of Tie-2 (4-fold more, p < 0.0005) and Pax7 

(p < 0.05) and lower levels of MyoD (p < 0.001) (Figure 1C).

Quiescent human satellite cells were isolated from normal adult muscle by magnetic cell 

sorting based on the surface marker CD56 and analyzed by RT-PCR and flow cytometry. 

CD56/NCAM is a reliable marker for quiescent satellite cells in normal human muscle (Illa 

et al., 1992). Human-muscle-derived CD56+ cells expressed Pax7 and also expressed Tie-2 

and Ang1, as do the CD56− fractions that contain ECs and periECs (CD45−) and 

macrophages (CD45+) that are both Pax7− (Figure S1B). The CD56− fraction was further 

sorted into CD31+ and CD31− fractions. RT-qPCR results showed that CD56−CD31+, which 

corresponded to ECs, expressed 2-fold more Tie-2 than CD56+/satellite cells (Figure 1D). 

Finally, sorted CD56+ were analyzed by flow cytometry, and about 80% of sorted cells 

expressed Tie-2 at their surface (Figure 1E), confirming Tie-2 expression by satellite cells in 

vivo.

Ang1 Inhibits Human Mpc Growth and Apoptosis through Tie-2 Binding

Ang1 inhibited mpc growth (p < 0.0001): at day 8, mpc density was decreased by 32% 

compared to control (Figure 2A). Tie-2 competitor Tie-2Fc totally inhibited the effect of 

Ang1, suggesting that Ang1’s effect was mediated by its receptor Tie-2 (Figure 2A). Ang2 

had no effect on mpc growth (Figure 2A). Ang1 exerts an antiapoptotic effect on various 

cell types (Arai et al., 2004; Shim et al., 2007). Ang1 protected mpcs from staurosporine-

induced apoptosis in a dose-dependent way (p < 0.0001), 51% of protection being observed 

at 500 ng/ml (Figure 2B). Here, again, Tie-2Fc totally abolished Ang1’s effect (Figure 2C).

Ang1 Favors the RC Status in Human Mpcs and the Self-Renewal of Mouse Satellite Cells

Addition of Ang1 decreased the number of Ki67+ cells by 66% (p < 0.05), indicating an 

inhibition of cell proliferation (Figure 3A). Accordingly, cyclin D1 expression was 

decreased by 44% (p < 0.005) in the presence of Ang1 (Figure S2A). The number of both 

myogenin+ cells and of myotubes was strongly reduced in the presence of Ang1 (by 75% [p 

< 0.05] and 85% [p < 0.001], respectively) (Figure 3B and Figure S2B). Addition of Tie-2Fc 

totally abolished the effects of Ang1 on proliferation and differentiation (Figures 3A and 3B 

and Figures S2A and S2B). In the absence of reliable anti-human Pax7 antibody, we 

performed RT-qPCR analyses of various markers associated with either mpc differentiation 

or self-renewal. In whole mpc cultures, Ang1 treatment increased both Pax7 and p130 

expression (p < 0.005 and p < 0.05, respectively) and decreased both MyoD and p57 

expression (p < 0.005 and p < 0.05, respectively) (Figure 3C).

We analyzed the mpc cell-cycle status in the presence of Ang1 and showed that the number 

of cells in G0 increased significantly from day 4, from 5% to 25%, and did not further 
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increase afterward (p < 0.05) (Figure 3D). These results indicate that Ang1 favored the entry 

into quiescence and the appearance of RCs in mpc cultures.

We further studied the effect of Ang1 by the analysis of myogenic cell fate on isolated 

mouse single myofibers according to their expression of Pax7 and MyoD (Zammit et al., 

2004). Although at early time of activation, Pax7+/MyoD− cells may represent early 

differentiating cells, 3 days after activation, Pax7+/MyoD− cells are considered as self-

renewing cells (Zammit et al., 2004). Ang1 increased the number of Pax7+/MyoD− cells by 

10% and decreased the number of Pax7−/MyoD+ cells (p < 0.05) (Figure 3E) in the clusters. 

Addition of Tie-2Fc reversed the effect of Ang1 (Figure 3E).

Ang1 effect on mpc growth and entry into G0 was noticeable from day 4 of culture, 

suggesting that mpcs are responsive to Ang1 signaling only at a given time. We added Ang1 

at day 4 and found that Ang1 provoked the same response when added at day 0 or day 4 

(Figures 3A and 3B). In the experiments below, Ang1 treatment was performed at day 4, 

and analyses were performed at day 5.

Tie2 Silencing Decreases RC Population within Human Mpcs

Tie-2 expression was inhibited by two different small interference RNAs (siRNA) in a dose-

dependent way (p < 0.05) (Figure 4Aa and Figure S2C). In whole mpc cultures, Pax7 and 

p130 expression was inhibited in a dose dependent way (p < 0.001 and p < 0.05, 

respectively) (Figure 4Aa and Figure S2C). Inversely, MyoD and p57 expression was 

increased (p < 0.05) (Figure 4Aa and Figure S2C). Accordingly, the number of Ki67+ cells, 

of myogenin+ cells, and of myotubes was increased in the presence of Tie-2 siRNA (p < 

0.005, p < 0.05, and p < 0.05, respectively) (Figure 4Ab). These data show that expression 

of Tie-2 was required for proper signaling of Ang1 to induce the appearance of RCs and that 

Ang1 binding to its Tie-2 receptor was required to commit responsive mpcs toward 

quiescence.

Tie-2 Overexpression Increases RC Population within Human Mpcs

In whole mpc cultures, Tie-2 overexpression induced an increase in Pax7 and p130 

expression (p < 0.01 and p < 0.05, respectively), and inversely, a decrease in MyoD and p57 

expression (p < 0.05) (Figure 4Ba). The number of Ki67+ cells, of myogenin+ cells, and of 

myotubes was decreased by Tie-2 overexpression (p < 0.05) (Figure 4Bb). These data show 

that overexpression of Tie-2 was associated with the increase of RCs within mpc culture, 

suggesting that endogenous Ang1 was sufficient to trigger a cell response when the receptor 

is overexpressed. Indeed, addition of Ang1 to overexpressing Tie-2 mpcs did not amplify the 

response of the cells (data not shown).

Ang1/Tie-2 Signaling Exerts Its Effect through the ERK1/2 Pathway

We investigated the signaling pathway triggered by Tie-2 binding using a Proteome Profiler 

Array (Figure S3A). Figure 5A shows that mpc treatment with Ang1 elicited a time-

dependent increase in P-ERK1/2 protein level that reached a maximum at 10 min. We 

confirmed by western blot that Ang1/Tie-2 triggered only ERK1/2 signaling and not Akt 

signaling (Figure S3B and S3C). Addition of Tie-2Fc inhibited ERK1/2 phosphorylation 
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(Figure 5A). U0126, a selective inhibitor of MEK1/2, an upstream effector of ERK1/2 

phosphorylation, also abolished Ang1-induced ERK1/2 activation (Figure 5A). Inhibiting 

ERK1/2 signaling with U0126 almost totally inhibited the Ang1-induced expression of Ang1 

and Tie-2 (p < 0.05) (Figure 5B), and also that of Pax7 (p < 0.005) whereas it restored that 

of MyoD (p < 0.05) (Figure 5B). Myf5 has also been shown to be upregulated in RCs 

(Friday and Pavlath, 2001) and Ang1 treatment markedly increased Myf5 expression (p < 

0.05) that was inhibited by U0126 (p < 0.05) (Figure 5B). M-cadherin is expressed by 

quiescent satellite cells in vivo (Irintchev et al., 1994). Accordingly, we found that M-

cadherin was expressed at a higher level by RCs compared to day 4 mpcs (1.75-fold) or 

MTs (4.5-fold) (p < 0.05) (Figure 5B, insert). Ang1 treatment strongly increased M-cadherin 

expression (p < 0.05); this upregulation was totally impaired by inhibition of the ERK1/2 

signaling pathway (p < 0.05) (Figure 5B). These results show that Ang1/Tie-2 activated 

ERK1/2 signaling pathway that triggered expression of genes associated with the RC status.

Ang1 and Tie-2 Expression Is Positively Regulated by Ang1/Tie-2 Signaling

Transcription factors of the ETS family are involved in Ang/Tie gene regulation (Brown et 

al., 2004). Among these factors, ESE-1 has been shown to interact with Ang1 promoter and 

NERF-2 and ELF-1 have been shown to bind Tie-2 promoter and to stimulate Ang/Tie 

expression (Christensen et al., 2002). Ang1 stimulates Tie-2 expression via increased 

expression of NERF-2 (Christensen et al., 2002). In human mpcs, both Ang1 and Tie-2 

expressions were upregulated upon Ang1 treatment (p < 0.005) (Figure 6A). Upregulation of 

Tie-2 expression was confirmed at protein level by flow cytometry analysis: 2.3-fold more 

myogenic cells expressed Tie-2 at their surface after Ang1 addition (p < 0.05) (Figure 6Ab). 

Ang1 treatment also increased ESE-1, NERF-2, and ELF-1 expression in mpc cultures (p < 

0.01, p < 0.05, and p < 0.05, respectively) (Figure 6Aa), in accordance with a positive 

regulation loop. This effect was specific because other members of the ETS family were not 

upregulated in myogenic cells by Ang1 treatment (Figure S4A). It is important to note that 

addition of U0126 inhibited Ang1-induced expression of ESE-1, NERF-2, and ELF-1 (data 

not shown), indicating that ERK1/2 signaling pathway also regulated expression of these 

ETS transcription factors.

Smooth Muscle Cells and Fibroblasts Secrete Ang1 that Enhances Ang1, Tie-2, and Pax7 
Expression

We have previously shown that the majority of satellite cells are close to capillaries 

(Christov et al., 2007). Thus, in their neighborhood, satellite cells must encounter, in 

addition to the myofiber, ECs, periECs such as smooth muscle cells (SMCs) and pericytes, 

and interstitial cells of fibroblastic type. We previously showed that conditioned medium 

from human SMCs and fibroblasts had a negative effect on mpc growth (Christov et al., 

2007). We first studied whether these cells are in close proximity in human muscle. Anti-α-

SMA (used to label SMCs) and anti-vimentin (used to label fibroblastic cells) antibodies 

labeled interstitial cells, likely periECs, that may neighbor satellite cells (labeled by CD56 

antibodies) (Figure 6B). Conditioned media of various cell types that are located in the 

vicinity of satellite cells were tested on mpc cultures. Conditioned medium from mpcs, from 

ECs, and from differentiated MTs had no significant effect on Pax7, Ang1, and Tie-2 

expression (Figure S4B). In contrast, conditioned media from both SMCs and fibroblasts 
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strongly up-regulated the expression of Ang1,ESE-1 (data not shown), Tie-2, and Pax7 (p < 

0.05) (Figure 6C). Accordingly, mpc proliferation was decreased upon addition of SMC- or 

fibroblast- conditioned medium (p < 0.01) (Figure 6D). Addition of Tie-2Fc in the 

conditioned media abolished this activity (Figure 6C), indicating that the effect was 

mediated, primarily if not exclusively, by Ang1. Indeed, SMCs and fibroblasts expressed 

much higher levels of Ang1 than ECs and mpcs (data not shown).

Conditioned medium of all cell types stimulated MyoD expression (p < 0.05) (Figure 6C and 

Figure S4B). However, addition of Tie-2Fc did not compromise MyoD upregulation (Figure 

6C), indicating that this stimulating effect was not triggered by Ang1/Tie-2 signaling but 

was induced by other factors released by the cells.

Tie-2 Is Strongly Expressed by Quiescent Satellite Cells In Vivo

We used various mouse transgenic strains that label different cell lineages. In the Tg:Tie-2-

GFP mouse, GFP signal was too faint to be observed by immunochemistry on tissue section, 

except in ECs (data not shown). However, after cell sorting, we identified two GFP+ 

populations in skeletal muscle: GFPhiCD31+ ECs and GFPloCD3− cells; the latter expressed 

Pax7, Ang1, and thus, Tie-2 (Figure 7Aa). These data confirmed that in mouse as in human 

(Figures 1D and 1E), satellite cells in normal muscle express both Tie-2 and Ang1. Sorted 

cells were cytospun and individually immunolabeled for Pax7 staining: 89.6 ± 3.5% of 

GFPlo (Tie-2) cells were Pax7+, indicating that they were truly satellite cells. We isolated 

GFP+ satellite cells from skeletal muscle of adult (2 months) and postnatal (1 week) 

Pax3GFP/+ mice (Montarras et al., 2005). The lower level of Pax7 expression in satellite 

cells of 1-week-old mice reflected that they were undergoing activation (Figure 7Ab). We 

observed that adult quiescent Pax3/GFP+ satellite cells expressed 3-fold more Tie-2 than 

satellite cells isolated from young, growing postnatal muscle (Figure 7Ab). We also 

analyzed satellite cells sorted from Myf5-Cre*ROSA-YFP adult muscle in which Myf5/YFP− 

satellite cells self-renew 4-fold more than Myf5/YFP+ satellite cells (Kuang et al., 2007). 

We observed that sorted YFP− satellite cells expressed Tie-2 4-fold more than YFP+ satellite 

cells (Figure 7Ac).

In Vivo, the Number of Quiescent Satellite Cells Is Reduced by Blockade of Tie-2 and 
Increased by Overexpression of Ang1

We performed in vivo experiments, i.e., loss of function in which Tie-2 was inhibited by 

i.m.-injected blocking antibodies and gain of function in which Ang1 was overexpressed by 

the myofibers after electroporation (scheme in Figure 7Ba). We controlled in mouse 

myoblast cultures that the blocking Tie-2 antibody inhibited phosphorylation of Tie-2 

receptor upon Ang1 addition (Figure S5A). We checked that Ang1 expression was increased 

in muscle after plasmid electroporation (Figure S5B) and that the ERK pathway was 

activated in whole muscle in this condition (Figure S5C). As these functional experiments 

were run in both normal and postinjury regenerating muscle, we controlled that antibody and 

plasmid treatments did not alter nor delay the time course of regeneration in toxic-injured 

muscles, as shown by the similar number of normal, centrally nucleated, and basic 

regenerating myofibers at time of analysis (Figure S5D). Also, as Ang1/Tie-2 signaling is 

involved in regulation of vessel homeostasis, we checked that the number of vessels (CD31+ 
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structures) per myofiber was not altered by both antibody and plasmid treatment (Figure 

S5E).

The number of Pax7+ki67+ cells, which are cycling satellite cells, was counted as a 

percentage of the total number of Pax7+ cells (Figure 7Bb). When Tie-2 was inhibited in 

both normal (LOF-NaCl) and regenerating (LOF-Nx) muscle, the number of cycling satellite 

cells was increased by 38 and 55%, respectively (both p < 0.05) (Figure 7Bc). When Ang1 

was overexpressed in normal (GOF-NaCl) muscle, the number of cycling satellite cells 

remained unchanged. However, after a cycle of regeneration (GOF-Nx), the number of 

cycling satellite cells was reduced by 36% in the Ang1-treated muscle (p < 0.05) (Figure 

7Bd). Finally, in GOF experiments, whole muscle Pax7 and Myf5 expression was evaluated 

by RT-qPCR at day 15, i.e., at a time point when only satellite cells expressed these two 

transcription factors. Overexpression of Ang1 in the muscle triggered a decrease in Myf5 

expression, while that of Pax7 was unchanged, suggesting that the number of the most 

uncommitted satellite cells, which do not express Myf5 (Kuang et al., 2007), increased upon 

Ang1 treatment. These data suggest that inhibiting/preventing Ang1/Tie-2 binding activates 

satellite cells, while overexpressing Ang1 triggers their entry into quiescence.

DISCUSSION

In the present study, we have shown that Ang1 and its receptor Tie-2 are expressed by 

quiescent satellite cells in vivo and quiescent RCs in vitro. We have obtained evidence that 

Ang1 binding to Tie-2 prevents apoptosis; decreases growth, proliferation, and 

differentiation of mpcs in culture; and triggers their entry into G0. Conversely, silencing of 

Tie-2 expression has strictly opposite effects and further confirms that Ang1 signals via its 

receptor Tie-2. Ang1/Tie-2 exert their effect through ERK1/2 signaling to control 

upregulation of markers associated with the RC phenotype (p130, Pax7, Myf-5, M-cadherin) 

and downregulation of markers associated with myogenic differentiation (MyoD, p57, 

myogenin). Ex vivo, Ang1 treatment increases the number of Pax7+/MyoD− cells in 

differentiating clusters derived from satellite cells on single myofibers. In vivo, Tie-2 is 

highly expressed by the most quiescent satellite cells in murine muscle. Functionally, 

blocking Tie-2 induces an increase in cycling satellite cells, while conversely, inducing 

overexpression of Ang1 by myofibers triggers the entry into quiescence of satellite cells in 

regenerating muscle. Finally, our data suggest that neighboring interstitial cells could be a 

source of Ang1 that acts on satellite cells to promote their quiescence. Altogether, these 

observations show that Ang1 binding to Tie-2 is involved in the regulation of the return to a 

quiescent state of a subset of satellite cells.

Among the Ang/Tie family, only Ang1 and its receptor Tie-2 were shown to be expressed 

by human and murine myogenic cultures and satellite cells. These results contrast with those 

obtained by Dallabrida et al. (2005), who stated that neither murine C2C12 nor human 

myogenic cells express Tie-2. However, we found that both murine and human satellite cells 

express Tie-2, based on RT-PCR, RT-qPCR, and flow cytometry analyses; in the Tg:Tie-2-

GFP mouse, isolated GFP+(lo)CD31− cells express Pax7 transcription factor, which further 

confirms that satellite cells do express Tie-2. Our data show that Tie-2 expression varies 

according to the status of the myogenic cell. Tie-2 is more expressed by RCs in vitro, 
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compared to MTs, and is also more expressed by cells in G0. In vivo, Tie-2 is more 

expressed by quiescent Pax3+ than by activated Pax3+ satellite cells. Furthermore, Tie-2 is 

more expressed by Myf5− satellite cells, which have been shown to self-renew/return to 

quiescence much more than Myf5+ satellite cells (Kuang et al., 2007). Altogether, these data 

show that the more the satellite cell is quiescent, the more it expresses Tie-2.

We show here that Ang1 protects mpcs from induced apoptosis in a dose-dependent manner. 

Ang1 anti-apoptotic activity has been demonstrated in ECs (Fiedler and Augustin, 2006; 

Shim et al., 2007) and in other cell types (Arai et al., 2004). As activation of Ang1/Tie-2 

inhibited mpc growth while triggering survival signals, we hypothesized that it may promote 

the emergence of nonproliferating nondifferentiating cells. We used three ways to alter 

Ang1/Tie-2 system, i.e., activation by ligand addition and overexpression and silencing of 

the receptor. Activating the system is associated with a decrease in both the number of 

proliferating cells and differentiating cells. Accordingly, MyoD, which is associated with the 

commitment into differentiation and p57, involved in cell-cycle exit associated with 

myogenic differentiation (Reynaud et al., 2000), is downregulated. Activation of Ang1/Tie-2 

signaling triggers an increase of the RC-associated markers that are as follows: (1) p130 

protein, which is involved in the maintenance of RCs by blocking cell cycle progression 

(Carnac et al., 2000); (2) Pax7, the main transcription factor described today in the satellite/

myogenic cell self-renewal (Zammit et al., 2004); and (3) Myf5, which is a myogenic 

transcription factor that has been shown to be, in cell cultures, strongly expressed in RCs 

(Friday and Pavlath, 2001). We also observed that M-cadherin expression is increased by 

Ang1 treatment. We found that M-cadherin is highly expressed by RCs compared to MTs 

(Charrasse et al., 2006); in vivo, M-cadherin is localized on quiescent satellite cells, on the 

side that lays the myofiber (Irintchev et al., 1994). Silencing Tie-2 expression has strictly 

opposite effects on mpc behavior and expression of these four markers. We furthermore 

confirmed in the single fiber model that Ang1 treatment increases the number of Pax7+/

MyoD− cells, while the number of Pax7−/MyoD+ cells, which are committed to 

differentiation, is reduced in the clusters derived from activated satellite cells.

Analysis of intracellular signaling showed that Ang1/Tie-2 signals through the ERK1/2 

pathway. It has been shown in ECs that such pathways may be activated by Ang1 binding to 

Tie-2 (Harfouche et al., 2005). Our results are in accordance with previous work showing 

that Myf5 expression is controlled by the ERK1/2 pathway (Perez-Ruiz et al., 2007). 

Moreover, it has been shown that ERK1/2 pathway may induce reversible quiescence and 

antiapoptotic signaling in a myoblast cell line (Reed et al., 2007) and in fibroblasts (Black et 

al., 2000). Transcription factors of the ETS family are involved in the regulation of 

expression of Ang1 and Tie-2 (Christensen et al., 2002). We confirmed here that Ang1 and 

Tie-2 expression is specifically regulated by ESE-1, NERF-2, and ELF-1, respectively, 

through ERK1/2 pathway (data not shown). Moreover, activation of Tie-2 with Ang1 further 

stimulates both Ang1 and Tie-2 expression, indicating a positive regulatory loop.

Coculture experiments show SMC and fibroblast supernatants stimulated Ang1, Tie-2, and 

Pax7 expression and accordingly decreased mpc proliferation. This paracrine signal likely 

occurrs via Ang1 because it is blocked by Tie-2Fc. Supernatants from all cell types stimulate 

MyoD expression in a Tie-2-independent way, as well as the number of MTs in the mpc 
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cultures (data not shown). This is likely due to the effect of other factors secreted by these 

cell types on the main mpc population (Hawke and Garry, 2001) that is not responsive to 

Ang1 signaling.

Ang1 induces the same response in human mpcs when added from day 0 and from day 4 of 

culture. Moreover, Ang1 significantly increases the number of cells in G0 phase of the cell 

cycle only from day 4 of culture. This time point is marked by a decrease in proliferation 

concomitant with the onset of differentiation (Chazaud et al., 2003; Shefer et al., 2006). This 

is a critical time when cells can either irreversibly undergo terminal differentiation or return 

to quiescence to self-renew. Treatment of G2/M synchronized mpc cultures with Ang1 did 

not force cells to become quiescent when treatment was applied within the first 2 days (data 

not shown). This may simply result from the fact that Tie-2 is not expressed enough by 

G2/M cells to respond to Ang1. But these results also suggest that mpcs must reach a state 

of competence to be able to respond to Ang1 and/or that the number of competent cells 

increases in the culture to be detectable in our assay. In Tie-2-overexpressing mpcs, Ang1 

provokes the same cell response as in normally expressing Tie-2 cells, indicating that the 

subset of cells able to return to quiescence is not unlimited. This is confirmed by the plateau 

of the number of cells that enter in G0 upon Ang1 treatment with time. Regulation of mpc 

responsiveness is unknown, but it has been recently shown that some regulatory molecular 

machineries, such as Wnt and Notch, must be tightly time-regulated for proper proliferation 

and differentiation of myogenic cells (Brack et al., 2008).

In vivo functional experiments cannot rule out side effects of Ang1/Tie-2, especially on 

vessel stability (Shim et al., 2007), that may interfere indirectly on satellite cell activation. 

However, we do not notice histological alteration, we showed no difference in the time 

course of regeneration, and we found similar number of vessels per myofiber between sham 

and treated muscles. Loss-of-function experiments show that preventing Ang1/Tie-2 binding 

in regenerating muscle increases the number of cycling satellite cells. Even in 

nonregenerating muscle, destabilizing Ang1/Tie-2 ligation induces satellite cell activation, 

although to a much less extent. Gain-of-function experiments show that in a regenerating 

muscle, overexpression of Ang1 in the muscle triggers an increase of the number of satellite 

cells that have entered into quiescence. Of note, in nonregenerating muscle, overexpressing 

Ang1 does not alter homeostasis of already quiescent satellite cells. However, in both cases, 

analyzing Pax7 and Myf5 expression at this time point, i.e., when only satellite cells express 

these two transcription factors, shows that Myf5 expression is decreased upon Ang1 

overexpression while expression of Pax7 is unchanged, indicating that the number of the 

most uncommitted satellite cells that do not express Myf5 and that are capable of more self-

renewal (Kuang et al., 2007) is increased upon Ang1 treatment.

It is tempting to hypothesize that Ang1/Tie-2-dependent signaling affects only cells that 

have reached a state of competence after a phase of proliferation. In this scheme, only a 

subset of cells would become responsive and return to quiescence. Whether this occurs 

through an autocrine or paracrine mechanism remains to be investigated more thoroughly. 

We have observed that mpcs in culture express and produce Ang1, and part of them are able 

to become quiescent RCs. These data from cell cultures and those from single-fiber 

experiments suggest such a self-regulation of myogenic cell homeostasis indicative of an 
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autocrine loop that could operate to regenerate RCs. However, from our results, one cannot 

exclude a contribution of Ang1 originating from neighboring cell types, such as perivascular 

and interstitial cells, that would participate to the maintenance of the quiescent status of 

these responsive Tie-2+ Pax7+ satellite cells.

We propose that Ang1/Tie 2 signaling is involved in the control of the return of a subset of 

muscle precursor cells to quiescence that ensures self-renewal of adult muscle stem cells.

EXPERIMENTAL PROCEDURES

Mouse Strain

C57/B6 and Tg(TIE2GFP)287Sato/J mouse strain were purchased from Jackson 

Laboratories. Pax3GFP/+ mice were described in Montarras et al. (2005). Mice were bred 

and used according to French legislation for animal care and handling. Myf5-Cre*ROSA26-

YFP mice were described in Kuang et al. (2007). Experiments were conducted at 4–8 weeks 

of age.

Satellite Cell Sorting from Mouse Muscle

Mouse tibialis anterior (TA) muscle was digested in DMEM containing collagenase B 0.2% 

(Roche Diagnostics Corp.) at 37°C for 45 min. Cells were sorted with a MoFlo cytometer 

(Dako) after CD31 staining (PE-conjugated anti-CD31 antibody, BD Biosciences). Muscle 

from Myf5-Cre*ROSA26-YFP mice was dissected and digested in collagenase-dispase. 

Muscle mononucleated cells were stained as described by Kuang et al. (2007) with an 

additional positive selection with CD34. Pax3/GFP+ satellite cells were sorted as GFP+ cells 

from muscles (diaphragm, pectoralis , and abdominal) of Pax3GFP/+ mice as described in 

Montarras et al. (2005).

In Vivo Functional Experiments

Injury was induced by notexin injection (10 µl, 12.5 µg/µl) (Notechis scutatus, Latoxan) into 

the right TA of anesthetized mice, and the left TA was injected by 0.9% saline solution. In 

gain-of-function experiments, TAs were electrotransfered at day 5 by pcDNA3.1-Ang1/V5-

His plasmid encoding full-length murine ang-1 (or an empty plasmid (pcDNA 3.1/V5-His) 

as a control) in 50 ml of 0.9% saline solution. Non-treated notexin TA muscles were treated 

with bovine hyaluronidase (50 µl, 0.4 units/µl) 2 hr before muscle electrotransfer. Six 

square-wave 130 V/cm pulses, lasting 60 ms each with a 100-ms interval, were then applied 

with a BTX electrocell manipulator. Muscles were collected at day 15. In loss-of-function 

experiments, TA muscles were i.m. injected at days 5 and 6 with goat anti-mouse Tie-2 

blocking antibody (20 mg/kg, 10 µl, R&D Systems) or Goat immunoglobulin G (IgG, R&D 

Systems). Muscles were collected at day 12.

Satellite Cell Sorting from Human Muscle

Normal human muscle sample was digested in HAM F12-HEPES 10 mM, EDTA 1 mM 

containing 0.15% pronase E (Sigma) at 37°C for 1 hr. CD56+, CD56−CD45+, 

CD56−CD45−, CD56−CD31−, and CD56−CD31+ cells were sorted using magnetic beads 

(Miltenyi Biotec).
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Cell Culture

Human mpcs were cultured as previously described (Chazaud et al., 2003) in HAM F12 

medium containing 15% fetal calf serum (FCS) (growth medium) (Invitrogen) or in HAM 

F12 5% FCS to induce differentiation. Mpcs were collected at day 4 (undifferentiated cells), 

day 7 (differentiating cells), and day 14 (fully differentiated cells). RCs and MTs were 

isolated from day 14 cultures as described (Kitzmann et al., 1998). In brief, human RCs 

were isolated using a short trypsinization (trypsin 0.1%/EDTA 0.1 mM, 30 s) that 

specifically removed MTs and left quiescent undifferentiated RCs adherent to the dish. The 

MRC-5 human fibroblastic cell line (ATCC), human umbilical vascular endothelial cells and 

human dermal microvascular endothelial cells (Promo-cell), and human SMCs (kindly 

provided by Dr. S. Eddahibi [INSERM U841, Créteil, France]) were cultured as previously 

described (Christov et al., 2007). Conditioned media were prepared from cells cultured in 

24-well plates at 15,000 cell/cm2 density and incubated for 24 hr in DMEM serum-free 

medium.

Cell Cycle

Cells were collected and incubated in HBSS containing 2% FCS containing 10 µM Hoechst 

33342 (Sigma) at 37°C for 45 min. Pyronin Y (Sigma) that reflects RNA content was added 

(2.5 µg/ml) for 45 min at 37°C. Cells were sorted with an Influx 500 cell sorter (Cytopeia). 

Gates were placed at the edge of the cell populations to limit the contamination by cells in S 

phase (Figure 1). RNase (Invitrogen)-treated cells were used as control.

Cell Treatments and Preparation

Mpcs were seeded at 3 × 103 cells/cm2 in HAMF12 medium 10% FCS. At day 4, 

recombinant human Ang1 (500 ng/ml) (R&D Systems) or 24 hr conditioned media was 

added ± Tie-2Fc (4 µg/ml). At day 5, cells were collected and cell pellets were kept frozen 

for analysis of gene expression. At day 6, cells were treated for analysis of cell proliferation 

and differentiation. In some experiments, Ang1 was added at day 0 then every 2 days. In 

other experiments, U0126 (25 µM Sigma) was added 60 min before Ang1 addition.

Mpc Growth

Mpcs were grown in HAM F12 medium containing 10% FCS. Ang1 (500 ng/ml), Ang2 

(500 ng/ml), VEGF (25 ng/ml), and Tie-2Fc (saturating concentration 4 µg/ ml) (R&D 

Systems) were added every 2 days. At each time point, mpc density was determined after 

trypsinization.

Mpc Apoptosis

Mpcs were plated in 96-well plates at 2 × 105 cells/cm2. Cells were incubated with 

staurosporine (0.5 µM) to induce apoptosis in serum-free advanced DMEM-F12 medium 

(Invitrogen) containing or not containing effectors and further incubated for 6 hr. Apoptosis 

was measured using Cell Death Detection ELISAPlus kit (R&D Systems).
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Immunolabeling

Human mpcs cultured on coverslips were immunolabeled with primary antibodies, anti-Ki67 

(Abcam), anti-myogenin (BD Biosciences), anti-desmin (Abcam), and Anti-MyoD1 

antibody (Dako), and mpc proliferation and differentiation were evaluated as previously 

described (Arnold et al., 2007). Normal human skeletal frozen muscle sections were 

immunolabeled with primary antibodies: mouse anti-CD56 (Beckman Coulter 6602705), 

rabbit anti-a-smooth muscle actin (Abcam 5694), and goat anti-vimentin (Sigma). Mouse 

muscle cryosections were double-labeled with Pax7 antibodies (Developmental Studies 

Hybridoma Bank) and ki67 antibodies (Abcam) or labeled with CD31 antibodies (Abcam) 

revealed by FITC- and cy3-labeled secondary antibodies (Jackson ImmunoResearch 

Laboratories, Inc.).

Flow Cytometry Analysis

Both human cultured mpcs and CD56+ cells extracted from muscle biopsies were labeled 

with anti-human Tie-2-APC antibodies (R&D Systems) and analyzed on a FC500 Beckman 

Coulter cytometer.

Tie-2 Silencing

Mpcs were seeded at 5 × 103 cells/cm2 in growth medium and were transfected at day 0 with 

two different validated siRNA-Tie-2 or scrambled control siRNA-Fluorescein using 

HiPerfect transfection reagent according to the supplier’s protocol (QIAGEN). Cells were 

collected at day 6.

Tie-2 Overexpression

Mpcs were seeded at 5 × 103 cells/cm2 in growth medium and were transfected at day 0 with 

0–6 µg of pCMV-Tie-2 plasmid encoding full-length human Tie-2 (TEK OmicsLink 

expression Clone, Genecopoeia) using FuGene as a transfection reagent (Roche Diagnostics 

Corp.). Cells were collected at day 6. Tie-2 expression was increased in a dose-dependent 

way (p < 0.05). At 4 µg, Tie-2 expression was increased more than 200-fold.

Ang1/Tie-2 Intracellular Signaling Analysis in Human

100 µg of total cell protein extracts were treated according to the supplier’s instructions in 

Proteome Profiler Human Phospho-MAPK Array Kit (R&D Systems). Validation of the 

array was performed using IGF-1-treated mpcs (50 ng/ml, Abcys) that showed positive 

signals for phospho-ERK1/2 and phos-pho-Akt, as previously shown (Foulstone et al., 

2004).

Floating Myofibers

Single fibers were isolated from Extensor Digitorum Longus as described in Zammit et al. 

(2004). At either day 0 or day 2, Ang1 (500 ng/ml) ± Tie-2Fc (4 µg/ml) was added. After 72 

hr of incubation, myofibers were proceeded for Pax7/MyoD immunostaining as previously 

described (Zammit et al., 2004).
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PCR and qPCR

Total RNAs were extracted using the RNeasy Mini Kit (QIAGEN) and were reverse 

transcripted using Superscript II Reverse Transcriptase (Invitrogen). cDNA extracts were 

amplified as described in Supplemental Experimental Procedures.

Statistical Analyses

Except Proteome ProfilerTM array, all experiments were performed using at least 3 different 

primary cultures or animals in independent experiments. The Student’s t test and ANOVA 

were used for statistical analysis. p < 0.05 was considered significant and is indicated in 

figure legends by an asterisk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of Tie-2 and Ang1 by Human Myogenic Cells
(A) RT-qPCR analysis of Pax7, Tie-2, and Ang1 expression in human RCs, MTs, and 

HUVECs. Results are means ± SEM.

(B) Flow cytometry analysis of Tie-2 expression in day 4 mpcs and RCs.

(C) G0 and G2/M cell-cycle fractions were sorted from day 4 mpcs and were analyzed for 

expression of various genes by RT-qPCR. Results are means ± SD.
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(D) Freshly isolated human skeletal muscle-derived CD56+, CD56− CD31−, and 

CD56−CD31+ cell fractions were analyzed for Pax7, Tie-2, and Ang1 expression by RT-

qPCR and compared to human RCs. Results are means ± SEM.

(E) Flow cytometry analysis of Tie-2 expression in freshly isolated human skeletal muscle-

derived CD56+ and CD56− cell fractions.
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Figure 2. Mpc Growth and Apoptosis
(A) Mpcs were grown with or without Ang1 ± Tie-2Fc, Ang2, or VEGF, and cell density 

was estimated every 2 days.

(B) Myogenic cell death was induced by staurosporine, mpcs were incubated with Ang1 

(Ba) or with Ang1 ± Tie-2Fc (Bb), and apoptosis was evaluated. Results are means ± SEM.
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Figure 3. Effects of Ang1 on Myogenic Cells
(A and B) Mpcs were incubated with Ang1 ± Tie-2Fc from day 0 or from day 4 and then 

analyzed. (A) Mpc proliferation was evaluated after Ki67 immunolabeling. (B) The number 

of myogenin+ cells was evaluated after myogenin/desmin immunolabeling.

(C) Mpcs were incubated with Ang1 ± Tie-2Fc from day 0 and then analyzed for Pax7, 

p130, MyoD, and p57 expression by RT-qPCR.
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(D) Mpcs were incubated with Ang1 ± Tie-2Fc from day 0, stained with Pyronin Y and 

Hoechst, and sorted for their cell-cycle status at days 2, 4, and 6. The number of cells in 

each cell-cycle phase is given as percentage of total events.

(E) Isolated mouse myofibers were incubated with Ang1 ± Tie-2Fc and stained for Pax7 

(green) and MyoD (red). The number of Pax7+ and MyoD+ cells was counted in the clusters 

derived from satellite cells and reported as percentages. Pictures show examples of labeling 

observed in myofiber-associated cell clusters. Results are means ± SEM except in (D), 

where they are means ± SD. Bars, 10 µm.
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Figure 4. Effects of Tie-2 Silencing and Tie-2 Overexpression on Mpcs
(A) Mpcs were incubated with Tie-2 siRNAs and scrambled control siRNA (S) and 

analyzed. (Aa) Tie-2, Pax7, p130, MyoD, and p57 expression were evaluated by RT-qPCR. 

(Ab) Mpc proliferation and differentiation were evaluated after Ki67 and myogenin/desmin 

immunolabeling, respectively.

(B) Mpcs were incubated with Tie-2-overexpressing plasmid and analyzed. (Ba) Pax7, 

p130, MyoD, and p57 expression were evaluated by RT-qPCR. (Bb) Mpc proliferation and 

differentiation were evaluated as in (Ab). Results are means ± SEM.
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Figure 5. Ang1/Tie-2 Intracellular Signaling
(A) Mpcs were incubated with Ang1 during increasing times or with Ang1 ± Tie-2Fc or 

U0126 for 10 min. Blot density on phosphosignaling membrane array (example is shown on 

right panel) was expressed as percentages of signal density at time 0 or in untreated cells, 

respectively.

(B) Mpcs were incubated with Ang1 from day 4 ± U0126. Expression of various genes was 

evaluated by RT-qPCR. Insert: M-cadherin expression during in vitro myogenesis was 

evaluated by RT-qPCR. Results are means ± SEM.
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Figure 6. Paracrine Effect of Neighboring Cells
(A) Mpcs were incubated with or without Ang1 ± Tie-2Fc, and (Aa) expression of various 

genes, including Ang1, Tie-2, and transcription factors involved in the regulation of Ang1 

and Tie-2 expression, was evaluated by RT-qPCR. (Ab) Expression of Tie-2 was analyzed 

by flow cytometry.

(B) Normal human muscle sections were immunolabeled with anti-α-SMA (red) or anti-

vimentin (red) and anti-CD56 (green) antibodies. Bar, 5 µm.
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(C and D) Mpcs were incubated with conditioned medium from SMCs and fibroblasts ± 

Tie-2Fc. Expression of several genes was evaluated by RT-qPCR (C), and mpc proliferation 

was evaluated after Ki67 immunolabeling (D). Results are means ± SEM.

Abou-Khalil et al. Page 25

Cell Stem Cell. Author manuscript; available in PMC 2015 October 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. In Vivo Association between Ang1/Tie-2 System and Satellite Cell Quiescence
(A) Satellite cells were sorted from skeletal muscle of various mouse strains and analyzed 

for Pax7 and Tie-2 expression by RT-PCR and RT-qPCR. (Aa) CD31 −GFPlo and 

CD31+GFPhi cell populations were sorted from Tg:Tie-2-GFP mice. (Ab) GFP+ cells were 

sorted from 1-week-old (1 wk/Pax3GFP+) and adult normal (A/Pax3GFP+) Pax3GFP/+ mice. 

(Ac) YFP+ and YFP− cells were sorted from adult normal Myf5-Cre/ROSA-YFP mice. 

Results are means ± SEM.
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(B) Loss-of-function (LOF) and gain-of-function (GOF) studies were performed as shown 

on the scheme (Ba): muscle was injured with notexin (Nx) or not (Nacl). In LOF, at days 5 

and 6, blocking anti-Tie-2 antibodies (a-Tie-2Ab or IgG) were i.m. injected, and muscle was 

analyzed at day 12. In GOF, at day 5, Ang1 plasmid (Ang1) (or empty plasmid) (empty) was 

electroporated, and was muscle analyzed at day 15. (Bb) Example of muscle-section 

labeling for Pax7 (green) and ki67 (red) (arrow shows double-positive satellite cell). Bar, 10 

µm. (Bc) LOF and (Bd) GOF analysis of satellite cell staining. (Be) Whole-muscle 

expression of Pax7and Myf5 genes by RT-qPCR in GOF experiments. Results are means ± 

SEM.
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